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Abstract

Polymer electrolyte membrane fuel cells (PEMFC) have the potential to deliver high power
density with a lower weight and volume compared to other fuel cells. However, some of the
barriers to the successful commercialization of PEMFCs include problems associated with
durability, stability and cost. Fuel cell defects that arise and propagate in the membrane electrode
assembly (MEA) components during manufacturing and subsequent operation are the biggest
factors limiting their durability and stability, leading to shortened lifetimes, reduced performance
or cell failure. Defects in the production line must be minimized if PEMFCs are to become reliable
electrochemical energy devices on a commercial scale.

A conventional PEMFC electrode consists of layers (CL) of nanoscale Pt catalyst particles
mixed with an ionomer on a high surface area carbon support deposited on the polymer electrolyte
membrane (PEM) and sandwiched between gas diffusion media (GDM). The defects in these
components originate from the raw materials used in the catalyst layers, process conditions during
catalyst mixing, coating techniques, drying process, thickness variations in the casting substrate
and the temperature and humidity of the processing environment. These defects can lead to reduced
performance and can increase fuel cell degradation, specifically in the MEA components.
Understanding the MEA component defects that affect fuel cell performance and lifetime is
integral to the successful development of an on-line quality control strategy.

Previous research studies have been conducted on defects in catalyst-coated membranes
(CCMs) and gas diffusion layers (GDLs) with various dimensions that have been introduced
artificially at specific locations, which does not satisfactorily mimic the situation with real
manufacturing defects. Very few studies on real defects have been reported to date with limited
work on localized effects on CL defects such as loss of catalyst, the morphology of defect growth
or the effect of defect location within the CCM on the resulting cell performance. This has limited
our fundamental and comprehensive understanding of the nature of defects in the beginning-of-
life (BOL) state and the manner in which they may or may not propagate during PEMFC operation.
The focus of this research is to analyze real catalyst layer defects and membrane pinholes on
commercial CCMs that are developed during mass production.

Specifically, the objectives of this study are to: (i) develop a non-destructive method to
identify and quantify defects in CCM electrodes, (ii) implement a defect analysis framework to

age CCMs using open-circuit voltage(OCV)- accelerated stress tests (AST), (iii) characterize the



electrochemical performance of CCM/MEAs with varying extent of manufacturing defects
(catalyst layer thickness, degree of catalyst non-uniformity) and compare this to a baseline, defect-
free CCM/MEA using ASTs as well as in-situ and ex-situ methods and (iv) investigate defects on
GDL-microporous layer (MPL) using infrared (IR) imaging and surface conductivity
measurements.

The first set of quality control experiments were performed on CCMs by using optical
microscopy to characterize catalyst layer defects. Defects such as micro/macro cracks, catalyst
clusters, missing catalyst layer defects (MCLDs), void/empty areas, CL delamination and pinholes
in the CCM were characterized in terms of areal dimension (size, shape, and orientation) prior to
electrochemical analysis. The OCV-AST protocol was developed to age defected CCMs in a
custom-designed test cell and track defect propagation and behavior during aging. The geometric
features of the defects were quantified and their growth measured at regular time intervals from
beginning-of-life (BOL) to end-of-life (EOL) until the OCV had dropped by 20% from its initial
value (as per the DOE-designed protocol). Overall, two types of degradation were observed:
surface degradation caused by catalyst erosion and crack degradation caused by membrane
mechanical deformation. Furthermore, the catalyst layer defects formed during the decal transfer
process exhibited a higher growth rate at middle-of-life (MOL-1) before stabilizing by EOL. The
results of the crack propagation analysis during AST showed that the defected area covered under
cracks increased from 2.4% of the total CL area at BOL to 10.5% by EOL with a voltage
degradation rate of 2.55mV/hr. This type of analysis should provide manufacturers with baseline
information that will allow them to select and reject CCMs, increasing the lifetime of fuel cell
stacks.

Once the CCM defects were analyzed comprehensively, research was carried out on the
MEA stack. MEAs containing defected CCMs (incomplete catalyst layer defects-MCLD), pinhole
across sealant and artificial pinholes at inlet/middle/outlet were investigated using a cyclic open-
circuit voltage (COCV)-AST. Different RH cycling periods from 80% RH to 20% RH with time
delays from 5 mins to 30 mins were applied to the cathode to study the propagation of defects and
their effect on overall cell performance. In-situ analysis included the measurement of polarization
curves, linear sweep voltammetry (LSV) and electrochemical impedance spectroscopy (EIS) to
measure electrode degradation. Non-destructive ex-situ analysis using IR thermography was

conducted every 100 cycles to monitor the evolution of defects in the MEA. The growth of

VI



pinholes was studied on the basis on hydrogen crossover curves. Sealing defects were found to
have a major impact on performance loss compared to catalyst layer defects. It was also observed
that MCLDs degraded within a short period of time and developed pinholes although the extent of
this degradation depended on defect thickness. The MCLD defects were unstable and observed to
continually grow due to gradual loss of catalyst particles inside the defected areas that accelerated
pinhole formation in CCMs. This effect was clearly reflected in the continuous decay of OCV
during the fuel cell operation. Therefore, CCMs leaving the production line with missing and /or
thin portions of CL are not recommended for MEA fabrication as they ultimately affect the long-
term stability of PEMFC.

The last set of quality control experiments was conducted on GDL-MPL defects in samples
that were being aged by RH cycling in a custom-design test cell. Thermal image analysis using IR
thermography was carried out by passing DC current through the GDL sheet mounted on a porous
vacuum stage to identify hot and cold spots reflecting defective areas. The morphological features
and surface conductivity of MPL cracks were characterized using optical microscopy and four-
point probe conductivity measurements. Interestingly, the nature of defects/cracks propagation in
the GDL-MPL was found to affect cell performance in the mass transfer region at high currents.
Crack propagation in GDL-MPL increased mass transport losses due to water flooding on the
cathode, which was clearly observed in the polarization curves.

Finally, the overall effects of catalyst layer defects, membrane pinholes and GDL defects
on cell performance were compared. MEA sealant defects (pinholes) had such a negative effect on
cell performance that EOL was reached after only ~ 50 hours of COCV operation at 80% - 20%
RH cycling. Thus, the detection of such a defect in a CCM should be sufficient cause to reject it
for use in a commercial stack. We also observed that CCMs with defects that led to 70% reduced
thickness of the CL failed faster than those with the same type of defects that had resulted in 30%
reduced thickness of the CL, presumably due to less available catalyst for electrochemical
reactions. Clearly, CL defects should be given high priority in quality control inspection strategies

devised by CCM electrode manufacturers and PEMFC operators.
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1 Introduction

1.1 Overview

As resources continue to diminish and energy demand continues to rise, effective energy
management and utilization have become increasingly important. In order to minimize the socio-
ecological impacts of climate change, 21% century energy systems must rely on technology that is
free of greenhouse gas emissions [1]. Polymer electrolyte membrane fuel cells (PEMFCs) are
promising energy systems that meets this need by converting fuel directly into electricity with high
efficiency, less fuel consumption and zero emissions (with only water as a by-product).

Nonetheless, they require an infrastructure that supports the widespread use of hydrogen [2].

Durability and reliability are major challenges limiting their commercialization and
competitiveness with conventional fossil fuel energy-based alternatives [3]. Material durability is
one of the key issues limiting the commercialization of fuel cells. Further improvement in
durability of fuel cell components by minimizing defects developed during the manufacturing
process is needed in order to reduce the cost and extend the lifetime of fuel cell electrodes. One of
the potential challenges for improving durability and long-term stability of fuel cell systems is the
formation of defects (i.e. catalyst layer cracks, irregularities in the catalyst layer, empty catalyst
layers, delamination of catalyst layers, thickness variations, scratches, sealant interface defects and
membrane pinholes) that occur in the membrane electrode assembly (MEA) components during
fabrication and operation via chemical, mechanical and thermal degradation [4]. These defects
shorten PEMFC life, reduce performance and can ultimately cause catastrophic failure of the cell.
The identification of defects at different stages of a fuel cell life (BOL, MOL and EOL) should
provide insight into the behavior of materials under various operating conditions over time [5].
The development of an efficient non-contact and non-destructive technique is not only essential to
improve quality control, but would also enable manufacturers to better predict the long-term
stability and lifetime of fuel cell components [6]. The primary motivation behind such research is
to develop a quality control technique to measure defect growth and propagation in MEA
components (e.g., CCM and GDL) during typical fuel cell operation. This would provide useful
information for fuel cell manufacturers, developers and suppliers to select/reject a defective

electrode prior to the stack installation and thereby reduce manufacturing costs as well as improve



the life span of fuel cells. Therefore, the focus of this research will be on identifying the

propagation of defects in CCMs and GDLs for PEMFC applications.

1.1.1 Definition of MEA component defects

CCMs and GDLs are two major components in an MEA. The defects in CCM/GDL are
defined as imperfections, irregularities or non-uniformities in the thickness of the catalyst layers
and MPL that can cause losses in PEMFC performance. These defects include cracks,
missing/empty catalyst, catalyst agglomerates, scratches, voids, delaminated portions, uneven
thickness coatings and membrane pinholes. Examples of MEA defects are shown in Figure 1-1.
As defects grow larger in size, shape and extent, failure becomes more likely [7,8]. More
precautions should be taken specifically during the fabrication of CCMs to produce defect-free
electrodes since it is expected that manufacturing defects grow at a faster rate than defects that
form during the subsequent operation due to chemical, mechanical and thermal degradation [8,9].
Although advances in CCM fabrication technology have enabled PEMFCs to operate at higher
power densities in recent years, operation at these higher rates can leave the CCM more prone to
develop electrode defects that lead to catastrophic failure. Once defects such as pinholes become
large enough, the direct reaction of the fuel and oxidant can produce hydroxyl and hydroperoxyl
radicals that accelerate the chemical degradation of the polymer membrane [9,10]. The research
presented here has attempted to gain a better understanding of the origin and evolution of various
defects in CCMs and GDLs, classify defects according to the physical characteristics, correlate
these defects with PEMFC performance loss under different operating conditions and develop a

quality control system for improving MEA technology.
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Figure 1-1: Various defects observed in CCM/MEA components during the fabrication process.

1.1.2 Defect identification in the CCM and GDL

The detection of defects is a major target for fuel cell manufacturers to improve fuel cell
durability. The ability to investigate defects in MEA/CCM components is important for preventing
the failure of fuel cell stacks, increasing durability and ensuring that the produced material is as
defect-free as possible [7]. Defects that form during the fabrication of the CCM are catalyst layer
cracks, void spaces in the catalyst layers, delamination between the catalyst layer and polymer
membrane and membrane pinholes. Defects that form during the fabrication of the GDL are micro-
porous layer cracks, thickness variations in the GDL/MPL, non-uniform distribution of
hydrophobic material (i.e, PTFE) and MPL surface roughness. Defects can be characterized in
terms of length, width, area, aspect ratio and criticality. These are useful parameters to measure
and estimate the defect behavior and performance loss under typical conditions such as load
cycling, potential cycling and RH cycling. Although MEA defects can have a profound effect on
cell performance loss, the mechanisms involved are not clearly understood. The previous research
on this topic has included both experimental and modeling studies and utilized electrochemical
testing, physical destructive and simulations to investigate the degradation mechanisms operating
in the catalyst layer and polymer membrane [11-15]. Visual inspection is the most common

method of detecting defects during the production process but is not ideal because (1) the defects



formed within the MEA are not directly visible due to the presence of the GDL and (2) point
measurements involve destructive methods such as SEM and TEM and so samples cannot be
reused for further analysis which causes precious material waste. The recent investigation of
defects using IR thermography enables pinholes to be detected by measuring hotspots on the MEA
[8,16], but this technique cannot provide information regarding surface morphology, thickness
measurement and defect characteristics. In this research, a non-destructive approach using optical
microscope and IR thermography is used to detect surface and internal defects in the electrode and
classify defects according to shape, size, extent, location and aspect ratio of the defects.

1.2 Motivation

The widespread of manufacturing fuel cell components demands a comprehensive quality
control system that accurately inspects material defects in MEA [17]. The formation of defects in
MEA components can be related to the raw materials, mechanical and process parameters during
the fabrication process (i.e., mixing, coating and drying), flaws in the casting substrate and
conditions during PEMFC operation (e.g., current, temperature and humidity). Defects on the
catalyst layer, in particular, can have dramatic effects on fuel cell performance, cost and stability
[7]1[18]. Recently, the US DOE released data showing that the component rejection rate due to
imperfections formed during manufacturing production process are 2.5% from catalyst production,
2.5% from catalyst coatings, 3.0% from decal transfer, 3.0% from die cutting and 0.5% from hot
pressing [17]. Better quality control inspection could help reduce CCM imperfections that stem
from errors such as inconsistencies associated with catalyst ink preparation and catalyst coating
methodology[19][20][21][22] as well as thickness variation in catalyst layers and electrolyte
membranes [23][24]. Fuel cell manufacturers spend unnecessary time and money to disassemble
fuel cell stacks and remove a single faulty cell. Thus, defects developed during fuel cell production
must be examined and characterized prior to assembly with the hope of differentiating between
fatal and minor defects. Perhaps the most important challenge for the mass production of fuel cell
components is the improvement of the quality control inspection to identify CCM defects and
predict their lifetime [25][26]. Thus, it would be advantageous for fuel cell manufacturers to
develop online quality control procedures to ensure the production of defect-free MEA
components. A better understanding of the effect of MEA component defects on fuel cell

performance and lifetime is crucial to the development of these online quality control procedures.



1.2.1 Scope of defect analysis

One of the major challenges faced by CCM electrode manufacturers is associated with
catalyst layer defects developed during fabrication. Despite being sub-micrometer to sub-
millimeter in size, catalyst layer irregularities have a huge impact on degradation and their
behaviour is hard to predict after a MEA is formed by hot pressing. Many researchers have
examined the effect of artificial defects at specific locations on overall cell performance but a
research gap still exists in analyzing real defects and how they evolve during aging. In this
research, realistic catalyst layer defects developed in CCM production lines have been analyzed

with respect to their morphology at various stages of aging.

1.3 Research Objectives

The overall objective of this research is to develop non-destructive techniques and quality control
diagnostics for catalyst-coated membrane (CCM) and gas diffusion layer components and to
investigate the effects of defects on PEMFC performance. To achieve this,

1. First, a custom-design transparent single cell device has been fabricated in order to operate
CCMs in a safe mode that prevents external damage to the catalyst layer due to
compression by the GDL, gas flow channels and ribs. Catalyst layer defects such as cracks,
thin catalyst layers and empty/void/bare catalyst regions in the CCM will be analyzed at
various stages of operation using an optical microscope. This methodology will potentially
be very useful for fuel cell manufacturers to define and ensure a certain level of CCM
quality.

2. A secondary objective in this research is to investigate chemical and mechanical
degradation of the catalyst layer and membrane under accelerated stress conditions (AST)
in order to identify potential failures and their mechanisms. This will potentially enable
membrane material loss in MEA to be monitored. The MEA will be characterized by ex-
situ and in-situ electrochemical tests. The results from this research will provide insight
into the behaviour of defects in the CCM/MEA at various stages of operation. This will
have long-term benefits of enabling better estimation of the lifetime of defected and defect-
free electrodes.

3. The final objective of the research is to develop a non-destructive technique to detect

defects on the GDL/MPL substrates using thermal, electrical and optical measurements.



a. Thermal measurements using infrared thermography experiments are aimed at
detecting defects as small as ~ 500 um on the MPL substrate. The developed setup
can be implemented as an in-line diagnostic tool for GDL quality control.

b. The electrical conductivity and optical appearance of MPL cracks are investigated
at BOL and EOL. This should enable a better understanding of crack propagation

in MPLs and its impact on overall cell performance.

1.4 Thesis Outline

The chapters of the thesis are organized as follows:

Chapter 2: Background — This chapter provides relevant background information from a
literature review on the main research topics covered in this work. It will first cover the
basic components of fuel cells and the fabrication methods for CCM/MEA electrodes. It
will then focus on the causes of defect formation in CCM/MEA during manufacturing and
operation. This chapter provides an overview of various degradation mechanisms
responsible for defect formation in MEA components.

Chapter 3: Experimental — This chapter discusses the experimental procedure that will
be utilized. The first part describes the main measurements and procedures for non-
destructive testing of CCMs. The second part describes the accelerated stress testing and

subsequent characterization techniques used for CCM/MEA and GDL analysis.
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Figure 1-2: Outline of thesis results organized for chapter 4,5,6 and 7.

Chapter 4: Investigation of catalyst layer defects in CCM - In this chapter, a non-
destructive method of investigating defects in CCM electrode is presented for quality
control purposes. The first section is concerned with image analysis to characterize the
defects in CCMs. The second section focuses on identifying the various catalyst layer
defects (cracks, scratches, missing and empty CL) that form in the CCM and classifying
them based on the size, shape and orientation. The mechanical propagation of real defects
in the MOL condition is also monitored.

Chapter 5: Morphological characteristics of catalyst layer defects — This chapter
describes the investigation of morphological changes of missing/thin catalyst layer defects
formed during the decal transfer method. The growth of defects due to chemical and
mechanical propagation and their effect on performance loss are discussed. Surface
delamination and crack propagation on cathode catalyst layer are studied on aged CCMs.
The electrochemical cell performances of defected and non-defected CCMs are measured

and compared.



Chapter 6: Effect of load cycling on CCM defects — In this chapter, we present a case
study which employs typical chemical and mechanical ASTs in single cell operation to
characterize the behaviour of 3 CCM manufacturing defects: (1) missing catalyst layer
defects (MCLD), (2) gasket/CCM interface defects (sealant pinhole defects) and (3)
scratches/deep cuts. The durability of MEAs with and without defects is tested at low RH
under steady-state conditions and during cycling under low/high RH conditions at high
stack temperature.

Chapter 7: Assessment of quality control in GDL/MPL substrates — This chapter
extends the quality control research to defects on GDL/MPL electrodes. In the first stage
of the research, an IR thermal setup is developed to detect defects in the MPL substrate
with size less than ~1 mm and monitoring the defect with in less than 1 minute of time.
The second stage of the research focuses on MPL crack propagation, electrical conductivity
and electrochemical performance of GDL/MPL samples at BOL and EOL to understand
the impact of defects on overall cell performance.

Chapter 8: Conclusions and future work — This chapter includes a summary of the main
conclusions of this study and the research contributions to the PEMFC literature and a
discussion of possible directions for future research.



2 Background and Literature Review

2.1 Fuel Cell Technology

Fuel cells are electrochemical devices similar to a primary battery in that they directly
convert chemical energy into electricity. Unlike primary batteries that must be recharged or
replaced after discharge, fuel cells are fed a continuous supply of reactants and therefore can
produce power continuously as long as the reactants are available. The use of fuel cells in
automobiles and small stationary applications has received increased attention as their advantages
have come to light. These advantages include the fact they have no moving parts, generate
comparatively high-power density, operate with high efficiency and low noise and exhibit fast
start-up capability and simple scalability. Fuel cells are categorized based on the type of fuel used,
composition of the electrolyte and operating temperature. Examples include solid oxide, direct
methanol, molten carbonate, phosphoric acid and polymer electrolyte membrane fuel cells.
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Figure 2-1: (a) Various components of PEMFC stack in a fuel cell vehicle [27]; (b) cross-section of a
single-cell PEMFC consisting of BPP, GDL, MPL, CL and PEM.

This research focuses on PEMFCs which consist of a solid polymer electrolyte sandwiched

between an anode where the oxidation of hydrogen occurs and a cathode where the reduction of



oxygen occurs [28]. Figure 2-1 shows the typical assembly of fuel cell stack components and single

cell configuration of PEMFC.

To increase the power output, cells are assembled in a series or sequence of electrodes called a
stack. At the anode, hydrogen fuel is supplied through the bipolar plate to enable uniform gas
distribution across the electrode, then transported through the porous electrocatalyst layer to the
platinum-carbon catalyst and finally oxidized electrochemically to form H* ions and electrons. The
electrons travel through the external circuit and provide electric power to the load while the H*
ions are conducted through a polymer electrolyte membrane to the cathode. At the cathode, these
H* ions combine with the electrons from the external circuit and O fed from the other bipolar

plate to form water and heat.

In addition to serving as the ionically conducting electrolyte selective for H*, the solid polymer
membrane also serves as an electron insulator and gas barrier between the anode and cathode so
that the reactant gases H> and O, cannot freely combine with each other. The membranes are
usually made from perfluorosulfonic acid (PFSA) polymer, most commonly the commercial
product Nafion supplied by DuPont. The Teflon-like backbone of Nafion provides structural
stability while its hydrophilic surface acid groups absorb the water. The expansion and contraction
of the membrane depends on its water content. The composite material formed by the anode
catalyst layer (ACL), cathode catalyst layer (CCL) and the polymer electrolyte membrane is
typically called the catalyst-coated membrane (CCM). The gas diffusion layers are typically
combined with the CCM to comprise the membrane electrode assembly (MEA) [28].

In order for the electrochemical reactions to occur and power be generated, the catalyst must
provide a triple phase boundary (TPB) condition where (1) reaction gases meet active metal
catalyst, (2) electrons must have a conduction path to and from the active metal catalyst sites and
(3) an ionic conductor must be available to transport the H* ions to/from metal catalyst sites. The
electronic conductor and ionic conductor must also be in contact with the catalyst site to make this

region electrochemically active.
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The basic reactions in a PEMFC are as follows:
anodic reaction (HOR): H, » 2H* +2e~ E%y9c=0V (2.1)

i 1 Op5ec = 1. :
cathode reaction (ORR) 502 + 2H* 4 2e- > H,0 E%sc=1229V (2.2)

! tion: 1 E%sc=1.229V (2.3
overall reaction H, + 502 5 H,0 25°C (2.3)

From the overall electrochemical reaction, each single cell will theoretically produce 1.229V at
25°C, Poz2 =1 atm and Px2 = 1 atm. During fuel cell operation, the cell potential is dependent on
several factors such as temperature, pressure and stoichiometry of reactants [29-31]. The cell emf
at different conditions can be calculated using the Nernst equation:
AE = AE® — gln (L"l/) @9
ay,do, /2

where R is the gas constant, T is the temperature (K), n is the number of electrons transferred in
the reaction, F is the Faraday constant, while anzo, anz, and ao are the activities of water, hydrogen

and oxygen, respectively.

2.2 Performance of PEM Fuel Cells

Typically, a polarization curve is considered to be the main measure of fuel cell performance. A
polarization curve depicts the dependence of cell potential or voltage on the current density. Three
regions which mark the onset of the voltage losses due to electrode Kinetics (activation), ohmic

resistance and mass transfer can be identified on these curves, as shown in Figure 2-2.
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Figure 2-2: Schematic of polarization curve indicating the major cell voltage losses: mixed
potential/open circuit (nocv), activation overpotential (nac), ohmic overpotential (nenm) and
concentration overpotential (nconc).
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The actual cell voltage is less than the cell potential determined from the Nernst equation during
fuel cell operation. This is due to the losses shown in Eqn (2.5): open-circuit voltage (nocv),
activation/charge transfer losses (nact), ohmic losses (nohm) and concentration/mass transfer losses
(neonc)- As the current density increases, the magnitudes of the last three voltages increase

Vel = E® —Nocv = Nact = Nohm — Nconc (2.5)
Open-Circuit Voltage (nocv): The open-circuit voltage Eocy (E° — ngcy) is typically between
0.95 V and 1 V. At zero current, the cell potential Vcen should approach the ideal equilibrium
potential (E°), but due to phenomena such as leakage of H, from the anode to cathode and Pt
oxidation, the highest achievable voltage under open circuit conditions (i.e., OCV) is only ~ 0.95
Vto1lV|[31,32].
Activation losses (nact): Activation polarization is the voltage overpotential necessary to overcome
the electrochemical reaction activation energy on the catalyst surface. Activation polarization is
the dominant source of voltage loss that is required to initiate electrochemical reactions controlled
by slow electrode kinetics. In addition to electrode kinetics, these losses are related to the total
surface area of the active catalyst where the reactants are converted at a three-phase boundary
between the catalyst, carbon support and Nafion. The catalyst promotes the reaction, the carbon
support allows electrons to be conducted to and from the catalyst and the Nafion (recast ionomer)
allows protons to be conducted to and from the catalyst. Activation losses at the cathode electrode
dominate over the anode electrode due to the sluggish nature of oxygen reduction (ORR). Overall
utilization of the catalyst is decreased when at least one of the three phases is not available.
Ohmic losses (nohm): The ohmic overpotential is significant at intermediate current densities and
is associated with the resistance to ionic transport through the membrane electrolyte and to
electronic transport through the gas diffusion layers (GDL), micro-porous layer (MPL) and
graphite plate. The resistance to ionic flow through the membrane usually is dominant over the
resistance to electronic flow. Additionally, the losses are also related to contact resistance at the
interfaces between the fuel cell components.
Concentration losses (nconc): Mass transfer limitations become important at high current density
when the supply of reactants to the active catalyst sites at high current densities cannot keep pace
with electrode reaction kinetics. Products must be continuously removed from the catalyst layers

in order to achieve maximum fuel cell efficiency; otherwise the electrode will undergo water
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flooding. The over-potential concentration may lead to very large drop in cell potentials due to

insufficient reactants [33,34].

2.3 Components of PEM fuel cells
2.3.1 Catalyst Layer (CL)

The CLs affect the performance of MEAs in fuel stacks and must have high electrocatalytic
activity for the electrode reactions, good electronic conductivity, good ionic conductivity and high
porosity for efficient transport of reactants and products. Pure and alloyed platinum is used as
catalysts for hydrogen oxidation and oxygen reduction in the catalyst layer of PEMFCs. Since
platinum is a very expensive noble metal and accounts for 25-40% of the total fuel cell cost, an
increase in the efficiency of platinum utilization is critical [35]. To achieve satisfactory utilization,
the electrochemically active surface area of platinum must be approximately 60-120 m2 gpi!
[36,37] and platinum particles, typically 2-7 nm in diameter, must be dispersed on a high surface
area carbon support with a loading of approximately 20 — 50 wt.%. The platinum-carbon is then
uniformly mixed with an ionic conductor such as Nafion which acts as a binding agent and
deposited to form a porous catalyst layer with thickness of 1 — 50 um [35]. The electrochemical
reactions occur at the three-phase boundary where the platinum particles, ionomer and gas phase
contact each other. The H* ions are transported through the ionomer phase, while electrons are
transferred by the carbon support. If the catalyst layer is coated on the GDL-MPL, it is referred to
as a gas diffusion electrode (GDE); if it is coated on the solid polymer membrane, it is referred to
as a catalyst-coated membrane (CCM). Platinum loading is typically increased to 0.2-0.5 mgpt cm’
2 at the cathode, but only 0.1 — 0.2 mget cm™ at the anode because the ORR has much slower
kinetics than the HOR (by ~ 3 orders of magnitude) [12].

2.3.2 Polymer Electrolyte Membrane (PEM)

The polymer electrolyte membrane has two functions: i) provides conductive path for H*
from the anode to the cathode, while forcing electrons to travel through the external circuit and ii)
serves as a gas barrier between the anode and cathode. Its structural stability is important for proper
fuel cell operation. In PEMFCs, the electrolyte is made of a thin solid polymer (10 — 200 um thick)
such as Nafion. It should have high chemical stability and proton conductivity, low cost, good
thermal stability, high durability, good water uptake and low coefficient of expansion. High ionic

conductivity for H* which depends on the water content and ion exchange capacity of the
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membrane is essential to complete the electrochemical circuit and minimize the ohmic
overpotential. The more hydrated a PEM is, the higher is its proton conductivity. At the same time,
the water-saturated membrane swells and the microstructure of the ionic clusters increases in
volume and diameter as the water content increases [31,38]. However, it should not expand too
much since this will put pressure on the bipolar plates, cause the membrane to buckle or tear and
lead to defects such as cracks or pinholes [13]. During fuel cell operation, chemical attack of the
membrane from peroxy radicals, hydrogen ions, oxygen and contaminants in the gas streams may
occur. This chemical attack degrades the polymer and consequently reduces the energy output of
the fuel cell. If a break in the membrane occurs, the oxidant and fuel will have a path to react
directly rather than electrochemically. Liu et al. [39] showed that the chemical and mechanical
stability of membranes is improved by reinforcing them with porous polytetrafluoroethylene
(PTFE) fiber. The operating lifetime of reinforced membranes can be increased by as much as
five-fold due to the presence of the strong PTFE backbone [40,41]. Other studies have shown that
local variations in the thickness of the CCM and GDL originating during MEA fabrication can
lead to cracks that function as stress concentrating points in the membrane and ultimately cause
pinholes to form [42,43].
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Figure 2-3: (a) Cross-sectional view of reinforced membrane [41]. (b) Chemical structure of the
Nafion polymer and (c) microscopic structure of Nafion membrane [44].

Figure: 2-3a shows the cross-sectional view of a membrane where the ePTFE layer is reinforced
between the anode and cathode ionomer layers, while Figure 2-3b shows the chemical structure of
PFSA membrane which is amphiphilic due to the presence of hydrophobic and hydrophilic side
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chains. Short hydrophilic chains made of sulfonic acid groups connect long hydrophobic chains of
polytetrafluorethylene. The sulfonic acid groups increase the proton conductivity. The amphiphilic
nature of the PFSA membrane causes the polymer phase to separate into clusters and leave behind
a proton conductive network, as shown in Figure 2-3c. The proton conductive network is provided
by water (blue) which fills the hydrophilic phase [44].

2.3.3 Gas Diffusion Layer (GDL)

The function of the GDL is to: (1) act as a gas diffuser, (2) provide mechanical support to
the CL and (3) provide an electrical pathway for electrons. The GDL provides a frame for the
catalyst layer and promotes uniform mass transport of reactants over the active catalyst surface.
The GDL typically has a thickness of ~ 100 — 250 um and is made from carbon fibers (6-10 pm
diameter) woven into a cloth or paper with a high porosity of about 40 — 70% [14,45]. Electrons
are conducted by the GDL from the electrode to the bipolar plate. The GDL is treated with 30 wt%
of either polytetrafluoroethylene (PTFE) or fluoroethylenepropylene to enhance its hydrophobicity
and promote water transport away from the cathode [14].

2.3.4 Micro-Porous Layer (MPL)

A microporous layer (MPL) is applied to the GDL to improve the electrical contact with
the catalyst layer and facilitate product water removal from the cathode to reduce water flooding
at high current densities. The MPL consists of a porous carbon-polymer/PTFE composite network
that has a higher density than the GDL as well as different wetting behavior. For effective
mass/thermal management, losses at the MPLICL, MPLIGDL and GDLIbipolar plate interfaces
play significant roles. Among these, the MPLICL interface is particularly important since it acts
as a bridge between the reacting and non-reacting components. Poor contact can lead to

considerable ohmic losses, electrical resistance and thermal contact resistance [42,46].

2.3.5 Bipolar Plate (BPP)

Bipolar plates isolate the individual cells, conduct both heat and electrical current between
the cells, facilitate water and thermal management throughout the cell and evenly distribute
reactant gases over the electrode surface within the stack. Bipolar plates receive electrons from the
gas diffusion layers, provide structural stability to the cell and conduct electrons to current

collectors or to adjacent cells in a stack. The current collectors conduct electrons from the bipolar
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plate to the external load through highly conductive copper plates that are often coated with thin
layers of gold. The most recently developed BPPs are composites made from graphitized carbon
and polymer, giving them excellent corrosion resistance, low contact resistance and good electrical
conductivity [47-49].

2.4 Method of fabricating MEA

The MEA is a key stack component and requires state-of-art fabrication. The MEA is
composed of a catalyst-coated membrane (CCM) hot-pressed to GDLs on either side [50]. Each
CCM consists of a polymer electrolyte membrane that is coated with the anode catalyst layer
(ACL) and cathode catalyst layer (CCL) on either side. The MEA performance is typically
dependent on the properties of the CL and the contact interfacial resistance between CL and the
polymer electrolyte membrane in CCM. An important factor in preparation of CLs is the selection
of coating procedures to minimize their roughness and contact resistance. Several coating
techniques have been tested in recent years to improve MEA performance such as spraying,
blading, deckling, ink-jetting and brushing. The most common methods are classified into three

categories [51-53]:
(1) Direct coating of catalyst on membrane (DCM),
(2) Decal transfer of catalyst onto membrane (DTM)

(3) Coating of catalyst on substrate (CCS).
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Figure 2-4: MEA fabrication methods [54].

2.4.1 Fabrication of CCM using decal transfer method

CCM-based MEA fabrication has many advantages compared to conventional GDE-based
MEAs (gas diffusion electrodes with catalyst coated on GDLS) such as lower contact resistance
between the catalyst layer and electrolyte membrane, easier gas transport, more effective catalyst
utilization and thinner electrodes. The CCM is the key component of PEMFCs since it contains
the expensive platinum electrocatalyst, which must provide high-active-surface area on the order
of 70 — 120 m?g™* to achieve the desired results [55][56]. The development of high surface area
catalysts has helped reduce the amount of platinum required per unit area and reduce the thickness
of the catalyst layer to 0.2 um from 10 um [57]. Several studies have demonstrated the advantages
of a thinner catalyst layer in lowering the electron and proton transport resistances, increasing the
O2 concentrations within the cathode, reducing the amount of platinum usage and minimising the
overall cost of the system [58][59][19]. In addition, thin catalyst layers are beneficial for the 3-
phase catalyst reaction, gas permeability, fluid transport, electrical conductivity and ionic

conductivity [60]. If any of these properties is hindered, fuel cell performance suffers significantly.
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In addition, research has shown that thin catalyst layers are advantageous because they improve
the kinetics of the oxygen reduction reaction, minimize catalyst loading, reduce electrode

resistance and increase current density [22].

The research in this PhD project will focus on the CCM-fabricated DTM technique. This technique
involves loading the catalyst layer ink uniformly onto the decal substrate as shown in Figure 2-4
(indicated in red dotted rectangle). The CLs of both electrodes are then transferred from the decal
substrates to the Nafion membrane by hot pressing at 100 to 120 kg cm™ loaded pressure and
temperatures of 110°C-140°C for a specific amount of time. The decal substrates are then peeled
away from the CCM to leave behind the catalyst layer on the membrane, yielding a three-layer
CCM. Finally, teflon-treated GDL or GDE (MPL + GDL) is then added to the CCM by hot-
pressing, as mentioned earlier [54].

DTM is an advanced technique that improves catalyst utilization and forms a better-connected
ionomer network compared to that achieved using the CCS method. This has a significant effect
on the performance and long-term durability of the MEA due to low interfacial resistance between
the CL and the PEM. DTM produces a thinner catalyst layer with lower mass transfer resistance
and better contact between the electrode components [61]. However, the DTM method is more
complex than the CCS method. Properties such as CL microstructure porosity and thickness are
difficult to control using DTM due to dehydration of the membrane during decal transfer and the
possibility that sintering of the catalyst will occur. Furthermore, ionomer segregation can occur on
the outside of the CL and catalyst can be incompletely transferred from the decal substrate to
Nafion if the pressing temperature becomes too high in an effort to transfer more of the CL onto
the membrane, as shown in Figure 2-6. The present research work focuses on identifying defects
that occur during DTM fabrication and the behavior of such defects during the subsequent

operation of the fuel cell.

2.5 Sources of defect formation in MEA electrodes

The manufacturing costs of the various components must be reduced for fuel cells to
become competitive in modern markets. Often, PEMFC failure has been attributed to defects that
originate in the CCM during the fabrication and assembly stages. This has led to a growing demand

for more stable manufacturing processes and more advanced methods of quality control and defect
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detection methods [25]. In the fabrication of MEA/CCM electrodes, for example, defects such as
micro-cracks, missing catalyst, uneven loading of catalyst, voids and pinholes can occur during
the various DTM stages and sandwiching of the MEA between the GDEs. This eventually
increases the interfacial contact resistance and/or ohmic polarization in the MEA [42]. Online
quality control would facilitate continuous production of defect-free MEA components [6,9]. This
research focuses on investigating the effects of manufacturing defects and operational aging
defects on MEA endurance and performance. Some of the common defects that occur in PEMFC
components are categorized below in Figure 2-5. These defects which can occur due to
manufacturing processes or operational aging of the fuel cell have been shown to decrease PEMFC
performance and increase the probability of PEMFC failure [7,25,26,42,43,62].

Manufacturing
Defects

Operational Aging Defects
via degradation mechanism

|
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Figure 2-5: Categorization, cause and effect of defects formed in PEMFC components.

2.5.1 Manufacturing Defects

Manufacturing methods used to fabricate the CL can lead to defects which can propagate
further during PEMFC operation due to chemical and mechanical stress. For example, the
preparation of the CL by the DTM involves the formation of a homogenous mixture of solvents in
catalyst ink. Incorrect mixing can lead to defects during the drying and transformation processes,
as shown in Figure 2-5. Catalyst ink is a dispersion of Pt-C catalyst in a mixture of Nafion ionomer
solution, solvent and deionized (DI) water [63]. The most important aspects of ink formulation are

the selection of the appropriate weight ratio of 1:3 of ionomer to catalyst and the proper distribution
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of the ionomer in the catalyst, which can minimize electrode resistance and maximize ionomer
contact with Pt catalyst nanoparticles [49,54,64]. Non-uniform mixtures of solvents can lead to
uneven drying of the CL surface in which the top layer dries faster than lower layers. This causes
the solvent vapor from the lower regions to penetrate to the top and develop defects such as micro-
cracks and delamination between CL and PEM [7]. Defects can also form as the catalyst dries on
the decal or the catalyst layer is transferred on to the membrane. Over-compression of areas with
uneven CL thickness can damage local areas of the membrane [15]. Incomplete transfer of catalyst
layer from decal to membrane causes non-uniform distribution of catalyst, void regions and
missing catalyst areas, as shown in Figures 2-1c and 2-6. These areas degrade at accelerated rates
under chemical and mechanical stress and develop into defects such as pinholes in the CCM/MEA
electrode which are very detrimental to cell performance. Identification and classification of
defects that lead to poor performance or sudden shutdown of fuel cells and characterization of the

behavior of these defects under various accelerated conditions are primary goals of this research.

Catalyst Layer Catalyst Layer After Transfer % of Catalyst Transfer
Before Transfer R A S R R R R S R S R A ST 5 on PEM

Decal Substrate CCM ‘ (approximate values)
: |
9l s0%
az i T
Empty/Zero Catalyst
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Catalyst layer ‘m‘ ]
i E 90%
Decal substrate =
=
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S .

Figure 2-6: Percentage of catalyst transfer from decal substrate to polymer membrane, the dotted circles
indicate incomplete catalyst transfer leading to void spaces and missing catalyst areas in CCM [63].

&

2.5.2 Operational Aging Defects

Defects caused by degradation of material components limit the service life of the electrode
and impair main electrode functions such as electron conduction, proton conduction, electrode
thickness, gas separation and electron insulation. CL degradation can lead to defect formation and
may be caused by external pressure, membrane shrinkage or the operating environment [65]. The

external pressure from the bipolar plates and internal stress due to swelling and shrinkage of
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membrane can cause micro-cracks to form in the surface of the CL, thereby increasing ohmic
losses. Operating conditions such as high current density can cause local build-up of water that
leads to material loss via carbon corrosion and Pt oxidation and/or voltage degradation. Since the
membrane is electrically insulating and separates the anode and cathode reactions, the loss of
membrane material strongly influences cell performance. Membrane defects formed during the
production process and cell assembly or during PEMFC operation shorten cell life, decrease cell
performance and reduce cell efficiency. Operational aging defects arise due to the harsh operating
conditions of the cell in which membranes undergo chemical and mechanical stresses during
hydration cycling and differ from manufacturing defects that are formed during fabrication of

electrodes.

The complex series of heterogeneous and local degradation processes in the CCM/MEA can be
categorized into chemical/electrochemical, mechanical and thermal mechanisms [66]. Chemical/
electrochemical degradation is caused by loss of chemical components in the electrode which leads
to membrane thinning, loss of ionomer network in the CL, Pt dissolution and carbon corrosion.
The stress caused by the swelling and shrinking of the Nafion membrane due to changes in
temperature, relative humidity (RH) or load cycling is the main cause of mechanical degradation
and failure through the initiation and propagation of microscopic cracks, creep and delamination.
These defects can also lead to gas crossover through the membrane [67]. Temperature cycling can
significantly increase the rate of membrane degradation and cause thermal degradation. This is
considered to be a sub-category of the mechanical degradation mechanism. Obviously, the
combined effects of chemical, mechanical and thermal stress cause defects that lead to degradation

of cell performance and even to complete failure [65].
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2.5.2.1 Formation of defects via degradation mechanism in MEA

Degradation Mechanism
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Figure 2-7: Degradation mechanism of defect formation in MEA components

Various authors have found that chemical, mechanical and thermal degradation mechanisms can
combine to form defects in the MEA during PEMFC operation. Kundu et al categorized the
morphological features of defects according to their causes, modes and effects during
manufacturing and PEMFC operation [7]. Placca and Kouta investigated 37 individual events
responsible for ‘cell degradation’ in PEMFC systems by using ‘fault-tree analysis’ (FTA) [65].
Kreitmeier et al. investigated artificial defects by relating pinholes of known size to their effects
on cell performance under accelerated stress test (AST) conditions and analyzing gas crossover
[68]. Kusoglu and Weber developed a mechanical model for pinhole growth in polymer
membranes under humidified cycle loads and correlated the growth of pinhole to measure the
crossover in order to estimate the lifetime of the membrane [13]. Ulsh and Bender used IR
thermography to identify defects in fuel cell electrodes by measuring hotspots across the local
defects such as pinholes and micro-cracks in the MEA [9,69]. Dhanushkodi et al investigated
chemical degradation causing dissolution of platinum nanoparticles to form bands in the PEM
responsible for PEMFC performance loss [70]. Other studies and investigations have involved
polymer fracturing, polymer melting, catalyst sintering and carbon corrosion that enhance and
propagate the defects in the electrode [71-73].
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2.5.2.1.1 Chemical/electrochemical degradation

Chemical degradation can be a very complex process that can lead to other events and
problems. Regardless of the specific details, most experimental research has found that chemical
processes play important roles in membrane degradation [74]. The membrane life is affected by
the formation of highly reactive radical species that attack the polymer. This is believed to be main
cause of membrane thinning and pinhole formation in the CCM [75]. The radicals can attack the
anode CLs, cathode CLs and the membrane electrolyte, damaging the polymer structure and
leading to irreversible damage. The formation of radicals such as peroxide (HOe¢) and
hydroperoxide (HOO¢) triggers several chemical and electrochemical reactions in the catalyst
layer and the membrane. In-situ and ex-situ analyses confirmed that free radical attack during fuel
cell operation was responsible for the chemical degradation of ionomer in both the membrane and
CL [76]. Corrosion of fuel cell components and external impurities originating from gas tubing or
humidifiers or other parts can contaminate the cell with small quantities of metal cations and
ultimately cause blistering of the membrane. Ca?*, Fe?*, Cu?*, Mg?* and Pt?* have been identified
in the membrane after long-term operation [77]. These contaminants can attach to the side chain
of the polymer membrane and form crystals that grow and create blisters. These crystals often form
at the inlet where the cation concentration is higher. This also forms voids in the membrane, which
become filled with water. The presence of cations lowers the membrane ionic conductivity,
reduces the ORR activity of the catalyst and accelerates the chemical decomposition of polymer
as shown in below equations [78]. This process can increase the rate of membrane thinning and
pinhole formation.

H,0, + Fe?* -> HO e + OH™ + Fe3* (2.6)
Fe?* 4+ HO - Fe3* + OH~ (2.7)
H,0, + HO ¢ - HOO « +H,0" (2.8)
Fe?* + HOO ¢— Fe3* + HO; (2.9)
Fe3* + HOO ¢— Fe?* + H* + 0, (2.10)

Hydrogen peroxide has a longer lifetime than hydroxyl radicals and may be transported by
diffusion and decompose to radicals far from the production site although the location and
production mechanism of hydrogen peroxide formation is still under debate. Currently, the main

question regarding polymer membrane decomposition is whether it mainly occurs at the anode or
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the cathode or in the core of the membrane [41]. Figure 2-9 shows four chemical/electrochemical
processes that cause hydrogen peroxide formation in the fuel cell CCM. In process I, the
incomplete reaction of electrons and H* (step 4 in Figure 2-8) forms hydrogen peroxide, which is
generated electrochemically by the two-electron reduction of oxygen at potentials below 0.695 V
shown in Eqn. (2.12). This is catalyzed by both platinum particles and the carbon support. LaConti
et al. proposed that radicals are initially generated by the formation of H20- through the addition
of a proton to an incomplete water structure as shown in Figure 2-8. The four-electron reduction
reaction of oxygen to form water as product at the cathode is shown in Step 1 and Eqgn. 2.11. This
overall process likely does not occur all at once. H2O2 can form according to steps 1 and 2 via
two-electron reduction and then go onto form water in step 4 or desorb from the catalyst surface
into the bulk in step 3 [79].

H,0,
Figure 2-8: Oxygen reduction reaction on metals.
0, + 4H* + 4e~ - 2H,0 Eo = 1.229 Vg (2.11)
0, + 2H* + 2¢~ - H,0, Eo = 0.695 Vg (2.12)

Due to the permeable nature of the membrane, gas crossover of hydrogen from the anode to the
cathode and oxygen cross-over from the cathode to the anode can occur (processes Il and IV in
Figure 2-9). In both cases, gases can react chemically to produce hydrogen peroxide in the cathode
catalyst layer (I1) and the anode catalyst layer (V). This can reduce the proton conductivity of the
ionomer and weaken the mechanical strength of the catalyst layer and polymer membrane [79].
One way to estimate the rate at which the polymer degrades is to measure the concentration of
fluoride ions in the effluent water from the fuel cell [41]. In process 1l (Figure 2-9), the removal
of the carbon support structure in the CL can promote the agglomeration or dissolution of Pt
nanoparticles. The free Pt nanoparticles can migrate and become embedded in the membrane to

form a Pt band which can promote pinhole formation and enhance peroxide generation in the
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membrane core, effectively ending the cell useful life [70]. This degradation mechanism leads to
non-uniform membrane thinning and eventual pinhole formation and gas crossover, decreases the
effectiveness of the cell and increases the degradation rate [7,67]. The removal of the Nafion
ionomer in CL can enable micro-cracks to develop on the electrode surface and in the CL [80].

Anode(CL) PEM

Figure 2-9: Schematic illustration of four different mechanisms of hydrogen peroxide formation.

2.5.2.1.2 Mechanical and thermal degradation

Since chemical degradation gradually breaks down the electrode components, it tends to
affect the long-term performance of the fuel cell stacks. Mechanical degradation is considered a
major cause of sudden membrane failure that can lead to cracks, tears, delamination and pinholes
in the CCM/MEA. The combined effects of mechanical stress due to external and internal
pressures and thermal stress caused by temperature cycling causes mechanical degradation. Stress
is initially applied through the clamping pressure during the assembly of the fuel cell stack to
ensure good electrical connection between the fuel cell components, as mentioned earlier. The
mechanical degradation can be accelerated by numerous factors: (1) manufacturing imperfections
in the fuel cell components, (2) non-uniformity of the applied pressure, (3) roughness of the GD,
microporous layer (MPL) and/or CL, (4) high temperature, (5) high pressure and (6) low humidity.
Inadequate humidification causes mechanical stress in the membrane and continuous cycling of
its volume due to swelling and shrinking. The volume change of the Nafion membrane disrupts its
crystalline structure and tends to shrink the ion channels in the membrane and thereby reduce its
ionic conductivity. Upon initial contact with water, the MEA swells 10-20% but is limited in its

movement due to compressive forces imposed by the bipolar plates. Consequently, the portions
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under the lands are constricted and tend to buckle. If the cell becomes dehydrated, the MEA may
stretch and tear [81].

Membrane integrity degrades irreversibly once the mechanical stress exceeds the local yield
strength. Polymer creep induced by pressure on the membrane in the strain-hardening region
decreases the membrane thickness and in turn accelerates membrane creep [82]. Cracks can also
occur at the intersection of the land and channel (crazing sites) and can propagate through the
membrane leading to tears, creep or pinholes at ultimate stress points. Both membrane creep and
crack formation processes increase gas crossover. If the mechanical stress becomes large enough,

delamination of the catalyst layer from the polymer membrane can occur [83].

Other examples of non-homogeneous degradation occur due to pressure gradients across the MEA.
This effect is exacerbated by the high gas concentration at the edges of the flow channels and
synergy between the chemical and mechanical effects leading to degradation. Therefore, chemical
degradation significantly reduces membrane toughness, leading to membrane failures at
mechanical stress areas [83]. As a result, the formation of defects such as micro-cracks, tears, creep

and pinholes as well as delamination are more likely to occur in these areas.

A high operating temperature has the benefit of enhancing ORR and HOR reaction kinetics, but
also significantly facilitates membrane degradation, affecting its stability, hydration and polymer
chain nanostructure. Nafion degrades rapidly as temperature increases and irreversibly loses its
mechanical integrity. Increasing temperature above approximately 90°C dehydrates the membrane
and may induce changes in the nanostructure associated with increased crystallinity [84] and
dissociation of ionic clusters. Catalytic combustion of hydrogen and oxygen through defects such
as pinholes may create local hotspots at platinum particles and induce thermal decomposition of
the ionomer and further degradation of the membrane. Significant increase in gas crossover during
long-term operation of PEMFCs is thus often correlated with thermal polymer decomposition due
to local hot-spots at pinholes [65,68,85].

2.6 Durability problems for PEMFC stacks in automotive operation
The durability or degradation rate of materials in a PEMFC stack is affected by modes of

operation of the fuel cell, environmental conditions, choice of materials and cell design. The mode
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of operation of a fuel cell is defined by the load or drive cycle that it is strongly dependent on the
driving habits of the vehicle operator. The stack experiences a variety of loads that may be constant
or cyclic under normal vehicle operation. A rapid increase in power from 10% to 90% power in 1
second, for example, can be achieved but may lead to material degradation and the formation of
defects. Shimoi and co-workers from Nissan have reported on extensive experimental studies to
predict electrode degradation rate in terms of start-stop, load cycling and idling modes [86,87].
The principal modes of operation of PEMFCs in automobiles that cause electrode degradation are:
(1) start-up/shut-down cycling, (2) OCV/idling/low-load, (3) acceleration and deceleration, (4)
ambient air quality and (5) sub-zero temperatures [12,86]. Different environmental conditions such

as pressure, temperature and humidity and air quality, also affect the rate of material degradation.

2.6.1 Effect of local degradation of MEA components in automotive environments

Figure 2-10 illustrates three major impacts and estimates of losses in PEMFC stacks
causing electrode degradation. Most of this degradation occurs due to rapid start-ups and shut-
downs of an automotive device due to short interval. This leads to differences in oxygen
concentration that can cause cathode potentials to spike by as much as 1.5 V. These repeated
changes in cathode potential have detrimental effects on the fuel cell electrodes such as carbon
corrosion, Pt agglomeration, crossover and leaks, resulting in ~44% of the total electrode
degradation [87]. Operation of fuel cell stacks under idling OCV conditions causes irreversible
degradation and irreversible material loss due to generation of peroxide radicals that can increase
membrane thinning and Pt-ECSA losses. Operational losses under these low-load conditions
contribute ~ 28% of the total electrode degradation. Continuous ‘ramp-up’ and ‘ramp-down’
cycling also contributes to 28% of MEA degradation due to the loss of surface area via Pt
dissolution and water flooding at the cathode when operating at high current densities. This causes
continuous mechanical and chemical stress in the polymer membrane and catalyst layers and

accelerates degradation[12].
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Figure 2-10: Impact and estimation of losses in PEMFC stacks due to three major electrode degradation
modes: start-stop, idling and load cycling[12].

2.6.2 Sources of mechanical stresses in PEMFC stack

Fuel cell components may also degrade due to environmental conditions and mechanical
stresses from cell construction and design. Mechanical stresses are imposed on fuel cell
components via several mechanisms such as compressive forces, shearing forces, temperature
variations, MEA hydration and contaminants. The compression of the MEA by the endplates to
reduce gas leaks and contact resistant losses causes mechanical stress. This affects softer fuel cell
materials such as the membrane and catalyst layer which are compressed under the raised areas
(flow channel) of the bipolar plate tends to crack and delaminate. Shear forces due to fluid flow
can also mechanically stress and adversely affect fuel cell components. Typical fluids include
gases and liquid water which flow through the channels of the bipolar plates and GDL. The
pressure within the flow field can cause pressure differences across the membrane, which also
stress the materials and lead to cracks forming in parallel to the shear force, especially in the
electrolyte [15].

Temperature variations also cause mechanical stress both on large and small scales. Large-scale
temperature variations cause differences in material expansion throughout the cell, which in turn
causes mechanical stress. Small-scale temperature effects occur when hot-spots form on the MEA
surface when reactions proceed at a high rate. They tend to occur in local areas that have higher
amounts of catalyst or area dehydrated and so experience higher ohmic losses and localized heating
that burn the polymeric components of the fuel cell. Small holes burnt through the polymer

electrolyte membrane are referred to as pinholes [88].
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Contaminants can also cause mechanical stress if they are inadvertently introduced into the fuel
cell during hydration of the reactant gases. When hydration methods such as bubble columns or
gas stream misting are used, tiny droplets or aerosols are introduced into the gas stream. This may
contain contaminants such as calcium, corrosion products of the metallic bipolar plates such as
magnesium and other ions that can enter into polymer membrane and cause local stress in the

membrane [12].

2.7 Categorization of local defects in MEA components

Defects can be categorised based on their severity and priority. Defect severity refers to the
impact on fuel cell performance and can be categorized as being critical, major, minor and low.
Defect severity is an important characteristic because it is directly related to functionality [89]. If
a pinhole develops in the membrane, the MEA can no longer function in a stack and would thus
be classified as a defect of critical severity [71]. Hu and Cao analysed the evolution of pinhole
growth affecting the long-term stability of MEA [90][33]. On the other hand, priority represents
the attention which should be paid to the defect and is classified as being immediate, high, medium,
and low. For example, micro-cracks have little immediate effect on overall performance but have
the potential to propagate into a defect that does require immediate attention. Thus, they are
classified as defects of high priority [91][92]. Figure 2-11 shows a detailed categorization of
various defects based on their severity and priority.

A High Priority

High Priority & Low Severity High Priority & High Severity

1. Micro-Cracks (CL & MPL) & Scratches .
2. Uneven thickness > 10-20% (PEM,CL & GDL) || 1 Pinholes
3. Improper catalyst transfer/peeling problems/|] 2- Empty/void CL
4. Uneven CL drying 3. Miissing/Thin/Fall out CL
5. Uneven PTFE distribution in GDLs 4. Coating irregularities (CL & MPL)
>~ || 6. cCatalyst sintering/uneven CL drying 5. Uneven hot pressing of MEA
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B | Impact on performance : Minor mpact on performance : Critica
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E Low Priority & Low Severity Low Priority & High Severity
1. Catalyst clusters 1. Macro-cracks (CL & MPL)
2. Uneven thickness + 5% (PEM,CL & GDL) 2. Delamination of GDL-CL-PEM
3. Sanding marks/Dents/oil prints 3. Swelling/shrinking/ membrane wrinkles
4. Uneven CL/ionomer texture 4. Corrosion of materials
5. Water spotting/CL bluster/ CL solvent pop 5. Contaminations
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Figure 2-11: Categorization of defects based on severity and priority.
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High severity and high priority: A defect that falls in this category will cause the failure of

a fuel cell. This defect completely damages or changes the structure of the electrode to the point
where operation can no longer continue [89]. Other examples of high severity and high priority
defects are pinholes and empty catalyst layers. Pinholes result in the failure of the fuel cell, while
the presence of empty catalyst layers which do not promote the electrochemical reactions can lead
to large pressure, concentration and thermal gradients and non-uniform heat distributions during
operation that can lead to the development of pinholes, particularly at high current densities [93].
These gradients also tend to facilitate gas crossover and enhance radical formation which further
decomposes the polymer in the membrane.

Low severity and high priority: Any defect of low severity that has the potential to affect

performance is placed in this category. Such a defect does not immediately affect performance in
a significant way but could eventually propagate at later stages of operation. This defect should be
addressed during the initial stages of the fabrication process. For example, micro-cracks fall in this
category because they can eventually develop into macro-cracks [94][77].

High severity and low priority: Any defect that is not predictable at BOL but significantly

affects functionality is a high severity and low priority defect. This defect can develop during fuel
cell operation during MOL or can propagate from previous defect stages. Eventually, this defect
can develop into a pinhole or a similar defect that can be catastrophic. Examples include
delamination of GDL-CL-PEM due to shrinking/swelling of membranes[18]. Since it is difficult
to predict the delamination of CL at BOL, this defect is considered low priority as opposed to a

higher priority.

Low priority and low severity: Low priority and low severity defects have negligible effects
on functionality and performance. It should be noted that low priority and low severity defects
contribute towards a lower electrode standard. Catalyst clusters, small variations in catalyst layer
thickness on the order of £5%, sanding marks and dents are examples of low priority and low
severity defects[7][4].

The influence of other defects such as voids, membrane thinning, creep, tears and
delamination on cell performance affects long-term stability of the stacks. Smaller defects may not
have an immediate effect on cell performance but can eventually cause dangerous gas crossover

and ultimately failure if they become large enough. Various authors have investigated operational

30



defects [7,41,80,95-97] and artificial defects [68] under accelerated stress conditions.

Classification of defects in the different MEA components are shown in the table below.

Table 2-1: Different types of local defects formed in MEA components.

Material affected

Impact of defect in CCM

Defect type

Cracks Catalyst layer: separation of catalyst .

(Fig. 2-12a) Iayer)\//vitho)[n breapking of membrar{e. *  Breaking of cata.lyst layer )
Membrane: creeping or tearing inside o Defect propagation through r.necfhan'lcal stress
the solid polymer. e Non-homogeneous current distribution

e  Areas subject to free radical attack
e Increased resistance in catalyst area
e  Growth of defect to a pinhole

V(?ids Catalyst_ layer: areag _where o, Improper catalyst transfer onto the membrane

(Fig. 2-12b) catalyst is loaded or missing catalyst . i
regions . In_crease in surface re5|stance_of CL

o Higher chance of water flooding
Z):?Igarglrllztcl;) A cha :;?é SI;SI:‘?/:;T?:;TEF‘)?MSEparatlOn e  Separation of CL due to mechanical changes of
the PEM
e Higher chance of water flooding
e Partition of CL and membrane across micro-
crack and pinhole areas
e Increase in activation losses

Membrane Membrane: variations in CCM .

thinning thickness . !\/Ie_chamcal weakness of polymer structure

(Fig. 2-12d) inside th_e PE_M _ _

e Areas with high radical concentration
e Variation of resistance at different locations
e Areas of high gas crossover

Zil:stg:z?:on rl:gi:;arft?sl.es :2zarg?ogan dm:/vi th?r: e Formation of thin Pt-band within the membrane

[58] membrane e Loss of ECSA over entire active area

(Fig. 2-12¢) e Damage due to carbon corrosion

e Slow catalytic activity affecting long-term
stability

Pinholes Membrane: void spaces within . .

(Fig. 2-12f) membrane that are Igrger than 10 | ° Major effect on performance loss in CCM

microns allow gas crossover of fuel
and oxidant.

Exothermal reaction between H, and Oa.
Areas where chemical, mechanical and thermal
stresses combine

Instant electrode short-circuits

Develops at flooded areas
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Figure 2-12: (a) Top and side views of CL showing distribution, length and depth of cracks. (b) Missing
catalyst regions/thin catalyst area (manufacturing defects) in CCM; the dark line indicates major cracks
in CL due to expansion of membrane. (¢) Delamination of CL leaving bare membrane. (d) Membrane
thinning. (e) Pt band formation in membrane causing radicals. (f) Mechanism of pinhole formation
caused by chemical, mechanical and thermal degradation.

Table 2-2: Currently available methods to detect defects in PEMFC components.

. Defect Identification Size Resolution References
Technique
Surface resolution  Depth resolution
Optical microscopy Surface defects 30 — 2500 pm 10— 100 pm [25] [98-100]
(reflected light)
Stylus profilometry Surface defects 10 - 100 pm 0.1-10 pm [42]

Scanning electron Surface and cross- 0.0005-1000 um  0.0001 — 10 pm [62,101,102]

microscopy (SEM) sectional defects

IR thermography Surface thermography ~20 cm - [25][69,103]
of defects [83,104]

Low energy x-ray Surface defects 0.1-2cm - [105]

imaging

Electrochemical In-situ measurements  — - [101,106]

impedance

spectroscopy (EIS)
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2.8 Summary

Research in this thesis focuses on identification of abnormalities and defect points on CCM
components. Defects such as micro-cracks that are prone to forming during CL fabrication in fresh
electrodes or in aged MEAs involve breakage of the CL. Fuel cells can operate in the presence of
these defects although their performance and durability can be significantly affected. CCM defects
are interconnected. For example, micro-cracks can propagate into macro-cracks that can
delaminate entirely from the catalyst layers [80]. As the delaminated area increases, defects force
the current to flow away from the void region. In this case, the current is directed around the
delaminated areas which become hotspots and develop pinholes [107]. Additionally, void areas
can also lead to water flooding in the catalyst layer causing cell productivity to diminish. These
areas allow the reaction gases to permeate through the membrane, causing gas cross-over and H20:
formation. The peroxide decomposes the polymer both in the catalyst layer and membrane, causing
electrode thinning and ultimately pinhole formation in the CCM, which in turn can cause failure
and shutdown of the fuel cell [107]. However, if defects are developed during the manufacturing
process, it is suspected that local stress across the defects accelerates faster and can lead to failure
or significantly affect the electrode lifetime. The main focus of the proposed research is to
investigate the potential correlation between the propagation of defects and performance loss

measured under various accelerated conditions.
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3 Materials and Experimental Methods

3.1 Fuel Cell Test Station Apparatus

Fuel cell experiments were conducted using a FCAT single cell designed by AFCC with a
geometric active area of 48.4 cm?. As discussed in section 2.4, the MEAs used in this research
work consisted of a 3-layer CCM made of DTM sandwiched between anode and cathode GDLs
coated with MPLs on one side. This 5-layer MEA was held in place using 150 pm thick Teflon
gasket on either side to form a 7-layer structure. A schematic diagram of the MEA is shown in
Figure 1-1 and Figure 4-5. For some experiments, MEAs were put together here at the University
of Waterloo from 5 proprietary commercial CCMs; for other experiments, 8 proprietary
commercial MEAs were used. Of these, MEA-1, MEA-2, MEA-3, MEA-5 and MEA-8 were
manufactured at AFCC, while defected samples MEA-4, MEA-6 and MEA-7 were fabricated at
the University of Waterloo.

U

s

s

Figure 3-1: G50 fuel cell test station and ancillary components for PEMFC testing. Refer to the
text for identification of the numbered components.

All experiments in this research study were conducted using a G-50 fuel cell test station to
investigate PEMFC performance. The test station contained the following components (refer to
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numbered items in Figure-3-1): 1. hydrogen fuel tanks (99.9995% purity), 2. air supply line, 3.
nitrogen supply line, 4. anode and cathode inlet gases from internal humidification bottles (wet),
5. anode and cathode inlet gases from external humidification bottles (dry), 6. FCAT cell (see
schematic of single cell in Figure 1-1), 7. external power supply (5 V, 120 A) connected in parallel
to the FCAT cell and external electrical RBL 232- TDL load box (Note that the load box was
located below the computer monitor), 8. Temperature controllers for humidification bottles, 9.
BioLogic Science VMP3 potentiostat with HCP-1005/100A booster and EC lab VV10.39 software,
10. Greenlight model fuel cell control chamber (G-50), 11. water outlet bottles to collect condensed
water from the fuel cell stack for fluoride ion release analysis. 12. water bath to maintain the stack
temperature at 90°C, 13. hydrogen outlet connected to fume extractors, 14, hydrogen sensor to

detect any H; leaks from the stack.

3.1.1 Leak test

Stacks must be a leak-free to eliminate pressure drops across the MEA and ensure a
uniform reactant supply. Internal and external leak tests were regularly carried out at BOL, MOL
and EOL to measure the total gas leak rate from all sources: coolant, fuel and oxidant ports and

hydrogen cross-over. The procedure for the leak tests is described in Appendix 10-1.

3.1.2 Fuel cell operating conditions

The following operating procedure was followed for all MEAs:

Prior to assembly in the FCAT cell, each MEA was examined using IR thermography to identify
BOL defects, as discussed later in section 3.2.2.1.2.1. Once the MEA was incorporated into the
cell, a leak test was performed to confirm that the assembly was properly done. If any leak was
observed, the cell was re-assembled with new silicone gaskets, Swagelok fittings or bipolar flow
plates until the leak test was passed. Once this was accomplished, the FCAT cell was carefully
connected to the inlet and outlets gas streams to the G-50 test station shown in Figure 3-1. Hot
deionised water was supplied to the stack water inlet port from the external water bath (12) to heat
the cell to 90 + 5 °C.

The operating parameters such as gas flow rate, stack pressure, humidification bottle and line
temperatures were set through HyWarell software. Two humidification bottles were used to
control the RH levels of the gas streams - an internal humidification bottle supplied wet gas and

external humidification bottle supplied dry gas. Once the stack reached the cell temperature, the
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nitrogen flow was stopped, and reaction gases were supplied to the anode and cathode using
Bronkhorst EL- mass flow controllers (MFC) and pressure transducers. The dew point temperature
of the internal and external humidifiers was set by the user. As the gases exited from the
humidifiers, they entered a stainless-steel tube wrapped with heaters. The temperature of gas
stream tubes was adjusted to achieve the desired relative humidity. Internal thermocouples were
used to monitor the temperatures of the gas streams inside the stack. An external power supply
(5V and 120 A) was connected in parallel to the cell and load box to provide additional voltage to
drive the current above 50 A. Two load boxes (9) were used in this study based on the requirements
of the experiments. All the electrochemical analyses (e.g., polarization curves, LSV, CV and EIS)
were carried out using a BioLogic Science VMP3 potentiostat with an HCP-1005/100A booster.
As current was applied to the cell, the reactions progressed, and water and heat were generated as
by-products. The water from the anode and cathode outlets was collected in knockout drums. In
some experiments, this water was further analysed for its fluoride ion content using ion
chromatography to assess the extent of ionomer degradation. During the OCV and COCV ASTSs
(detail ASTs were discussed in section 6.3), water was collected every 8 — 16 hours of operation.
As discussed earlier, the cell temperature was controlled by the circulating external water bath.
The operating parameters used to condition the MEAs for BOL are listed in Table 3-1.

Table 3-1: Operating conditions for MEA conditioning at BOL.

BOL conditioning Anode Cathode
Fuel H. (99.995%) Air
Inlet Pressure (Kpag) 270 250
Cell Temperature 60°C 60°C
Stoichiometry 1.2 3
Inlet Relative Humidity 100% 100%
Current Density 1.5 Alcm?
Duration of test 12 hours

3.1.3 Accelerated stress tests (AST)

Accelerated stress tests reduce the time and cost needed to assess the durability of fuel cell
systems and estimate the life time of fuel cell stack in heavy-duty automotive applications [108].
Membranes and catalyst layers are critical components of fuel cell stacks operating in automotive

systems. They must be highly durable and tolerate a wide range of operating conditions including
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high and low voltages, temperature ranging, relative humidity (RH) and variable gas compositions.
AST protocols are important for targeting and understanding specific degradation mechanisms.
ASTs must be designed to cause failure modes similar to those observed under actual operating
conditions in order to provide meaningful insight into the causes and effects of failure in real-time
operation of fuel cells. These failure modes vary depending on whether they are being operated
for automotive or stationary applications. The primary aim of the ASTs used in this study was to
conduct experiments compatible with steady state operation that has been shown to significantly
affect MEA performance in automotive systems. Factors that accelerate degradation of the MEA
are temperature, relative humidity, freeze-thaw cycling, load cycling and startup-shutdown.
Standard protocols developed by the US Department of Energy (DOE) will be followed in this
research for specific analysis [109].

Considering the sensitivity and mechanical stability of CCMs (catalyst layer — membrane — catalyst
layer, three-layer electrode without GDL) and MEAs (GDL - catalyst layer — membrane — catalyst
layer — GDL, five-layer electrode), experiments were conducted in two different types of cells.
The first set of experiments was carried out in a custom-built test cell designed and fabricated at
the University of Waterloo to investigate CL defects in defected CCMs. A detailed description of
this test cell is given in section 4.3.4. Aging experiments on CCM samples (Chapters 4 and 5) and
GDL samples (Chapter 7) were performed using this custom-built test cell. The second set of aging
experiments on the MEAs (Chapter 6) was done in a standard FCAT fuel cell designed and
supplied by AFCC.

3.2 MEA Characterization techniques

To investigate the chemical degradation of CCMs and MEAs, experiments were carried
out under open-circuit voltage (OCV) conditions, as discussed in Section 3.2.1.1.1. To characterize
the mechanical durability of CCMs and MEAs, an AST consisting of RH cycles was applied, as
discussed in Section 3.2.1.1.2. Degradation tendencies of a cell were gleaned by examining its
resulting polarization curves at regular intervals. The electrochemical performance of the MEAs
was measured using in-situ characterization tests throughout the AST. The extent of membrane

degradation was also assessed by measuring the fluoride ion release rate in water samples collected
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in the anode and cathode outlets. Fresh samples and degraded samples after fuel cell operation

were also inspected using ex-situ characterization techniques.

3.2.1 In-situ characterization: electrochemical analysis

In situ diagnostic techniques were employed in this research to investigate the degradation
of the CCM/MEAs. These included open-circuit voltage (OCV) analysis with the RH maintained
at a fixed low level or cycled between dry and wet levels, polarization analysis, linear sweep
voltammetry (LSV), electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV) and
ion chromatography. These procedures or techniques are described in the following sub-sections
[110].

3.2.1.1 Open-circuit voltage AST
Open-circuit voltage accelerated stress tests (denoted here as OCV-AST) were used to examine
the chemical degradation of CCM/MEA electrodes. These conditions promote the homogeneous
degradation of electrode active areas by inducing reactant crossover through operation of a stack
under no load (zero current) and maximum catalyst potential for extended periods of time [111].
In addition, the high electrode potential at the cathode under open-circuit conditions can lead to
dissolution of the Pt catalyst. During the operation, as the membrane degraded, the OCV of the
cell decreased until it reached the pass/fail criteria, which was set to be 0.8 V in this study. Two
sets of OCV AST were used:
1. The first OCV-AST test was conducted in a custom-built test cell and aimed at accelerating
catalyst layer defects in the CCM. The details of CCM-AST are discussed in section 4.3.6.
2. The second OCV-AST was conducted in the FCAT cell and aimed at accelerating defects
in the MEA. It involved two sets of experiments in which the RH was held at a constant
low level and cycled between wet and dry conditions. The operating conditions for MEA-
AST are shown in Table 3-2 and implementation of this AST procedure is described in

section 6.3.

3.2.1.1.1 Effect of OCV at constant low RH

Numerous electrode degradation studies have shown that the chemical degradation rate of
the membrane is accelerated when a cell is held at the OCV at high temperature and low RH. Thus,
these are good conditions for evaluating the chemical durability of an electrode [112-115]. The
OCV-hold test at constant low RH in this work was designed to accelerate the chemical
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degradation of MEA that decomposes the polymer in the reinforced membrane matrix and catalyst
layers. This would cause several events to occur inside the fuel cell: gas crossover generating H20>
that initiates free radical formation and membrane thinning and eventually the formation of micro-
cracks and pinholes. Common consequences of chemical degradation are loss of ionomer in the
anode and cathode CLs, membrane thinning and pinhole formation. The AST in our study was
carried out at high temperature (90°C), high gas inlet pressure of anode/cathode (250/270Kpa),
high flow rates (2/10 SLPM) and low humidity (30/30 %RH). Therefore, we would expect these
AST conditions to significantly accelerate aging of the CCM/MEA components. Similar

observations were also reported in the literature [5,12,17].

3.2.1.1.2 Effect of OCV at cyclic RH

The RH cycling protocol in this research work was designed and implemented to accelerate both
chemical and mechanical degradation of the membrane and catalyst layer defects. ASTs involving
the application of RH cycles (wet/dry) over short intervals at high temperature were particularly
useful for assessing membrane durability (in PEMFC stacks operating under realistic conditions)
in real life operation. Under high RH conditions, the membrane tends to swell and buckle in-plane
due to the constraining pressure of the bipolar plates, leading to catalyst layer cracks and
delamination of GDL/catalyst layer/membrane interface. On the other hand, at low relative
humidity, the membrane should shrink and lose stiffness and strength. Also, when not highly
hydrated, the membrane is more prone to chemical degradation and a weaker interlayer bond
strength of MEA components. The repeated humidity cycling of high and low conditions induces

internal and external stress on the membrane.

Throughout these experiments, the RH of the reaction gases was cycled from 80% (wet) to 20%
(dry) on the cathode side and maintained at 80% on the anode side. The decision to select 80% RH
rather than 100% was to reduce the possibility of water flooding in the membrane. On the other
hand, 20% RH was selected over 0% to prevent excessive drying of the membrane which could
lead to large residual tensile stresses at 90°C [119][118]. This approach of testing MEAs is of great
interest to electrode developers and membrane researchers and so commonly used [67]. The AST

operating conditions implemented in this research is listed in Table 3-2.
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Table 3-2: Protocols of MEA degradation ASTs used in this study.

AST condition OCV at constant low RH  OCV at cyclic RH Polarization curves

AST duration <20% loss in OCV or <20% lossin OCV or <0.8V data collected at every

<0.8V OCV interruption
Current Density 0 Acm? 0Acm? 0-2Acm?
Cell temperature  90°C (£2%) 90°C (+2%) 90°C (+2%)
Fuel/Oxidant 99.995% Hy/air 99.995% Hy/air 99.995% Hy/air
Gas flow anode: 2 slpm H, anode: 2 slpm H, anode: 2 slpm H;
cathode: 10 slpm Air cathode: 10 slpm Air cathode: 10 slpm Air
Pressure 270/250 kPa 270/250 kPa 270/250 kPa
Relative anode: 30% RH (x2%) anode: 80% RH (x2%) anode: 80% RH (x2%)
Humidification cathode: 30% RH (£5%) cathode:20% - 80% RH (£6%) cathode: 80% RH (+2%)
Fion release monitored at least every 8 - 16 hours no target

3.2.1.2 Polarization analysis

Polarization (I-V) measurements were conducted using the G-50 fuel cell test station with
an RBL 232 (TDL electronic device) electronic load box. Hydrogen gas and air were fed to the
anode and cathode at stochiometric ratios of 1.5 and 3, respectively, while the cell was kept at a
constant temperature of 90°C using a water coolant plate. V-l curves were obtained at a
temperature of 90°C with the same relative humidity at both the anode and cathode. The
polarization curves were obtained by applying a given current density and measuring the resulting
cell voltage after 1 minute. Current densities of 1.5, 1.2, 1, 0.8, 0.6, 0.4, 0.2 and 0 A cm™ were
applied. When fresh unconditioned MEAs were tested, the stack was conditioned by applying a
load of 1.5 A cm for a minimum of 12 hours. If the cell voltage dropped below 0.15 V for more
than 30 seconds, the fuel cell was considered to be unable to maintain the maximum current density
and the current was immediately decreased in order to raise the cell voltage to 0.3 V. The resulting
polarization curve was constructed by plotting cell voltage against the current density. We
conducted a preliminary set of experiments at different fixed RH values ranging from 50% to
100% to determine the level that yielded the best cell performance at high current densities since
RH shows strong influence on mass transport losses in the cell. An RH of 80% was found to yield
the best fuel cell performance and so was used for the remainder of the study. The operating

conditions for polarization analysis are listed in Table 3-2.
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3.2.1.3 Linear sweep voltammetry - Hz crossover

Hydrogen crossover is an important indicator to assess the health of the MEA at different
stages. Because the rate of oxygen crossover tends to be lower, the rate of hydrogen crossover is
typically of greater interest. The flux of hydrogen crossover is obtained by measuring the crossover
current and converting this to a mass flow through the membrane using Faraday’s law [118].

Equation (3.1) relates the molar flux Ny, of Hz (moles cm? sty through the membrane to the

crossover current density i, (A cm):

_
Nu, = —; (3.2)
where F is the Faraday constant (96485 C mol™?). The rate of hydrogen crossover depends on the
membrane thickness, microstructure and partial pressure. As membranes thin, gas crossover

increases. The rate can be calculated using Fick’s law:

N, = w (3.2)

where N, is the gas flux, & is the membrane thickness, P, is the membrane permeability and P;
and P;, are the partial pressures of the reactant gases on the anode and cathode sides. As the extent
of gas crossover increases, pinhole formation leading to sudden shutdown of the cell becomes

more likely.

The hydrogen crossover current was measured using linear sweep voltammetry using a BioLogic
Science VMP3 potentiostat with a HCP-1005/100A booster and EC lab VV10.39 software. Inert
nitrogen gas was passed through the cathode (working electrode), while hydrogen was fed on the
anode side (counter electrode). As the MEA aged, H> from the anode side begins to cross over
through defects and reacts at the cathode to generate crossover current. To isolate the effects of
hydrogen crossover, the voltage was scanned from 0.05 V to 0.7 V at a scan rate of 2 mV s. Any
H> permeating through to the cathode would be oxidized immediately and its current at 0.4 V was
measured and taken to be the crossover current [12]. At potentials higher than 0.4 V, the rate of
hydrogen oxidation became limited by hydrogen permeation rates.

3.2.1.4 Electrochemical impedance spectroscopy (EIS)
Galvanostatic EIS was used to characterize the effect of aging of the MEA using a
BioLogic VMP3 impedance analyzer with the HCP-1005/100A booster over a range of 10pHz to

10 kHz. EIS is a powerful technique to measure the ohmic resistance, charge transfer resistance
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and mass transfer resistance of a PEMFC. Functionally, the membrane of an MEA acts as a
resistor, while the anode and cathode CLs act similarly to capacitors in a circuit consisting of the
cathode working electrode and anode counter electrode. Figures 3-2a and b show the equivalent
circuit describing electrochemical processes and a typical Nyquist plot, respectively, of the
PEMFC. Each of the anode and cathode catalyst layers can be modelled as an R-C element with
capacitor C and a resistor Rt in parallel. Ret represents the charge transfer resistance in the catalyst
layer and C represents the capacitance of the electrochemical double layer at the
electrode/electrolyte interface. The two R-C elements are connected in series t0 Rg, mem Which
represents the membrane resistance. Since the anode reaction is notably faster than the cathode
reaction, the cathode reaction is rate controlling and of greater interest.

The factors contributing to the voltage loss can be quantified by determining the characteristic
parameters of the equivalent circuit. The capacitors in the circuit act as ideal conductors at high
frequencies, resulting in the elimination of the imaginary components of the impedance. Since
Ra.mem IS the only element limiting the flow of current in the equivalent circuit at high frequencies,
the resistance of the membrane can be determined by the point of intersection of the impedance
curve with the x-axis (real impedance) at the high frequency end. The capacitors can be assumed
to be perfect insulators at low frequencies. Therefore, the voltage drop across the single cell MEA
is determined by the sum of the remaining resistors. Similar to the membrane resistance, the total
resistance of the cell is obtained from the intersection of resistance with the real impedance axis

(x-axis) in the low frequency region [120].
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Figure 3-2: (a) Equivalent circuit of electrochemical processes occurring in PEMFC. (b) Nyquist plot

(EIS) of PEMFC showing how the membrane resistance Ra,mem, Cathode charge transfer resistance Ret.ca
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and cathode mass transfer resistance Rmica are determined. The charge transfer resistance of anode is

neglected due to the fast kinetics of the hydrogen oxidation reaction (HOR).

The electric resistance of the anode serves as a reference, allowing charge transfer resistance due
to the oxygen reduction reaction (ORR) at the cathode to be studied through AC impedance [121].
The experiments were carried out in the galvanostatic mode by applying a signal with a DC bias
current of 5 A (0.1 A/cm?) and a 10% AC amplitude of 500 mA at frequencies ranging from 100
KHz to 100 mHz at intervals of 6 points per decade.

3.2.1.5 ECSA measurement using cyclic voltammetry (CV)

Cyclic voltammetry (CV) is perhaps the most versatile electroanalytical technique for the
study of electroactive species. CV allows measurement of the electrochemically active surface
area (ECSA). ECSA is calculated using the relation given in Eqn (3.3) at different time intervals
to yield an estimate of the active surface area of the Pt catalyst based on the charge associated with
H> adsorption. This area is an important measure of the degree of degradation of the CL. The
potential is cycled typically at a scan rate of 5 or 10 mV s over a potential range between 0 and
1.2 V (vs. RHE). The number of Pt surface atoms is estimated from the columbic charge Qn for
hydrogen adsorption/desorption assuming the charge to cover the surface with 1 cm? of Pt is

nc
210 - [28].
C (3.3)
ECSA <m5t> _ o ()
Ipt uC Ipt.
IZlO <cm§t) * Lpe (cmz) l

where Lp, represents the Pt loading in the electrode.

3.2.1.6 lon chromatography

Measurements of the fluoride emission rate (FER) and the conductivity of water were used
to characterize the degree of chemical degradation due to ionomer leaching in the catalyst layers
and membrane. The FER was determined by using ion chromatography (Dionex DX 500 ion
chromatographic analyzer) on samples collected in the water discharged from the anode and
cathode. The effluent water from the anode and cathode outlets was collected from the stack during

OCV ASTs approximately every 8 — 16 hours, typically at the beginning and end of each day.
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3.2.2 EXx-situ characterization

In order to map the defects caused by degradation, samples were examined ex-situ by
optical microscopy, SEM, TEM, profilometry and IR thermography. The development of a non-
destructive technique to monitor the propagation of defects in the CCM/MEAs at different stages
of operation is one of the main goals of the research. Conventional methods of measuring defects
in the CCM/MEA using destructive methods i.e., SEM and TEM electron microscopy help fuel
cell electrode developers to monitor defects during BOL and EOL, but cause irreparable physical
damage to samples. Thus, with this approach, it is impossible to measure cell performance loss
and correlate it directly with the propagation of defects in CCMs during the operation of fuel cell
at MOL. A non-destructive technique to inspect the MOL defects that affect PEMFC performance
is therefore required for fuel cell manufactures and developers to better understand the causes of
electrode degradation and failure of the CCM/MEA.

3.2.2.1 Non-destructive methods

3.2.2.1.1 Optical microscopy

CCMs electrodes are manufactured at industrial production site. Defected CCMs are
separated from the production line and supplied to University of Waterloo by the industrial
partners AFCC to investigate the effect of manufacturing defects in catalyst layers on cell
performance. Samples were carefully examined using an Eclipse MA 200-inverted-metallurgical-
reflected light microscope to identify defects on the catalyst layers. The CCMs with defects were
separated from non-defected CCMs for further microscopic analysis. NIE software was used to
image the surface morphology and generate details on defects such as surface profiles, orientation,
dimensions and aspect ratios. In addition, 3D defect maps were produced using the digital
information obtained from Z-profile scanning. This procedure was used throughout the life of a
CCM electrode to characterize the defects at BOL and monitor their evolution at MOL and EOL.
Finally, the defects were characterized with respect to their area, length, width and aspect ratio.
The experimental setup developed for investigating CCM defects using optical reflected

microscopy are discussed later in section 4.3.2.
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3.2.2.1.2 IR thermography for inspection of MEA components

Infrared thermography is a useful technique for characterizing surface properties of
materials that cannot be identified from their visible appearance. Due to its high resolution and
very sensitive detection, it is considered to be a good choice for quality control. Its application is
widely used in various research fields to characterize defects in metal surfaces, membrane folds,
catalyst layer defects, concrete structures and conduct surface analysis [8,16,122,123]. Previous
studies have shown that the detection limit of defects is in the centimeter-to-millimeter range with
certain limitations in accurately determining defect shape and length. For example, Aieta et al.[16]
and Vengatesan et al.[67] used IR thermography to detect the location of defects in MEAs and
GDEs, but they did not clearly report defect shape and size. Fuel cell manufacturers are often
interested in identifying sub-millimeter defects in catalyst layers and GDL substrates. Therefore,
the aim of IR detection technique is to identify GDL defects membrane, catalyst layer defects in
the CCM/MEA and sub-millimeter defects in the GDL/MPL in less than 1 minute of inspection

time. The improved IR technique is discussed in section 7.3.1.

3.2.2.1.2.1 IR examination of MEA defects

Our use of IR thermography to detect MEA defects is based on the idea that any pinholes
in the membrane or leak areas would facilitate hydrogen crossover from the anode to the cathode.
The direct combustion of the crossover Hz and Oz in the presence of the Pt catalyst would generate
heat (infrared energy) that appears as a hotspot on the IR image at the location of the pinhole. The
software in the camera converts the IR image into a thermal image. We conducted IR
thermography by passing H2 gas (20% H. diluted with 80% N2) over the anode and exposing the
cathode to the air. The IR camera and the electrode were placed inside a dark environmental
chamber to eliminate external light reflections and the camera lens was positioned 1 meter away
from the cathode. The thermography image was displayed by assigning a specific color to each
thermal energy level. More details on the IR thermography setup developed to investigate

membrane pinholes in the MEA are given in section 4.3.3.

3.2.2.1.2.2 IR examination of GDL defects
IR examination was also used to detect defects in the GDL/MPL substrates. To do this, we
modified the procedure from that described above in order to improve its sensitivity from that used

to examine MEA defects. Our approach was to accentuate temperature differences over the
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GDL/MPL surface that would already arise during normal IR thermographic examination. To
achieve this, we used DC excitation to heat the GDL-MPL surface, while cold air was pulled
through the GDL using a vacuum pump located below a porous ceramic plate at the bottom of the
set-up. The developed setup is discussed in section 7.3.1. More air would be expected to be pulled
through the thinner defected areas, thereby making these areas cooler than the areas with no
defects. Based on this idea, we monitored temperature variations with an IR camera placed 1 meter
away from the setup in a dark environment as the DC current was passed through the sample. From
careful measurement of the temperature differences over the MPL surface, we identified the
defected areas from the cold spots appearing on the IR thermograph. This method allowed MPL
defects larger than 1 mm to be detected in less than 1 min. More details on the IR thermography

setup to detect defects in GDL-MPL substrates are presented in section 7.3.

3.2.2.1.3 Electrical measurements

This research also focused on measuring the in-plane electrical conductivities of GDL-
MPL substrates using a four-point conductivity probe device. The in-plane electrical sheet
resistance was measured using the standard four-point probe technique. This method works best
for applications with low surface resistance where the contact resistance between the MPL surface
and probes is negligible and does not significantly affect the measurements. This contrasts with
the two-probe technique, where the contact resistance has an influence on resistance measurements
[124-126]. The measurements are accurate when the distance between the probes is small
compared to the size of the sample and none of the probes are placed too close to the edge of the
sample. A schematic of the four-point probe technique used in this study is shown in Figure 3-3a.
The distance between each probe is set to 1 mm. A DC current of 60 mA was applied between the
two outside probes using a 4-wire Kelvin meter and the resulting voltage drop along the surface
between the two inner probes was measured. With corresponding current and the voltage readings,

the resistivity (p) of the sample could be calculated using Eqn (3.4):
vV
p = 2mS T (3.4)

where I is the current flowing along the sample surface from probe 1 to 4, V is the voltage drop

between inner probes 2 and 3 and S is the distance between the probes.
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(b)

Surface cracks

CurrentPath - 1

Figure 3-3: (a) Schematic of four-point probe method used to measure the surface resistance of
MPL with cracks (b) Schematic of electron flow path across the MPL crack; red region outlines
a surface crack.

The GDL samples were cut to be exactly the same size as the cathode active area (i.e., 12 X 4 cm).
The surface resistance was determined by placing the GDL on top of a vacuum stage to ensure that
the surface remained flat during measurements. The in-plane resistance was determined before and
after the GDL was subjected to the AST. Figure 3-3b shows a schematic indicating the electron
flow path across a crack on the MPL surface along both its width (current path 1) and length
(current path 2). The voltage drop corresponding to the in-plane resistance depends upon the
geometry of the cracks and rises as the geometric area of the crack increases [127]. At BOL, it is
expected that the MPL cracks are small in area and so this voltage drop would be lower. As samples
are aged during RH cycling, the cracks tend to grow significantly more along their lengths than
their widths. Therefore, the electrode resistance increases with MPL crack propagation and this
should lead to an increase in the in-plane resistance on an aged MPL surface.

3.2.2.2 Destructive methods

3.2.2.2.1 Scanning electron microscopy

CCM samples at EOL were examined using scanning electron microscopy (Phillips XL30
scanning electron microscope with backscattering detection at 350x magnification and 15 KV) to
examine and determine in particular thickness variations, Pt dissolution in the membrane and other

structural damage caused by degradation. After reaching the EOL during the ASTs, the MEAs
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were prepared for SEM analysis by first carefully removing GDLs from the aged MEAs. To do
this, sections of CCM were submerged in liquid N2. Once frozen, the CCM samples was broken
into small sections while still submerged. For better cross-sectional analysis, samples were
mounted on the side of stainless-steel nuts or SEM stages so that the fractured side was exposed
for SEM analysis.

3.2.2.2.2 X-ray tomography analysis

The internal microstructure of the GDL/MPL was studied using x-ray micro-computed
tomography (Zeiss Xradia 520 3D x-Ray microscope). The GDL/MPL interfaces and cross-
sectional images were generated by measuring the attenuation of x-rays penetrating through the
sample. The GDL stack was rotated and moved along the axial direction during the scanning
process to generate a stack of sliced images, as shown in Figure 3-4. From these stacks of sliced
images, a 3D visualization of the internal structure of the GDL/MPL (i.e., intrusion of MPL into
GDL, thickness variations in GDL/MPL, in-plane and through-plane MPL cracks) was constructed

using Dragonfly and ImageJ image processing software.

Stack of GDLs g Stack of GDLs
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Figure 3-4: (a) Experimental setup of x-ray tomography whereby a detector measures the attenuation
of x-rays penetrating through the stack of GDL samples to generate cross-sectional images of the
internal structure features of GDL-MPL, as shown in (b).
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4 Non-Destructive Method of Investigating Catalyst Layer Defects
in CCM

The following chapter is adapted from the paper by Muneendra Prasad Arcot, Kelly Zheng, Jake
McGrory, Michael Fowler and Mark Pritzker published in International Journal of Energy
Research: “Investigation of catalyst layer defects in catalyst-coated membrane for PEMFC
application: Non-destructive method”. 42.11(2018): 3615-3632.

The author’s specific contribution was to develop a non-destructive technique to inspect catalyst
layer and membrane defects in the CCM/MEA that negatively affect PEMFC performance,
particularly in the early stages of operation. In this research, the experimental setup using optical
microscopy and IR thermography were developed, defect analysis experiments were conducted on
48 cm? CCMs and these defects were classified and categorized based on area, size and orientation
for quality control and assessment that could be of use to industrial operators. Undergraduate Co-
op students Kelly Zheng and Jake McGrory assisted in the computer analysis of the microscopic

images.

4.1 Introduction

The development of reliable and accurate methods for detection and characterization of
defects is critical if the commercial adoption of PEMFCs is to become more widespread. In
addition, the need will further grow as continuous, roll-to-roll manufacturing processes are adopted
in order to produce CCMs on a commercial scale. The requirements of such a system are very
demanding when one considers the large difference in scale of the initial size of defects (i.e.,
cracks, scratches/deep cuts, missing/thin/fempty catalyst layer and membrane pinholes defects)
relative to that of the entire CCM that must be monitored. To provide a sense of this difference in
scales, the defects can typically be on the order of 0.04 — 2.0 cm? in area, whereas the dimensions
of the rolls are ~ 15.4 x 70.0 cm and the linear speed of a electrode sheet scanned during
manufacturing can be ~ 9 m min~' [25]. Since the current quality control techniques are limited to
millimeter length, more sensitive detection methods are required to detect defects at the

micrometer scale. Since the entire CCM area should be ideally characterized to ensure that no
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potentially damaging defects are present, the detection techniques should be rapid, accurate and

reliable with a resolution ranging from the micron scale to the millimeter scale.

The detection methods currently described in the literature are not able to satisfy all of these
requirements. For example, the CCM thickness can be measured manually by cutting a sample or
using laser-point measurements at specific locations, but cannot be done over the entire area in
real time [25]. Novel techniques including optical reflectometry and IR imaging with DC
excitation have been proposed in an attempt to meet some of these requirements [69,103].
Although several studies have been performed on defects artificially introduced at specific
locations, very few studies on real defects in catalyst layers have been reported to date
[7,8,25,43,69,94,105,128,129]. Furthermore, the studies on real defects were not concerned with
localized effects that can have large effects such as increased surface resistance and loss of catalyst,
the morphology of defect growth or the effect of the defect location within the CCM on the
resulting cell performance. Consequently, many gaps in our fundamental and comprehensive
understanding of the nature of these defects in the beginning-of-life (BOL) state and the manner
in which they may or may not propagate during PEMFC operation still exist.

Although defects in the CL may not have a large impact at BOL, they grow in size and eventually
degrade such properties as the in-plane resistance of the CL and reduce the performance of cell in
the ohmic region. Although methods for detecting defects on newly-manufactured fuel cell
components have been proposed, no reliable in-situ method to monitor their propagation in the
CCM during fuel cell operation has been developed for two principal reasons.

e The majority of these methods have been developed using artificial defects that do not entirely

mimic real manufacturing defects [130,131].
e Widely used defect detection techniques such as SEM and TEM are destructive methods and

render the tested cell components unusable for further experimentation or operation.

These factors have limited our understanding of how these defects propagate from BOL during
operation. Our focus in this phase of the research is to measure the propagation of defects in the
CLs caused by deformation resulting from repeated expansion and shrinkage of the membrane.
Therefore, the specific objectives of this study are to:
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I.  Develop a non-destructive method to investigate and characterize CL defects in CCM
electrodes,

Il.  Investigate and gain insight into the aging of various types of defects and their propagation
and

I1l.  Classify defects in the CL with respect to their dimensional changes.

Toward the first objective, we have developed a method of defect detection aimed at overcoming
the shortcomings of the previously reported approaches described above. We outline a non-
destructive method to detect and monitor defects in the CL using reflected light microscopy that
does not prevent the CCMs from being re-installed and re-used in the fuel cell. This method
provides 100% areal inspection of the catalyst layers in CCMs.

The second objective is to investigate the aging of CCMs using a custom-built test jig that enables
samples to be examined without any damage due to flow channel plates or indentation of the CL
by GDLs. This safe operation allows the CL defects to be monitored at both MOL and EOL. This
investigation is performed on two commercial CCMs. The defects in the first CCM can be
attributed to its long-term storage under conditions of uncontrolled relative humidity, while those
in the second CCM are caused by improper decal transfer of the catalyst during fabrication. This
first CCM has been included in the study to highlight the importance of the proper storage
conditions even prior to use. For best performance during operation, CCM electrodes should be
shipped and stored in a sealed and specially designed container and environment to maintain stable
moisture content and minimize dimensional changes prior to use. Ideally the electrodes should be
kept out of direct sunlight in a climate-controlled environment at temperatures between 21°C and
27°C and relative humidity between 45% and 55% [132]. If CCMs are exposed to typical room
conditions, the membranes will quickly equilibrate to ambient relative humidity and change their
dimensions accordingly. As a result of deformation in the membranes, micro-cracks can form in
the catalyst layer during this shipping and storage period even before the CCM is used. As a part
of our quality control analysis, we have included in this study CCMs that had been stored for 2
years in a typical room environment where the relative humidity was uncontrolled and varied
between 20% and 75% to investigate the effect that uncontrolled storage can have on the
distribution of cracks in catalyst layers. The types of defects that can form include cracks,
missing/empty catalyst layer, delamination and pinholes. It is important to understand the effect
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of defects that develop during storage and how they propagate over time since membranes are

commonly stored prior to use.

The third objective of this study is to classify the dimensions of these defects in CCMs on the basis
of size and shape. The methods presented here should be of benefit to fuel cell manufacturers in
characterizing defects that are formed during the manufacturing process and selecting the most
effective electrodes for use in stacks and testing [34]. In addition, the methodology presented also
provides a comprehensive approach for defect detection and propagation which may be beneficial
in many industrial applications beyond those of PEMFCs.

4.2 Research Framework

Chapter — 4: Non-destructive Invevestigation of CCM/MEA Defects

[ Microscopic Inspection of CL Defects in CCM J IR Thermography Inspection of
| Membrane Defects in MEA
i )
[ Reinforced CCM ] [ Non-reinforced CCM j

[ BOL Defect Inspection ]ﬁ

Catalyst layer pores, Scratches,
MCLD and Delaminaiton

Mechanical Aging of
—
CCM defects
]
[ EOL Defect Inspection J [ Classification of CCM Defects ]

[ Micro/Macro cracks in CL ]

Figure 4-1: Framework for CCM defect analysis followed in this part of study.

4.3 Experimental

4.3.1 CCMs for defect investigation

Experiments were conducted on two different types of commercial CCMs fabricated using
the decal transfer method (DTM) (see section 2.4) that have the same active area of 48 cm? and
catalyst loading of 0.2 mg/cm? at the anode and 0.5 mg/cm? at the cathode (Gore™ PRIME®
CCMs). The first type made with perfluorosulfonic acid (PFSA) membranes reinforced with PTFE
fibers were stored for 2 years in the laboratory under ambient conditions prior to fuel cell operation

in this study [41]. These samples are referred to as reinforced CCMs for our purposes here.
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Samples of this type are examined in both BOL and EOL conditions and denoted as BOL st and
EOL.sT, respectively, where LTS in the subscript denotes long-term-stored. Since these reinforced
membranes have been stored in a non-inert dry atmosphere, one would expect the development of
cracks in the BOL_st state even before operation. The second type of CCM contains a non-
reinforced membrane and so is termed a non-reinforced CCM. These CCMs are freshly
manufactured and pristine and not stored prior to PEM fuel cell operation. These samples are also
inspected at BOL and EOL and termed BOLr and EOLp, respectively, where P in the subscript
denotes pristine. It is important to emphasize that the objective of this study is not to compare the
behavior of these two CCMs, but to present case studies illustrating the non-destructive method,
the types of defects that can be characterized and the types of measurements that can be made. The
large difference in the histories of these two CCMs should ensure that these case studies capture a
wide range of possible defects and phenomena.

4.3.2 Microscopic inspection of CL defects in CCM

The first step in this research is to develop a non-destructive and non-contact diagnostic
tool to examine the defects in CCMs using reflected light microscopy. After batches of CCM
electrodes are fabricated on the production line, the defected CCMs are separated from non-
defected CCMs for further microscopic analysis. Each CCM sample is first fixed to a frame to
flatten undulations in the membrane and facilitate the focusing of the microscope beam on the
defects. To investigate the viability of the technique, a pristine CCM or aged CCM is mounted
under the reflected microscope setup and images are captured under green light and auto white
balance, as shown in Figure 4-2a. Defect was identified by passing a beam of light on one side of
the electrode (anode/cathode) and capturing the transmitted light passing through the thinner area
in electrode or defected areas. A complicating factor is that it is necessary to characterize entire
CCM samples which have the dimensions with 12 cm length, 4 cm width and an overall active
area of 48 cm?, but at the same time detect defects which initially are very small with lengths in
the range of 10 — 280 um and areas of missing catalyst ranging from ~ 0.15 to 0.7 mm?. Image
analysis was conducted on a defected area by measuring the Z-profile/depth profile, intensity
profile and 3D surface morphology to obtain quantitative data such as the length, width, depth and
aspect ratio of the defect. A key requirement of this system is the ability to detect defects smaller
than 50 microns, while scanning the entire active 48 cm? area on both sides of each sample. This

is achieved using an Eclipse MA 200-inverted-metallurgical-microscope. Microscopic video
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images of the CCMs are captured at 5x magnification while samples are moved at a speed of 0.7
cm/min to capture the video record the catalyst layer surface without any noise. Further video
images are converted into a single, high-resolution image of the entire 48 cm? sample using image-
stitching software (Image J). Auto-white balance (AWB) setting is applied to enable defected areas
such as cracks, pinholes and other surface defects to be identified on the microscopic image via
their color intensity. Magenta/pink areas in the images are considered to be defect spots caused by
thinning of the CL or polymer membrane in the electrode. Several experiments are conducted to
eliminate over-exposure of the pink areas to standardize the transmitted light intensity in defected
areas from 80% - 1%. It is found that the adjustment of the intensity to 5% enables the best
visualization of the defected areas of thin/zero catalyst layers. The CCM quality control operators
should note that the transmitted light intensity varies depending on the thickness of the catalyst
layers, catalyst loading, type of membrane used (reinforced or non-reinforced), electrode pores (as
discussed in section 4.4.3.1) and coating type. All the CCMs investigated in this research work are
examined using reflected light microscopy with 5% transmitted light intensity. Defects of interest
are further characterized at higher (50x and 100x) magnification following the same procedure.
The digital information from the top-view and cross-sectional images is then combined using the
NIE software to generate 3D maps of the CCM defects and images showing the surface profiles,
orientation, dimensions and aspect ratios of the defects. This procedure is routinely followed to
characterize the sample defects at the BOL and then to monitor the evolution of these initial defects
and any new ones that form upon aging.

(a)

Slide HoldeiJ
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Figure 4-2: (a) Schematic of reflected light microscopy experimental setup. (b) Reflected microscopy setup
for investigating catalyst layer defects in CCMs.
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4.3.3 IR thermography characterization

The second non-destructive technique developed involves the use of infrared (IR)
thermography imaging to detect defects in MEAs. Defects in MEA are developed during the
fabrication process due to uneven compression of components (i.e., CCM, GDLs and gaskets)
during hot pressing. Infrared (IR) imaging is performed on the non-reinforced CCM to investigate
defects such as thin or empty catalyst spots or pinholes in the membrane developed during hot
pressing of the MEA. CCMs with missing catalyst area are identified prior to MEA fabrication to
investigate the impact of this type of defect on the subsequent behavior. A 640 x 480 FLIR T620
thermal imaging camera with a uniform emissivity of 0.95 for the GDL is placed 0.6-0.9 m above
the top of the MEA. A 20/80 H2/N2 mixture is passed across the anode surface at a flow rate of 0.5
slpm for 1 min while the cathode is exposed to open air. Some of the H, can cross from the anode
to the cathode side across pinholes or thin or empty catalyst spots. When some of this H> comes
into contact with O, on the cathode side, it reacts and generates heat that is detected by the IR
camera. Thus, hotspots in IR thermographs should occur at pinholes and thin or empty portions of
the CL. This experiment is conducted in a dark area to prevent interference from ambient light.
The experimental conditions used for the IR investigation to detect pinholes in the MEAs are listed
in Table 4-1.

4.3.4 Design of custom-built test cell
The primary goal of the research is to investigate the behavior of the catalyst layer defects in CCMs
during the aging process. Two challenges in identifying defects in MEAS are
1. Physical damage of the catalyst layer as the GDL is peeled away from the MEA to which
it has been hot-pressed.
2. Indentation of GDL carbon fibers on the catalyst layer due to high compression during
MEA fabrication.

Considering these two factors, we designed a custom-built test cell jig to study the impact of the
CCM defects at BOL, MOL and EOL. Figure 4-3a shows the assembly of the test cell jig that has
a 7-layered structure consisting of the CCM at the center sandwiched between two uncompressed
GDLs, two 6-mm gaskets and two N2 flow channel end-plates. This device is designed to age
CCMs in an environment in which external factors due to compression by the flow channel plates

[133] and GDL fibers are eliminated since this could cause indentations on the catalyst layer, which
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may lead to further defects. Any additional stress developed in the membrane due to normal
swelling and shrinkage act as external forces on the CCM that could accelerate the propagation of
the defects. The GDLs on either side of the CCM are not confined on their outer edges to provide
mechanical stability for the membrane during expansion and shrinkage. Anode and cathode GDLs
(Toray TGP-H-060) with 15%-20% PTFE loading are selected and sized to match the active area
of the electrode. The physical and mechanical properties of these GDLs have been reported in the
literature [43]. The 6-mm gasket on either side serves as a frame to prevent the CCM from being
compressed by the flow plates (i.e., rib and channel) of the jig. The flow channel plates of the jig
are made with fully transparent polycarbonate which allows the thermal changes on the CCM to
be monitored using IR thermography and the growth of defects such as pinholes to be tracked non-
destructively during aging.

1. The test cell consists of polycarbonate transparent plates with dimensions of 120 mm in
length, 2 mm in width and 1.5 mm in depth and a parallel flow field (Figure 4-4a) [4]. This
design allows the user to monitor thermal changes on the electrode through IR
thermography to easily identify leaks or pinholes.

2. Gaskets covering a range of thicknesses (0.5, 1, 3, 5, 6 and 8 mm) were tested in the cell
to determine their effectiveness in minimizing the external compression forces exerted by
the flow channel on the catalyst layer. The gaskets should provide enough space for the
membrane to swell without being damaged by the flow paths. A 6-mm thick gasket was
found to yield the best results without any external damage to the catalyst layers. Overall,
this gasket thickness ensured that the formation of defects was caused solely by the

mechanical deformation of the membrane and not by external mechanical forces.

4.3.4.1 Custom-built test cell for OCV analysis

In order to investigate the effect of defect propagation on the electrochemical performance
of the CCMs, the anode and cathode was supplied with hydrogen and air, respectively, as fuels.
To carry out the OCV experiments, the test cell was slightly modified so that the anode and cathode
GDLs were extended by 1 cm (5 cm x 13 cm) larger than the catalyst layer active area (4 cm x 12
cm). Also, a 1.5 cm strip of each GDL was extended outside the test cell for connection to the
potentiostat and measurement of the potential difference (OCV) between anode and cathode during
the experiment. The OCV experiments were conducted without hot pressing the GDL to the CCM

so that they can be separated to examine catalyst layer defects with the optical microscope without
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further damage. Although this weakened the contact between the GDL and CL to some extent, the
GDL was kept in contact with the entire active area of the CL. The test conditions for the OCV
measurements are presented in Table 4-1. The main purpose of this AST was to study the
morphological changes of catalyst layer defects that propagate during the aging process. Since the
CCM is considered to be delicate and sensitive materials in fuel cells, aging it without being hot-

pressed to the GDL in a custom-design test cell should be considered to be an extreme AST.

Inlet Outlet

(a)

Cathode GDL

Active area of CCM participating in reaction
CCM

Voltage

Anode GDL

Inlet Outlet

Active area of CCM partispating in reaction

Figure 4-3: (a) Cross-sectional view of TSA for CCM analysis, (b) top view of the CCM#1 assembled
in TSA device with an active area of ~48 cm?, (c) microscopic stitched image of CCM#1 operated in
TSA device after 85 hours of OCV test. (Hardware and experimental set up was designed at the
University of Waterloo).

4.3.5 Operational aging of the CCM

To study the propagation of manufacturing defects in the CCM without having to worry
about effects arising from the GDL, each CCM was aged in the test jig described above by passing
N2 at 100% RH on either side of the electrode. Once the aging tests were completed, the CCMs
were detached from the GDLs and mounted on the frame to examine defects on the CL with the
optical microscope. It should be noted that the operating conditions such as flow rate, pressure and
temperature applied to this test cell were the same as those that would be applied in a standard
PEMFC single cell. All the aging experiments described in Chapters — 4 and 5 were carried out

using this custom-built test cell.
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4.3.6 Accelerated stress test (AST)

To monitor the defect propagation in the catalyst layer due to mechanical stresses induced
by the membrane, a preliminary AST wa conducted whereby each CCM was operated for 40 hours
without the mechanical support from the gas flow channel plates. The 40-hour limit was selected
based on the EOL of the reinforced CCMs. Although the non-reinforced CCMs did not reach their
EOL by this point, the duration of operation was maintained the same in both cases. The
uncompressed GDLs could still provide sufficient stability to resist the uneven forces on the
membrane due to the incoming gases. The AST conditions are summarized in Table 4-1.

The gas crossover rate was used as a benchmark of the overall membrane health in both CCMs
during the course of the 40 hours of operation and was monitored after aging for set times during
each experiment. The crossover rate was measured by feeding a diluted 20/80 H2/N> dry gas
mixture into the anode inlet with 5 psi pressure while the anode outlet was closed. Tubing was
connected to the cathode inlet and then submerged in a graduated cylinder, while the cathode outlet
was sealed. The leakage between the fuel and oxidant sides was determined by measuring the
volume of bubbles collected in the inverted graduated cylinder. A leakage rate of 1 mL min™! or
less was acceptable; if it exceeded 2 mL/min, the test was stopped and the CCM was examined
using the optical microscope to characterize the defects in its EOL condition. (Note: The 40-hour
lifetime of the reinforced CCMs was determined in this way). An important aspect of this study
was to assess the reproducibility of the non-destructive defect characterization methods presented.

Consequently, the AST above was repeated on three different CCM samples of the same type.

58



Table 4-1: Experimental conditions of AST, IR imaging and OCYV test.

AST condition Reinforced and non- IR Imaging: MEA made OCYV test conditions

reinforced CCMs of non-reinforced CCM
AST duration 40 hours 60 seconds BOL and EOL (1 hour)
Cell temperature 60°C (x2%) 21°C 65°C (x2%)
Gas flow anode: 2 slpm N; anode: 0.5 slpm H, anode: 2 slpm H;
cathode: 2 slpm N3 cathode: open air cathode: 4 slpm Air
Pressure 100/100 kPa 100 kPa 270 kpa/ 250 kpa
Humidification 100%:100% (+5%) - 100%:100% (+5%)
Schematic  of : e % :
experimental
setup dgpen Air
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4.4 Results and Discussion

In what follows, section 4.4.1 gives brief examples of the types of analyses and data that
can be obtained using the tools of optical microscopy and IR thermography. This is followed in
sections 4.4.2 and 4.4.3 with a presentation of the results of a detailed investigation using these
tools to monitor the propagation of defects when the CCMs are subjected to the AST described in

section 4.3.6.

4.4.1 Characterization tools

4.4.1.1 CCM examination using optical microscopy

Defect formed in the CL during coating, handling and storage process are crucial for the
quality control of CCM fabrication. This focus led us to develop a quality control technique to
investigate defects in large scale CCMs while samples are rolled under the microscope after
fabrication. The primary goals of this work were to identify and quantitatively characterize defects
that i) already appeared at BOL and ii) propagated after aging of the CCM in a non-reactive
environment. The CCMs were examined at 5x magnification at different speed rates from 0.5 to 2

cm min. At aspeed of 0.7 cm min’, a clear image resolution could be achieved during the motion
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of the sample. The use of higher magnification was not favorable for capturing acceptable images
at this speed. Therefore, we chose a lower magnification (5x magnification) to analyze larger areas
of the CCM in a reasonable time. The overall image analysis in this work was also performed at
5x magnification. From our investigation on catalyst layers, we observed that scratches and dents
have 2-dimensional structures (length and width) that exhibit higher reflective light intensity than
the surrounding CCM surface (white areas). On the other hand, cracks had a 3-dimentional
structure (length, width and depth) with lower light intensity (dark areas) on the image. When
scratches were sharp and penetrated through the catalyst layer, these areas were also considered to
be cracks.

(a)
Cathode

19)sen

(b) CCM (c) BOL- Microcracks -*

1a9

uonoeas ur Sunedpdiued W) Jo eale INPY

100% RH

Figure 4-4: (a) Orientation of CCM in test cell jig showing gas flow directions and gasket sealants in
contact with the GDLs. (b) Single large stitched image of a reinforced CCM in the BOL state of the
cathode. Magnified image of an individual block of the stitched image captured at 5x magnification
showing (c) BOL cracks and (d) EOL cracks aged for 40 hours.

Figures 4-4b-d show optical microscopy images of the cathode catalyst layer of a reinforced CCM
at BOL after long-term storage (i.e., BOL_ts) and later at EOL (i.e., EOL_ts) after being subjected
to the AST described in section 4.3.6. This AST was repeated three times on different reinforced
CCM samples, as noted previously. Very similar results were obtained from these triplicate
experiments. Figure 4-4b shows a single large image of an entire reinforced CCM in the BOL s

obtained by stitching 252 higher resolution optical images captured at 5x magnification. Figure 4-
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4c¢ shows a magnified view of a single block of the stitched image (Figure 4-4b) and highlights the
extensive and irregular array of BOL cracks in the CL. This CCM was then aged in the test cell jig
shown in Figure 4-4a by subjecting it to an accelerated test involving the passage of fully
humidified N> to both the anode and cathode for 40 hours. Over this 40-hour period, the RH was
closely controlled and ultimately led to CCM failure. The mechanical deformation of the
membrane induced by the swelling and shrinkage leads to the propagation of the small cracks
present at BOL [134] into larger cracks at EOL (Figure 4-4d). Possible causes of this swelling and
shrinkage could be uneven gas and moisture distribution over the CL and the particular structure
of the reinforced CCM whereby a relatively stiff PTFE reinforcement is sandwiched between the
cathode and anode PFSA membranes. Some of this swelling and shrinkage could also be due to
the unavoidable starting and stopping of the experiment every 10 hours to measure the gas cross-
over.

Statistical analysis of the data from the images of the triplicate BOL_ts samples indicates that the
BOL cracks range from 10 to 280 um in length and from 1 to 100 um in width with aspect ratios
between 1 and 10. These BOL cracks cover ~2.4 % + 0.10 of the total active sample area. The
structure and dimensions of the cracks in this sample change dramatically after 40 hours of aging.
Analysis of the EOL_ts image in Figure 4-4d shows that the dimensions of cracks now range from
10 to 700 pum in length and 1 to 250 um in width with an aspect ratio of 1 to 12. The EOL cracks
now cover ~10.5% + 0.04 of the total active sample area in the EOL_ts image. Comparison of the
data obtained from Figure 4-4c and 4-4d reveals that the total defect area has increased by 8.1%

and the crack length and width increased by ~150%.

4.4.1.2 Detection of MEA defects by IR thermography

Some of the defects formed during fabrication can be caused by uneven pressure/stress on
the component layers after hot pressing or can include missing catalyst regions in the CCM. Such
defects facilitate hydrogen crossover, leading to a large drop in the OCV and even to pinhole
formation [69]. Monitoring defects in the CCM within an MEA is complicated by the fact that it
is contained within the GDL layers. In this case, IR thermography has been shown to be effective
at characterizing defects [8,103]. In this study, we use IR thermography to examine the cathode
side of an MEA, as shown in the schematic side view in Figure 4-5a. It should be noted that the
set-up shown in Figure 4-5a examines the actual 7-layered MEA used in commercial PEMFCs

(not the same as the samples examined in the set-up shown in Figure 4-4a which is used to test
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CCMs alone). Thus, the CCM in this image is hot-pressed to the GDL. Although this is an unused
MEA, it contains typical defects formed during fabrication. In our setup, it is perfectly sealed and
aligned along the edges of the GDL with a teflon gasket. Note that the CCM is slightly larger than
the GDL in this sample, but the overhang portion is sealed with the teflon gasket.

Examination of the temperature profile in Figure 4-5b suggests that larger leaks through the defect
are associated with higher temperature spots in the IR image. A higher temperature in the image
reflects that more hydrogen has crossed from the anode to cathode and reacted with oxygen on the
platinum catalyst surface to generate heat. The heat (infrared energy emitted) produced on the
cathode is detected by the infrared detector of the IR camera and converted to an electrical signal
which is precisely measured and processed by software that can automatically quantify the infrared
energy and generate a thermal image. The images acquired using the camera are converted into
visible images by assigning a color to each IR energy level to yield a false-color image called a

thermogram. In this way, hotspots across pinholes and thin or empty portions of the CL can be
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Figure 4-5: (a) Schematic diagram of the side view of MEA and location of defects in non-reinforced CCM
at BOL; (b) thermal image of defected MEA viewed on cathode side (c) temperature profile along the red
line shown in Figure 4-5b. Note that 590 pixels along x-axis correspond to a length of 12 cm.
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An IR image of the top view of the non-reinforced MEA in the BOL shown in Figure 4-5b and the
temperature profile along the two horizontal line segments drawn on the thermal image are
combined along one line are shown in Figure 4-5c. The temperatures in this IR image span a range
from 21°C (dark blue) to 31°C (pale yellow). This image reveals the presence of two hotspots.
One hotspot is found near the upper edge of the MEA. The location of this fabrication defect is not
surprising since the area between the active area, GDL and gasket (elliptical region indicated by
the dashed lines in Figure 4-5a) is prone to developing defects at the edge of the MEA due to the
large pressure and stress on the CCM applied by the GDL during hot pressing. The temperature
profile across this hotspot shows peaks at temperatures of 30.6°C and 28.2°C. The second hotspot
which reaches 26.1°C is located near the center of MEA and presumably is caused by missing
catalyst or thinning of the catalyst. Missing or thinned catalyst can be caused either by the improper
laying down or lift-off of a small portion of the CL during the decal transfer step or by the direct
intrusion of carbon fibers from the GDL. Based on the maximum temperatures reached in the
profile, defects due to missing CL appear to be less harmful than those near the edge of the MEA.
The gas crossover in the defected MEA is measured to be 1.2 mL min™' at BOL. Although suppliers
of CCMs are aware of such defects, their effects as well as their growth during fuel cell operation
have not been studied. Therefore, it is important to quantify the amount of missing CL that has
occurred prior to MEA fabrication. These IR results shows that these defects are also significant
and should be of concern prior to MEA assembly. Although the hotspot defects do not initially
appear to affect performance, they can potentially grow during cell operation and eventually cause
shutdown of the PEMFC [69,103].

4.4.2 Investigation of defects in CCMs
4.4.2.1 Ildentification of defects (CL micro-cracks) in BOL-LTS reinforced CCMs

CCMs stored under a wide range of atmospheric conditions can experience mechanical
stress and strain due to the uncontrolled relative humidity. A comparison of the results obtained
for the two CCMs also shows that the storage conditions have a significant impact on the
development of CL defects in the CCM electrodes. From our investigation, BOL cracks are the
only defects detected on the reinforced CCMs. No evidence of pores in any of the images of the
reinforced CCMs is found. Pores are typically introduced by CCM manufacturers during
fabrication to improve gas transport and provide moisture, which is essential for proton transport

in the catalyst layer. However, if the catalyst layer demonstrates high performance (high catalyst
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surface area), electrode pores are not introduced since they can also have the negative effect of
trapping water that can degrade the catalyst. Therefore, the manufacturer had no interest in
introducing pores in these CLs. Examination of the depth of the cracks appearing at BOL (Figure
4-4c) using the Z-profile reveals that the cracks do not penetrate deeply into the CL and all lie
between ~0.5 to 1.5 um from the top surface. One would expect such a distribution of cracks to
raise the in-plane resistance of the CL and ultimately reduce the performance of the PEMFC in the
ohmic region [135][91].

4.4.2.2 Propagation of defects (CL macro-cracks) in EOL-LST reinforced CCM

To investigate the effect of aging on crack propagation, the reinforced CCM discussed in
section 4.4.2.1 was subjected to an AST in the custom-built test cell jig (Figure 4-4a) for 40 hours
according to the conditions listed in Table 4-1. At the end of the 40-hour AST, the CCM was re-
examined to characterize its crack structure. Figure 4-6a shows an image of the EOL cracks in a
portion of the EOL-L7s. In order to provide a closer view, we show the encircled area in Figure 4-
6a at 50x magnification in Figure 4-6b. The bottom half of the graph (Figure 4-6¢) gives a cross-
sectional view of the cracks penetrating into the CL as one moves along the blue line shown in
Figure 4-6a. The corresponding Z-profile along the blue arrow in Figure 4-6b is presented in Figure
4-6d to show the depth of the main cracks that are intersected in this region. The larger of the two
cracks shown is measured to have a width of ~ 20 um and depth of ~7 um. Since the nominal
thickness of the cathode CL is 8 um, this crack essentially penetrates through the full depth of the
CL and exposes the bare membrane below. Cracks that penetrate through the CL provide
preferential water transport pathways and inhibit mass transport of the reactant gases [134]. As the
defect area grows, the severity of the defect increases gradually and would be expected to reduce
PEMFC performance [80,121].
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Depth of crack ~
7 pm

Figure 4-6: (a) Optical image (5x magnification) of a portion of reinforced CCM; (b) optical image of
enclosed region of macro-crack in (a) at higher magnification (50x); (c) visualization of cracks along the
blue line in (a); (d) Z-profile showing depth profile of crack along the blue arrow in (b).

The degree of crack propagation in the catalyst layer is investigated using the open-source imaging
software ImageJ. The RGB(red, green and blue) microscopic image in Figure 4-7a is converted to
an 8-bit (black and white) image shown in Figure 4-7b for easier detection of cracks. To eliminate
distortions (shading or smoothing) in the image, a FFT-bandpass filter is applied to better visualize
the image contrast. To analyze the length and areas of the cracks, the scale bar is firstly calibrated
from the image with a known distance. Secondly, a threshold is adjusted by sliding the intensity
bar so that all the cracks of interest are selected with respect to crack boundaries, as shown in
Figure 4-7c. Resolution of the image has a major impact in this process by affecting the detection
of some defect/crack details. The image resolution which is directly related to magnification of the
microscope is an important and challenging factor that can influence the fine details of the smaller
defect/micro-cracks. Accordingly, we have been careful to account for these effects in the image
analysis. The spatial resolution r of the images is 1.83 um obtained from the expression r =
0.50/N.A, where wavelength A=550 nm and numerical aperture N.A = 0.15. The crack boundaries
may cross smaller or newly generated cracks (< 5 um) which may influence the number of cracks.
However, the total area of defects is not significantly influenced. Thus, since the determination of
the number of cracks is a complicated process at lower magnification, we have chosen to
characterize the severity of defect on the basis of the total damaged areas in the CL. Finally, crack
dimensions are obtained by selecting the Analyze Particle command in the ImageJ software, which
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gives overall information on number, length and area of the cracks. The results of the overall crack

analysis are discussed in section 4.4.2.3.

Figure 4-7: Section of cracked area selected from Figure 4-4a (spatial resolution of 1.83 pm and 5x
magnification) to demonstrate the boundaries of cracks, (a) RGB microscopic image, (b) 8-bit (black &
white) image, where dark areas indicate cracks and white areas indicate dents, (c) boundaries of cracks
corresponding to Figure 4-7b, where crack number 32 represents the larger area (8570 um?) of the crack.

4.4.2.3 Comparison of defects in BOL-LST and EOL-LST samples

The distributions of the cracks and defect area percentage of the BOL-.ts and EOL-_Ts
analyzed using the Image J software are presented in Figures 4-8a and 4-8b, respectively. The non-
uniformity of the crack distribution increases sharply on going from the BOL-_ts state to the EOL-
LTs state. The blue bars indicate the number distribution of cracks with respect to the area from 1
um? to above 10000 um? that they cover, while the orange bars show the distribution in terms of
the percentage of the total defect area. It should be noted that these data are obtained over the entire
1 cm? active area of CCM. On the basis of numbers alone, these data reveal that the smallest cracks
occur most frequently in the CCM when it is in the BOL-_ts state. However, medium-sized cracks
from 100 to 750 um? dominate in terms of the area, covering ~ 56.8% of the total defect area
(enclosed in the yellow dashed region in Figure 4-8a).
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Figure 4-8: (a) Distributions of number of cracks and percentage of the total defect area covered by
BOL-LST cracks, (b) distributions of EOL-LST cracks after aging for 40 hours and (c) comparison of
BOL and EOL crack distributions.

When the CCM is aged, the plastic deformation of the membrane during hydration and dehydration
causes the surface cracks in the BOL-_ts to grow downward into the CL and horizontally along its
surface [135]. When undergoing dehydration, the membrane shrinks, causing cracks to close or
migrate toward each other in the CL. When the membrane becomes more hydrated, compressive
stress is developed in the membrane and pressure is released through the propagation of the macro-
cracks. Table 4-2 shows the overall summary of defects found in the reinforced CCM from its
BOL-_7s to EOL-_7s. After aging the sample, the density of cracks (both BOL and EOL) decreases
significantly from ~ 27613 cm™ to ~ 10515 cm~2 in its EOL state (~61.9% decline). The blue curve



in Figure 4.8c presents the distribution of BOL cracks with respect to crack area, while the red
curve shows the distribution of EOL cracks. Since many fewer cracks remain at EOL than at the
start of aging, it appears that many BOL cracks have merged to form larger cracks after 40 hours
of the AST. As much as 60.7% of the defected area is made up of cracks between 1000 and 5000
um? in area after aging (represented by yellow dotted line in Figure 4-8b). A number of measures
of the crack dimensions provide evidence of the dramatic growth in their size during aging. The
total defect area has increased significantly from ~2.4 % + 0.10 (BOL-.ts) to ~10.5 % + 0.04
(EOL-Lts), while the maximum crack length has grown from 280 to 700 um and width from 100
to 250 um. Interestingly, the aspect ratios of the defects do not significantly change, indicating
that the length and width of the cracks grow at similar rates. This fact suggests the cracks tend to
merge isotropically rather than anisotropically and is consistent with the side-by-side comparison
of the reinforced CCMs in Figure 4-4c and 4-4d which shows that the cracks tend to have a more
branched structure at EOL than at BOL. This effect is clearly evident in the crack network in Figure
4-7c where the branches of crack 32 are extended and merged to adjacent cracks with an area of
8570 umz2. If new cracks form during aging, one would expect that the EOL distribution would
include a large number that are ~ 50 um? or less in area, similar to that observed in the BOL
samples. However, as shown in Figures 4-8b and 4-8c, very few cracks smaller than 100 um?2 are
observed after aging. This strongly suggests that most of the cracks that grow are those that already
appear at BOL-_ts, reflecting the importance of minimizing crack and defect formation during the
manufacturing process or storage conditions of the CCMs. This is also confirmed by our direct

observation of the entire CCM surface at BOL and EOL with the optical microscope.

Table 4-2: Comparison of BOL-_ts and EOL-_ts cracks in reinforced CCM.

Sample Density of Range of crack Range of crack Aspect ratio % of defect
conditions cracks/cm length (um) width (um) area
BOL-cracks 27613 = 2650 10 -280 1-100 1-10 2.4% +0.10
(BOL.-LTs)

EOL-cracks 10515 + 440 10-700 1-250 1-12 105% +0.04
(EOL.L7s)
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4.4.3 Defects in non-reinforced CCM at BOL

Since the non-reinforced CCMs examined in this study were freshly prepared and pristine
prior to their use, we expect no defects such as BOL cracks caused by membrane deformation that
occurs during storage, as is the case with the CCMs examined in the previous section. It should be
noted that a comparison of the two CCMs (one reinforced and one non-reinforced) cannot be made
as there are multiple factors that can lead to differences in defect propagation. Instead, the goal is
to monitor the different types of defects that are developed during mass production of CCMs.
Based on our examination of the non-reinforced CCMs at BOLp using optical microscopy, we
identify five types of defects/features: electrode pores, scratches, areas of missing/thin CL,
empty/void/bare catalyst regions and delamination of the CL. These types of defects have not been
observed in the CCMs examined in the previous sections. Each of these defect types is
characterized in the following sections.

4.4.3.1 Electrode pores and scratches

Electrode pores are essential for active electrochemical interaction of reaction gases and
catalyst and mass transport. They are intentionally introduced into the CCM by the manufacturer
to improve gas transport, but their size distribution can be difficult to control. Consequently, it is
important to measure the pore size distribution in the CL [136]. Figure 4-9a shows numerous
electrode pores captured on the pristine non-reinforced CCM surface at BOLp. The electrode pore
distribution is obtained with ImageJ and shows that their diameters range from 1 to 30 pum. This
range is similar to that reported by Hwang et al. [59] who also showed that pores smaller than 25
pum in diameter enable fast removal of water product away from the membrane. On the other hand,
pores larger than 25 um in diameter provide sites for water to collect, flood and facilitate gas
crossover. In these situations, the large pore diameter can be considered as a defect that leads to

mass transport losses and lower cell performance.
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Figure 4-9: Microscopic image of non-reinforced CCM in the BOL state captured at 5x magnification
showing (a) electrode pores of various sizes as labeled, (b) comparison of electrode pore distribution
(micro- and macro-pores) on pristine CCM, (c) catalyst layer scratch and (d) missing portion of catalyst
layer with height/depth profile captured at 50x magnification.

ImageJ particle analysis was conducted on the image in Figure 4-9a to convert the RGB
microscope image to an 8-bit (black and white) image and distinguish pores that appear as darker
areas from dents that appear brighter. The number density of pores is found to be ~ 55,700 cm™
and the combined area of all pores makes up only a very tiny fraction (~0.0001 %) of the entire
CCM surface. From the pore areas so determined, the pore diameters are estimated assuming they
are perfectly circular. Since the circularity of the pores varies from 75 - 100%, this assumption

only has a small influence on the diameter estimates.

For convenience, we designate micro-pores to have diameters less than 5 pm, macro-pores to have
diameters between 5 and 25 pum and missing catalyst to be voids larger than 25 um (see schematic
at bottom of Figure 4-9a). Figure 4-9b shows the distributions of the number of pores and
percentage of pore area with respect to pore diameter obtained from Figure 4-9a. The distributions
show that 44% of the pores are micro-pores smaller than 5 pum in diameter, while macro-pores
between 5 and 25 um diameter make up 52% of the total pore area. Such a range of pore sizes is
desirable and important for effective fuel cell operation. Mu et al. [80] showed that the CL pores
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become larger when Nafion ionomer is lost and ultimately become CL layer defects. Examination
of this CCM sample shows that five regions have pore sizes larger than 25 pum and comprise 4%
of the total pore area. As noted above, these regions may be unfavorable for mass transport due to
their large pore size [59].

Our analysis has identified other defects such as scratches on the CCMs. Scratches differ from
cracks in that they are abrasions to the CL surface caused by mishandling during CCM assembly
and can be distinguished by their irregular and non-uniform shapes. Figure 4-9c shows a scratch
identified in at BOLp with a defect area of ~ 2.4 x 10° um2 and a length of ~ 2150 um. The damage
associated with scratches is sharp and penetrates through the CL and is classified as a crack.
Interestingly, no scratches are observed in the reinforced CCM at BOL_ts discussed in section
44.1.1.

4.4.3.2 Defect (missing/thin CL) caused by improper decal transfer of catalyst

Missing catalyst defects mainly originate from improper decal transfer and lead to a thinned
area of CL on top of the membrane or a completely removed portion of CL that exposes bare
membrane below. Figure 4-9d shows an example of an empty CL area on the non-reinforced CCMs
at BOLp and the corresponding Z-profile along the blue line. All of the CL in the central portion
of the defect has been removed to expose bare membrane which appears bright in the reflected
microscope light. Outside of this central region, but still within the defect, the CL is only partially
missing. As one moves outward from this central bare region, the thickness of the CL increases
until it reaches the 8 um thickness of the intact CL at the outermost edge of the defect. No oxygen
reduction would be expected to occur during fuel cell operation on the portion of the CCM on the
cathode side where bare membrane is exposed (zero CL thickness). Ulsh et al. [69] showed that
very little current flows across the empty catalyst layer defects and lowers the overall performance
of the MEA. These missing catalyst areas can also be locations for the formation of dangerous

pinhole defects during typical fuel cell operation.
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Figure 4-10: Optical microscope images of missing catalyst layer due to improper manufacturing
viewed from the (a) cathode side and (b) anode side in non-reinforced CCM captured in the BOL state
at 5x magnification. Two regions of interest in (a) are shown at 50x magnification in (c) ROI-1 and (d)
ROI-2. Scale markers are included on the images.

Figure 4-10a shows a large manufacturing defect (missing catalyst layer defect - MCLD) in the
CL of the non-reinforced CCM as viewed from the cathode side, while Figure 4-10b shows the
same defect from the anode side. Defects identified on the cathode (Figure 4-10a) leave the same
impression on the anode side (Figure 4-10b) due to overall thinning of CCM. The defect shown
here can arise during the decal transfer step when catalyst is incompletely transferred onto the
membrane or torn off when the decal substrate is removed. For a more detailed examination of this
defect, two regions of interest labelled ROI-1 and ROI-2 in Figure 4-10a are shown at 50x
magnification in Figure 4-10c and 4-10d, respectively. The pink colour of the defected areas
corresponds to thinner portions of the CL. The intact CL outside the defect which appears grey has
a thickness of 8 £ 0.5 um (Figures 4-10c and 4-10d). Figure 4-10d clearly shows a crack
propagating just on the outside of the defected area. This indicates that cracks that have presumably
propagated from these manufacturing defects in the CL are already present at BOLp. Other defects
that we have observed are clusters, one of which is shown in Figure 4-10d. They are very different
in appearance from foreign particles such as dust or contaminants that have also been observed but
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show up as bright white spots. In the images, the material making up these clusters reflect light
similarly to the surrounding catalyst surface. Thus, we conclude that these clusters are likely made
up of additional catalyst material deposited by excess spray pressure during the coating step. The
greater thickness of the CL in this cluster would presumably raise its ohmic resistance and inhibit
the flow of current across this defected portion of the MEA relative to that elsewhere. Obviously,

such defects should be avoided during CCM fabrication.

4.4.3.3 Propagation of defects in EOLP

As with the reinforced CCMs, the non-reinforced CCMs have been subjected to the same
40-hour AST as described in section 4.3.6 in order to investigate the propagation of the defects
present at BOL. We observe that the defects grow to a much smaller extent in the non-reinforced
CCMs than in the reinforced CCMs. For one thing, the pore size distribution remains largely
unaltered upon aging. For another, no significant growth of the manufacturing defects occurs.
Some crack propagation is observed in the CL due to mechanical expansion and shrinkage of the
membrane during the AST. The stitched-together image in Figure 4-11a of the aged CL in the non-
reinforced CCM shows the presence of some cracks which appear as dark lines. This image is
dominated by the presence of a large crack which appears as the heavier dark line (indicated with
an arrow). This crack grows in the x-direction likely due to the expansion of the membrane in the
y-direction during aging. Another defect that appears in the image of the CL in the aged CCM is
an oil mark within the dotted circle, which likely is a contaminant originating from impurities in
the air or gas tubing [137], dissolution of Nafion of PTFE or human contact during examination
of the sample.

A selected portion of the CL containing this large crack (indicated by the dashed region in
Figure 4-11a) is shown at higher magnification in Figures 4-11b-d and reveals that it contains
smaller cracks extending out the delaminated region. Figure 4-11d shows a Z-profile measured in
the direction along the yellow arrow in Figure 4-11c. In this situation, it appears that delamination
is occurring as a result of crack propagation on the catalyst layer surface. As these cracks grow, it
is likely that the portions of the defected CL behind their furthest advance begin to delaminate. It
is interesting to note that this delamination does not necessarily lead to detachment of the entire
CL to expose the membrane. Although the mechanical expansion of membrane creates pressure
on the CL, the lower part of the CL is strongly bonded to the polymer membrane and can

accommodate the pressure. However, the uppermost CL sections cannot withstand the pressure
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and ultimately develop cracks and delaminate as shown in Figure 4-11c and 4-11b. As noted
previously in section 4.3.6, the same pressure of 100 kPa is applied on both the anode and cathode
sides of the reinforced and non-reinforced CCMs in this study. Thus, we do not expect an
imbalance in the applied pressure in the z-direction (i.e., normal to the plane of the image) to cause
the damage observed in Figure 4-11a. However, it is possible that this applied pressure causes the
CCM to expand in the y-direction on the catalyst layer and a crack to propagate in the x-direction.
The magnified image in Figure 4-11c shows clear evidence of a crack that has developed in the CI
and leads to delamination. The 3D view of the damaged ClI in Figure 4-11b shows a portion of the
Cl that is approximately 300 um in length, 5 to 25um in width and 4 um in depth. This behavior
is not observed in the reinforced CCM where it appears that the expansion and contraction of the
membrane is uniform in both the x- and y-directions, causing cracks to grow more evenly in these
directions.

Delaminated
area

Crack in CL

—

Figure 4-11: (a) Stitched microscopic image of non-reinforced CCM after aging for 40 hours; (b) 3D
view (height map) of the portion of the CL indicated with dashed line in (a); (c) magnified image of the
defected area showing crack formation and delamination of the CL captured at 50x magnification; (d) Z-
profile obtained along the yellow line in Figure 4-11c.

4.4.4 OCV analysis of defective CCMs
As stated previously, the OCV of the cell described in section 4.3.4.1 is measured at BOL
and EOL both before and after the AST to obtain some measure of the effect of defect propagation

on electrochemical performance. As expected, the propagation of cracks in the CL has a major
effect on OCV degradation, presumably due to gas crossover. CCMs with significant defects at
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BOL such as cracks in the CL (i.e., reinforced CCM) exhibit higher voltage loss compared to the
non-reinforced CCM with no cracks in the CL. The OCV of the reinforced CCM shown in Figure
4-4b decreases by 102 mV from 928 mV to 826 mV, whereas the OCV of the non-reinforced CCM
shown in Figure 4-11a drops by 45 mV from 942 mV to 897 mV. The OCV drops as a result of
mixed electrode potentials arising mainly due to hydrogen gas crossing through the defective areas
and then being oxidized at the cathode where oxygen is present. These results are consistent with
that of the optical image analysis in sections 4.4.1.1 and 4.4.2.3 which reveals that cracks grow in
both length and width and that the defect (crack) area in the reinforced CCM increases by 8.1%
from BOL to EOL. One would expect cracks to have grown in both dimensions in order for the
amount of gas crossover through the membrane to rise significantly. On the other hand, no
significant growth of BOL defects (Figures 4-9 and 4-10) is observed in the non-reinforced CCM
indicating that it is still intact. The 45 mV drop could be due to the single large crack that has
formed on the cathode CL (Figure 4-11). Small portions of the CL appear to be delaminated inside

the cracked area, which could also contribute to this loss in OCV.

445 Classification of Defects

As a summary of the various types of defects observed in the two commercial CCMs
examined in this study, we have classified them based on their appearance, length, area and
characteristic features in Table 4-4. Based on this analysis, six types of defects are identified: BOL
cracks, EOL cracks, scratches, delaminated CL, electrode pores and missing or empty CL portions.
This classification of defect type, size and shape which is currently not available in the literature,
can form the basis for the acceptance or rejection of CCMs by fuel cell stack assemblers and
ultimate improvement of the quality control, reliability and cost of CCM manufacturing and
PEMFC operation [34]. No doubt these aspects will become more important as attention
increasingly turns toward CCM manufacturing on a commercial scale. The results summarized
above should also be important for the research community in future studies on the mechanisms

of CCM and stack degradation and failure.

As noted previously, the main focus of this study is to investigate the morphology of real
defects that propagate in the CL due to mechanical deformation of membranes operated under the
AST described in section 4.3.6. Real defects and their effect on cell performance are very difficult

for PEMFC manufacturers to characterize once the fuel cell stacks are installed.
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Table 4-3: Classification of CCM Defects.

Defect Type Length (um)  Area (um?) Characteristic Feature

1. BOL cracks 1-280 1-1000 breakthrough of CL

2. EOL cracks 280 —700 1000-5000  cracks propagated in CL

3. Scratches > 700 > 5000 marks on CL due to mishandling

4. Delaminated CL 4-8 > 5000 removal of portion of CL due to crack
propagation

5.Electrode pores i. micro dia<5um <250 pores exist in CL

ii. macro  dia~5-25um  250-3000

6. Missing or empty catalyst > 5000 portion of CL missing or large damaged areas

in CL

4.5 Conclusions
In this study, we present a novel, non-destructive and non-contact method to identify and
characterize defects that have been generated during the fabrication of commercial CCM
electrodes using the decal transfer method and classify the defects based on their dimensions. The
main findings can be summarized as follows:
1. Developing Non-destructive method

The use of optical microscopy to examine and quantitatively characterize CL defects has been
found to be particularly advantageous since it does not require the destruction of samples and so
allows the evolution of defects to be monitored from BOL to its EOL. Our approach consists of
first characterizing the defects in stored and freshly prepared CCMs at the BOL and then aging
them in a non-reactive environment in a designed test cell and characterizing the defects once
again at the MOL and EOL.
2. Investigation of CL defects

Two commercial CCMs with different types of defects were investigated. First, crack
propagation in CL was studied in a reinforced CCM containing defects in its BOL state developed
due to unstable storage conditions in an environment with uncontrolled humidity. This led to a
significant number of BOL defects such as cracks formed during long-term storage of samples,
which subsequently propagate into larger cracks during aging. Defect/crack propagation in this CL
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sample was found to be rapid and caused the OCV to degrade at a rate of 2.55 mV/h. In contrast,
freshly prepared non-reinforced CCMs with CL defects including missing or empty catalyst areas
and scratches produced during the decal transfer step were also investigated. Follow-up
examination of these samples revealed that these defects did not grow after 40 hours of aging. The
major degradation observed included cracks and delaminated portions of the CL, presumably
caused by expansion of the membrane during hydration. The performance of cells containing this
CCM did not deteriorate as rapidly as those containing the first CCM stored at uncontrolled
humidity, as reflected in an OCV degradation rate of 1.12 mV/h. As noted above, these cracks did
not exist at BOL and formed during aging due to membrane deformation.
3. Classification of CL defects

Six types of defects on the CCMs have been identified based on their length, area and
characteristic features. The most common defects observed were cracks and missing portions of
the CL. Based on microscopic examination, it appeared that cracks at BOL propagated at a faster
rate than do the other defects. IR thermography indicated that defects such as pinholes formed
during the MEA fabrication likely had a more significant effect on fuel cell performance than other
CL defects.

The method of investigating defects presented here as well as the classification of these
defects in terms of their effect on long-term fuel cell degradation should prove helpful for fuel cell
researchers and manufacturers to develop robust fuel cell systems. These techniques should allow
them to identify the specific defects in CCMs and MEAs and better understand their degradation
over time. Further work is currently underway in our laboratory on the influence of manufacturing
defects on the chemical degradation of CCMs and the impact of manufacturing defects on CCM

lifetime.
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5 Characterization of Catalyst Layer Defects in CCM and

Resulting Cell Performance

The main goal of the research described in this chapter is to investigate the evolution of catalyst
layer defects such as missing/thin catalyst layer defects during aging process and provide a better
understanding of their propagation and the resulting effect on cell performance. The propagation
of catalyst layer defects due to mechanical and chemical degradation is analysed at BOL, MOL
and EOL and related to the corresponding cell performance. This behaviour is compared to that of

CCMs that initially are defect-free.

5.1 Introduction

Any damage to the fuel cell components during the manufacturing process ultimately leads
to the failure of the electrode. Defects on the catalyst layer, in particular, can have dramatic effects
on fuel cell performance, cost and stability [7][18]. Unnecessary time and money is spent tearing
apart fuel cell stacks to remove a single faulty cell. Thus, defects developed during fuel cell
production must be examined and characterized with the hope of differentiating between fatal and
minor defects. Perhaps the most important issue regarding the mass production of fuel cell
components is the improvement of the quality control inspection to identify CCM defects and
predict their lifetime [25][26]. Better quality control inspection could help reduce CCM
imperfections that stem from errors such as inconsistencies associated with catalyst ink preparation
and catalyst coating methodology[19][20][21][22] as well as thickness variation in catalyst layers
and electrolyte membranes [23][24].

Inconsistent catalyst ink preparation in the production line is one of the main contributors to CCM
defects. Defects can arise when inconsistencies in slurry formulation cause non-uniformities in the
catalyst coating. This in turn can lead to an uneven distribution of catalyst layer pores and micro-
cracks in the catalyst layer after the ink is sprayed and dried on the decal substrate [138]. The next
step in fabrication is to transfer the loaded catalyst layer on the decal substrate onto the electrolyte
membrane by hot pressing the three layers comprising the CCM at a temperature of 130°C - 140°C.
During this step, the ionomer in the catalyst layer develops strong bonds with the ionomer in the

electrolyte membrane [22][139]. The bond formation between adjacent catalyst layers and the
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electrolyte membrane reduces the contact resistance and improves catalyst utilization both of
which play key roles in fuel cell performance. Any improper catalyst transfer from the decal onto
the electrolyte membrane can lead to the formation of cracks, scratches, thin/missing catalyst layer
and empty catalyst layer [4] which have the potential to develop into dangerous membrane
pinholes [69]. Phillips and Bender et al showed that various artificial catalyst layer defects can
lead to the non-uniform distribution of current in the electrode. In particular, negligible current
was observed to flow across thin/zero catalyst sites. These areas can develop into hotspots during
the electrochemical reaction and eventually pinholes [69][140].

Therefore, control of the catalyst layer structure and ideal catalyst transfer on the electrolyte
membrane are some of the biggest challenges faced by CCM manufacturers. Another major quality
control problem in catalyst layer research is tracking defect growth during MOL and EOL. Once
the MEA has been hot pressed, the complex matrix of components can change the orientation of
existing defects and cause the emergence of additional defects, making it difficult to characterize
original defects. Therefore, it is very important to understand the sensible changes and growth of
catalyst defects during fuel cell operation.

Understanding the morphologies of various types of defects, their origins during manufacturing
and their impact on cell performance are extremely important in developing a quality control
program [25]. If this information is combined with defect detection guidelines developed by
electrode manufacturers, material suppliers, production engineers, research laboratories and the
DOE, a systematic approach in quantifying defects can be developed. In the future, different parties
should provide their own perspective on classifying defect severity and priority to eventually

formulate a consistent decision-making process.

To achieve an accurate CCM quality control inspection system, this research focuses on real
catalyst layer defects. In collaboration with industrial partners, different orientations and
irregularities of catalyst layer defects developed during production were examined and CCMs with
MCLD of interest are reported in this study. The objective of this work was to inspect
morphological changes in the catalyst layer defects as they propagated throughout the aging

process by implementing a non-destructive investigation method. The defected CCMs/MEAS were
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then electrochemically tested in a stack to understand the behaviour of defects in a typical fuel cell
environment. Key concerns of this study were the factors that led to defect propagation triggering

catalyst layer failure. Figure 5-1 shows the research framework for investigating defects in CCMs.

5.2 Research Framework

‘ Chapter — 5: Morphological Characteristics of Catalyst Layer Defects

{ Developing Non-destructive aging protocol for CCM defect analysis ]
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Figure 5-1: Research framework on morphological characterization of CCM defects.

5.3 MCLD defect analysis framework

Various defects that are commonly observed in commercial CCMs during the production
line were identified and classified with respect to size, shape and area in Chapter 4. In the present
chapter, we focus on the morphological features of missing/thin catalyst layer defects (MCLD)
and their propagation during the aging process and the corresponding effect on electrochemical

cell performance.

It is well known that the CL is a key component of the cathode in a PEMFC. The steps by which
the CL is fabricated and incorporated into the MEA is presented schematically below in Figure 5-
2a. The catalyst layers are made by mixing a Pt/C catalyst diluted with deionized water and ethanol

mixed with ionomer binder solution. The catalyst ink is spray-coated onto a decal substrate

80



followed by drying at 80°C. The catalyst layer on the decal substrate is then transferred onto a
PFSA Nafion membrane using the decal transfer method in a hot press at 140°C for 5 mins. During
the decal peeling process, tiny portions of catalyst can be left over on the decal substrate, forming
a catalyst irregularity defect on the catalyst layer. These defects are defined as missing catalyst

layer, thin catalyst layer or zero catalyst layer.

(a) Spray Decal ,—=———-— ~ GDL/MPL Hot press
Coating t f 1 I selection
W e - e [ ===
] e .
i ==

Catalyst Catalyst Layer
Ink h

(b)

Residual Catalyston
Decal Substrate

Cathode
Catalyst Layer

Missing Catalyst Layer
Defect (MCLD)

Cccm

Anode
Catalyst Layer

Figure 5-2: (a) Steps involved in fabrication of CCM/MEA. (b) Schematic showing missing catalyst
layer defects (MCLD) in the CCM fabricated using the decal transfer method.

The MCLDs are one of the most common defects that form during the mass production of CCMs.
An example of how such a defect can form during the decal transfer of the CL is shown
schematically in Figure 5-2b. The red arrows on the image indicate two MCLDs formed on the
CCL during the decal removal process when catalyst has not been transferred from the decal
substrate to the CCL. For example, the catalyst transfer ratio of the catalyst layers from the decal
onto the membrane in the CCMs investigated in this study were ~90 - 95%. Saha et at [63] reported
catalyst transform rates of 60%, 80%, 90% and 99% using the DTM technique. No research work
to date has focused on investigating MCLDs and their impact on PEMFC performance. Therefore,
the primary focus of the research is to investigate the behaviour of these catalyst layer defects

during aging, which is a high priority topic in the fuel cell industry.
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5.3.1 Test protocol for non-destructive CCM defect analysis

Figure 5-3 depicts the new framework for investigating real catalyst layer defects that
would benefit the quality control procedure used by fuel cell manufacturers. This framework is
novel because it provides manufacturers with a non-destructive CCM defect analysis tool. The
details of this framework are discussed in this section.

A necessary aspect of evaluating the quality of the fuel cell electrode is the accurate
measurement of defects arising during MEA manufacturing and the impact of such defects on cell
performance. As discussed previously in section 5.3, the formation of manufacturing defects such
as spots with excess or limited catalyst loading leads to a non-uniform catalyst layer thickness.
This can lower fuel cell performance due to gas crossover through the defected zones in the
membrane or uneven Pt catalyst thickness, especially across the defects. The problems in
identifying defects in the CCM are complex because the catalyst layer is typically black and non-
reflective so that identification of discrete defects in the large active area of the CCM is difficult.
In addition, the time required to detect the defect is a key feature of any technique. Obviously, it
is essential to detect all defects as early as possible to avoid cell failure and complete stack

shutdown.

Microscopic image analysis of Identification of CCM defects (ie.,

fresh CCM (BOL) manufacturing defects)
i D Data
Thermal imaging of CCM Tracking defective areas from hotspots;
" . N
via IR examination if no hotspots, proceed to OCV analysis
Electrochemical
Customised test cell (Non-destructive defect analysis) Analysis
[ ' )
Condensation analysis: Collect water 4 N\
— OCV AST on CCM ———{ from cathode every 8 hours to measure
, fluonde release rate (FRR) —  H,crossover, Impedance (EIS)
EOL: Criteria “B” :
If (Criteria EOL | 1)0cv <07V (or) 20% loss in inial OCV l
‘A or ‘B'} —* 2) Sudden voltage drops 100 mV/hour (or)
3) Appearance of large hotspots due to it
MOL l pinhole formation monitored with IR camera. Down Polarization
MOL : Criteria “A” : 1
1) Tracking defects every 10 hours (or)
2)Min OCV = 0.8V (or) 10% loss in initial OCV
3) Appearance of hotspots monitored with IR camera. Microscopic image analysis of aged CCM H crossover, Impedance (EIS)
(EOL: Geometric features of defect ) \_ Y,
L | Microscopic image analysis of aged CCM |
\ (MOL: Geometric features of defect ) )

Figure 5-3: Non-destructive CCM defect analysis framework combined with electrochemical analysis.
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Figure 5-3 shows the flowsheet of the various steps to monitor and characterize the aging of CCMs
and the formation and growth of defects. As discussed in section 4.3.2, defects were identified
using reflected microscopy at BOL in pristine CCMs. IR thermography of the sample was captured
before the start of OCV analysis to confirm that no pinholes or leak spots were present at BOL, as
discussed in Section 4.3.3. Only pinhole-free CCMs were allowed to proceed to the OCV-AST.
DOE-recommended protocols were used for this OCV-AST operation [141][108]. MCLD
defective CCMs were aged using the custom-designed test cell described in section 4.3.4.
Operation of the CCMs in the test cell enabled the user to investigate defect propagation at MOL
and EOL. During the OCV analysis, two criteria (A and B) were set to investigate the evolution of
defects in the membrane.

Criterion A:

1. Experiments were stopped every 10 hours (or if any sudden drop in OCV was observed) to
inspect the manufacturing defect (MCLD) growth during the AST. The growth of defects
(i.e., total area of defects and total pink areas due to catalyst thinning/catalyst
erosion/washout inside the defect) was tracked over time to estimate the loss of catalyst
and correlate this in turn to the loss in overall cell performance, as measured by the loss
OCV in the CCM.

2. OCV was monitored over an extended period of time until it had dropped by more than
10% of the initial value. The loss in voltage might be due to loss of catalyst, degradation
of polymer in the membrane or due to gas crossover through defects (pinholes).

3. A periodic inspection (every 15 minutes) by IR imaging was conducted on the
polycarbonate design test cell device to identify hotspot locations on the sample. Since
even a small amount of hydrogen crossover from anode to cathode could severely damage
the membrane, tracking hotspots was essential for safe operation of CCMs.

As the AST progressed, the degradation of materials at local areas rapidly increased and led to
high gas crossover.
Criterion B:
1. If the OCV drop over the sampling period exceeded 20% of the initial value (EOL target
set by the US DOE [141][108], EOL conditions were met and the experiment was

terminated.
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It should be noted that the primary focus of the research was to investigate the morphological
changes of the catalyst layer defects during MOL aging and gain a better understanding of steps
involved in defect (MCLD) propagation. This proposed testing method was found to be successful
for investigating CCMs during MOL without any external damage. From our testing methods, we
observed that the morphology of the catalyst layer defects was not affected by the GDL fibers
and/or flow channel plates indentations during MOL and EOL. Therefore, it is expected that the
propagation of defect during the aging process should be caused primarily by chemical and
mechanical reactions of the reaction gases. After the completion of these two criteria, the aged
CCM was hot-pressed to a GDL and then subjected to electrochemical analysis through RH

cycling, polarization analysis, H2 crossover measurements and AC impedance analysis.

In this chapter, 3 defective CCMs (CCM-1, CCM-2 and CCM-3) and 1 non-defective CCMs
(CCM — baseline) were used for OCV-AST. A summary of the defects found in these CCMs after
aging is provided in Table 5.1. The defects in CCM-1 and CCM-2 were examined at MOL, while
CCM-3 was operated without any interruption during the OCV-AST until EOL. Then
electrochemical analysis of CCM-1 and CCM-2 was carried out in the FCAT cell to study the
effect of the MCLDs on typical cell operation at a constant low RH and while being subjected to
wet/dry RH cycles. The results of the electrochemical analysis of CCM-1 and CCM-2 are

discussed in section 6.5.2 and section 6.4.3, respectively.

Table 5-1: Summary of CCMs investigated in this chapter

Sample No. of CL defects Avg. CL thickness Microscopic defect | No. of hours Voltage

(MCLD) lost in MCLD (um) inspections (h) operated (h) degradation
rate (mV h'1)
CCM-1 1-MCLD ~5.61 0, 10, 50, 100 100 1.6
CCM -2 2—-MCLD ~3.82 0,12,25 25 2.98
~4.78

CCM -3 1-MCLD ~2.50 1, 100 100 1.03

CCM - No defects Baseline - 100 0.6

baseline
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5.4 Results and Discussion

5.4.1 Microscopic investigation of CCM defects and image processing

The reflected light microscope setup described in section 4.3.2 was used to investigate the
catalyst layer defects. The CCM samples were first attached to a plastic frame to dampen any
vibration of the membrane that might occur. To identify MCLD or any catalyst layer defects, a
beam of white light with 20% intensity was directed (transmitted light) onto the ACL of the CCM
by facing the CCL toward the reflected light microscope camera. Adjustment of the light intensity
depending on the ACL and CCL thicknesses was an important factor in detecting the CL defects.
A higher light intensity was recommended for the thicker CLs. Then the x-y plane of the
microscope was connected to a motorized stage so that it could be rastered over the CCM sample
at a uniform rate and the entire sample could be inspected. On non-defected catalyst areas, the
thick CCL blocked the transmitted light from passing through the CCM. However, the transmitted
light could pass through thinner defected catalyst areas (uneven catalyst, no catalyst, cracks and
pinholes) in the CCM and merge with green reflected light from the objective lens to produce a
magenta/pink color on these regions. This distinct colour allowed specific defects on the CCM to
be identified and characterized; more intensely colored regions indicated thinner catalyst layers.
Specific regions of interest (ROI) were further investigated in dark-field mode to provide more
detail concerning the MCLDs and cracks in the catalyst layer. Finally, a complete areal inspection
was carried out by rastering the microscope over the entire CCM sample and digitally stitching
together the numerous microscopic video images of the CCMs into a high-resolution image using
Image J image stitching software. To minimize the time of microscopic image stitching, a
MATLAB program was developed to automate the input of the video file to the ImageJ imaging
software to produce large stitched images. The MATLAB code is included in Appendix section
10.2.
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(a) CCM-1 - MOL-1 - 10 hrs (b) CCM-1 - EOL - 100 hrs (c) CCM-2 — EOL- 25 hrs

Figure 5-4: Stitched optical microscopic image of CCL of defected (a) CCM-1 showing 1 MCLD
observed after (a) 10 hours (MOL-1) and (b) 100 hours of OCV-AST (EOL); regions ROI-1 and ROI-2
are specifically selected for further investigation of crack propagation and delamination of CL. (¢c) CCM-
2 showing 2 MCLDs (Defect-1 and Defect-2)

Once inspected at BOL, CCMs to be aged proceeded to the OCV-AST conducted in the test cell
discussed in section 4.3.4. The microscopic image analysis follows the procedure described in the
flowchart/framework in Figure 5-3. The entire 48 cm? stitched active areas of the CCL of CCM-1
and CCM-2 are shown in Figure 5-4. The stitched optical images of CCM-1 after 10 and 100
hours aging by the OCV-AST appear in Figures 5-4a and b, respectively, while the image of CCM-
2 after 25 hours of OCV-AST is presented in Figure 5-4c. The gas inlet and outlet directions are
indicated at the top left and bottom right of the image. Three major changes were observed during
the aging process:
1. Adecrease in OCV as a result of growth of defects in CCMs during AST was observed.
The results of the OCV analysis are presented in section 5.4.2.
2. Microscopic investigation of catalyst layer defects (MCLD) during MOL showed clear
evidence of defect propagation and areas where catalyst particles were degraded inside
MCLD. A detailed inspection of growth of MCLD is presented in section 5.4.3.
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3. Propagation of new defects (i.e., cracks and delamination) in the CLs as a result of

chemical and mechanical degradation was observed at MOL and EOL.,

The dark line/arcs on the images in Figure 5-4 correspond to cracks propagating in the catalyst
layers as a result of deformation of CCM after swelling and shrinkage of the membrane. Due to
interruptions during the MOL could cause the membrane to expand and shrink and thereby develop
cracks on the catalyst layer.

Crack initiation and propagation are observed at three stages in this study: crack initiation at MOL-
1 (CCM-1 - 10 hours), crack propagation at MOL-2 (CCM-1 - 50 hours) and crack
propagation/merging/delamination at EOL (CCM-1 - 100 hours). As shown in Figure 5-4a, no
significant crack opening or propagation in the catalyst layer is observed at MOL-1 (CCM-1 - 10
hours). The stitched microscopic image of the aged CCM-1 after 100 hours of OCV-AST (Figure
5-4b) reveals evidence of extensive crack propagation at EOL. The crack that had just initiated
after 10 hours grew deeper and developed a more branched structure after 100 hours. ROI-1 and
ROI-2 are areas appearing in the EOL image specifically selected for closer examination of
damage. ROI-1 represents an area where cracks have severely propagated in the catalyst layer.
Two effects are clearly evident in this area: cracks with an average width of ~ 10 to 50 pum have
formed and several adjacent cracks have merged together. ROI-2 is a delaminated area of the
catalyst layer that has occurred as a crack propagates during membrane deformation. The depth of
the catalyst layer defect in ROI-2 is further investigated using Z-profile and 3D imaging. This
analysis shows that the catalyst layer in these areas has not been completely removed and that the
material delaminated or detached amounts to ~50 — 70% of the original thickness over an average
width of ~ 50um — 150um, leaving behind remaining thin portions of the catalyst attached to the
electrolyte membrane. Furthermore, large catalyst layer pores with diameter of ~25 um are
observed in the leftover thin catalyst layers. A more detailed discussion of the crack growth

behaviour in CCMs is given in section 5.4.3.3.2.

5.4.2 OCV analysis of initially defective CCMs

OCV-AST experiments were conducted on CCMs until its OCV dropped by ~ 20% from
its initial value as discussed in section 5.3.1. The results obtained for 3 CCMs (CCM-1, CCM-2
and CCM-3) with initial defects and one with no defects (CCM-baseline) are reported in this
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chapter. The OCV curves obtained using these CCMs over the course of their ASTs are presented
in Figure 5-5. The OCV-AST was stopped at MOL in the case of CCM-1 (after 10 hours and again
after 50 hours) and CCM-2 (after 12 and 25 hours) based on the criteria given in Figure 5-3 to
examine the evolution of the MCLDs with the optical microscope. Although CCM-3 and CCM-
baseline did not reach their EOL at the end of 100 hours, the experiments were terminated at this
point in order to compare their rates of OCV degradation with that of CCM-1. CCM-2 was stopped
due to hotspot identified across the defect-2 after 25 hours.

OCV analysis on defected CCMs
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Figure 5-5: OCV test results of CCM-1, CCM-3 and CCM-baseline operated in the test cell over a
duration of 100 hours. The green curve represents the OCV decay curve of CCM-2 which was operated
for only 25 hours due to pinhole formation inside the MCLD defect.

The red curve in Figure 5-5 shows that the CCM-1 OCV is more severely affected over the course
of the AST than CCM-3 and CCM-baseline — decreasing from 935 mV to 776 mV at an average
rate of 1.6 mV/hr. On the other hand, the OCV of CCM-3 degrades from 923 mV to 820 mV at an
average rate of 1.03 mV/hr. Two observations related to the voltage loss in CCM-1 were made:

i) IR inspection detected a small hot spot across the MCLD in CCM-1 after 100 hours, as will be
discussed in section 5.4.4.
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il) Microscopic inspection and quantitative analysis of the images reveals that some loss of catalyst
inside the MCLD, crack formation in the catalyst layer and delamination of catalyst layer has

occurred, as will be discussed in section 5.4.3.3.2.

To examine the evolution of MCLD in CCM-1, samples were removed from the test cell at
intervals of 10, 50 and 100 hours. This stop/start procedure could affect the state of CCMs due to
dehydration of membranes when exposed to atmosphere. Evidence that this occurred to some
extent in the case of CCM-1 is evident from the permanent decrease in the OCV observed after
the 50-hour point (Figure 5-5). To directly assess this, CCM-3 and CCM-baseline were operated
under identical conditions as CCM-1, but without removing the CCM from the test cell until the
very end of the experiment after 100 hours. The results shown in Figure 5-5 indicate that the
average degradation rates of CCM-3 and CCM-baseline are 1.03mV/hr and 0.6mV/hr,
respectively. In both cases, the degradation of voltage is less than in the case of CCM-1. This
difference indicates that the stop/start interruptions to remove the CCM from the test cell for
microscopic examination and then re-install it for subsequent testing have an effect on the OCV-
time behavior of the CCMs. It is also observed that in both initially defected CCMs, similar types

of catalyst degradation were observed inside the MCLD, as will be described in section 5.4.3.

Similar results (green curve in Figure 5-5) are observed for CCM-2 that contained two MCLDs in
the CCL at BOL, as shown in Figures 5-4c. Over the course of the AST, the OCV degrades by 66
mV at a very high average rate of 2.98 mV/h. However, due to the formation of a hot spot in the
location of MCLD -2 in Figure 5-4c (see IR thermograph in Appendix section 10.3), the sample
met the EOL criteria after only 25 hours of AST. Obviously, the rapid decline in the OCV can be
attributed to the severe physical damage of the membrane.

5.4.3 Degradation of catalyst layer defect - MCLD

One of the common fabrication defects observed in CCM is an uneven catalyst layer
coating. The catalyst layer thickness and functional surface formed by one or more layers is very
important in the fabrication of CCM. It is a complicated matter to identify the non-uniformity of
the catalyst layer on the polymer membrane. As discussed earlier, the sources of non-uniformity

can be improper catalyst spraying, transferring or drying conditions (e.g. temperature, humidity,
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pressure and non-air gas environment). Figure 5-6a shows evidence of irregularities (i.e., missing
catalyst loading/ thin catalyst spots) in the catalyst loading of CCM-1 presumably formed during
the decal transfer step of fabrication. This defect is considered a manufacturing defect since it is
present at BOL. The faster degradation of this CCM at its location during the AST indicates that

it is an area that is most prone to develop into a failure point during subsequent PEMFC operation.

5.4.3.1 Propagation of manufacturing defect - MCLD of CCM-1

(b) } MOL-1:10 hours @ (C) MOL-2: 50 hours | (d) EOL: 100 hours
0CV=0.874V 0CV=0.840V X OCev=0.777V
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Figure 5-6: Microscopic images of defect growth inan MCLD in a defected CCM-1 (a) BOL at 0 hours,
(b) MOL-1 after 10 hours OCV-AST, (c) MOL-2 after 50 hours OCV-AST, (d) EOL after 100 hours
OCV-AST, (e) 3D graphical view of MCLD with active area of 757016 um? on CCL (f) cross-sectional
view of MCLD showing dimensions of depth and (g) schematic view of MCLD in CCL across the CCM-
1.

Figures 5-6a-d show the morphological changes of this MCLD (dark triangular area) at the 0-, 10-
, 50- and 100-hour points of the AST. Based on the OCV curve in Figure 5-5, this defect does not
significantly affect cell performance initially; however, as it grows and exposes more of the
membrane, it accelerates local membrane degradation due to the direct reaction of fuel and oxidant.
Decreased catalyst density also leads to slower reactions, decreasing voltage and ultimately cell
performance. Examination of CCM-1 at BOL shows that the MCLD covers a geometric area of
~757016 pum?, of which a small portion is a region of empty/thin catalyst (pink area that covers
~7370 um? (Figure 5-6a). A 3-D diagram of the MCLD at BOL is depicted in Figure 5-6e, while
a cross-sectional view showing the depth of the defect along the blue line in Figure 5-6e is
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presented in Figure 5-6f. The width of the defect is measured to be ~426 pm across the blue line.
Note that the depth of the defect is not uniform presumably due to the non-uniform removal of
catalyst during the decal transfer step. Figure 5-6g presents a schematic (not drawn to scale) of the
cross-section of the MCLD to provide a better view of the defect. In this research project, all CCMs
provided by our industrial partner contained defects only on the cathode side and not at all on the

anode.

After BOL microscopic inspection, CCM-1 was further examined by IR thermography after 10,
50 and 100 hours of AST to make sure that no pinholes had formed. Since no pinholes had formed,
it was re-connected to the workstation to resume the monitoring of its OCV. The pink areas in
Figures 5-6b, ¢ and d corresponding to very thin/absent catalyst regions in the MCLD continue to
grow as the CCM ages.

A primary focus of this study is to investigate the relation between the evolution of the MCLD and
its loss in OCV as the CCM ages. As shown in OCV curves in Figure 5-5 (red line), CCM-1-
MCLD experiences a noticeable voltage degradation of 7.4% over the first 10 hours of operation
as its voltage decreases from 935 mV to 865 mV. Particularly noticeable is the abrupt voltage drop
of 36 mV from 901 mV to 865 mV between the 9" and 10" hours of the AST. To determine
whether this loss in performance can be correlated to a change in the MCLD, we have carried out
an image analysis of the CCM after the 10" hour (i.e., MOL-1). Further image analysis is
conducted on the CCM after aging for 50 hours (MOL-2) and 100 hours (EOL) over which period
the OCV is observed to have dropped by a cumulative amount of 10.1% and 17.8% with respect
to its initial voltage. Figure 5-7a shows the areal growth of the MCLD (black curve) and degraded
catalyst area inside the MCLD (pink curve) during the OCV AST. Prior to OCV testing, the pink
area inside the MCLD detected is negligible (Figure 5-6a), as expected. As the AST proceeds, the
catalyst in defect areas undergoes washout that leaves behind bare membrane or thin catalyst layer
spots due to non-uniform bonding of catalyst across the defect. The cumulative area of the MCLD
(dark triangular region in Figure 5-6) increases by 5.4% from BOL to MOI-1(10 hours), 11.25%
between MOL-1 and MOI-2 (40 hours) and 1.58% between MOL-2 and EOL (50 hours) (Figure
5-7a). The pink area in Figures 5-6a-d drastically increases by a factor of ~17.7 over the 100 hours

of the experiment. As a result, the voltage degrades at a rate of 1.6 mV/h over this duration. For
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the first 10 hours of the AST, the pink area increases substantially by a factor of 13.5, indicating a
high degree of catalyst degradation within the defect and the voltage decreases at a rate of 8.2
mV/h. This growth in pink area is attributed to the loss of catalyst or washout of catalyst inside the
MCLD, leaving empty catalyst sites that presumably facilitate gas crossover across the MCLD and
reduce the OCV. From 10 to 100 hours of the AST, only a very small change in the pink area is
observed and the voltage drops at a lower rate of 1.3 mV/h. This suggests a strong relationship

between irregularity in catalyst layer thickness and cell performance.

The areal growth of the entire MCLD (dark triangular area in Figures 5-6a-d) over the first 10
hours of the AST increases slightly to 5.94% total defect area. (black curve in Figure 5-7a), while
the OCV decreases at the very high rate of 8.2 mV/h. From 10 hours to 100 hours, the total area
of MCLD increases by 17% and the OCV decreases at a rate of 1.3 mV/h. Examination of the
optical images in Figures 5-6b and ¢ shows that most of the CCM damage appears to involve the
propagation of cracks in the catalyst layer. Taken together, these observations suggest that no
strong relationship exists between the growth of the entire MCLD and cell performance. As
discussed above, it appears that the relationship between cell performance and catalyst layer
thickness is much stronger than the relationship between cell performance and the growth of
MCLD and other operational aging defects (CL cracks). However, more investigation is required

on other samples with this type of defect and others to further corroborate this observation.

To conclude, the MCLD has been found to grow rapidly during MOL-1 due to chemical
degradation causing loss of catalyst particles inside the defect, but its degradation stabilizes
significantly over the remaining period until the EOL as shown by the pink curve in Figure 5-7a.
In section 5.4.3.3, specific regions of the degraded area inside the MCLD are investigated at 100x
magnification to more closely examine the changes in the defect morphology and possible

mechanisms for degradation of the catalyst layer.
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Figure 5-7: (a) Areal growth of MCLD in CCM-1 (black curve represents the total area of MCLD
(triangular area) and pink curve represents the degraded catalyst area inside MCLD), (b) Cumulative
Fluoride Emission at the cathode over the course of 100-hour OCV-AST and areal growth of MCLD in
(c) defect-1 and (d) defect-2 of CCM-2.

5.4.3.2 Propagation of manufacturing defects - MCLD of CCM-2

CCM-2: Cathode : Defect — 1 (MCLD)

CCM-2: Anode : Defect — 2 (MCLD)

(e) 12 hours MCLD-2 : ROI-1 (f) 25 hours

N\ Catalyst

, sintering Y o (==

(d) 0 hours

Figure 5-8: Microscopic image of defect growth of MCLD in CCM-2 (see the location of defect in
Figure 5-4c): defect -1 on cathode captured at (a) 0, (b) 12 and (c) 25 hours; defect-2 on anode at (d) 0,
(e) 12 and (f) 25 hours of OCV AST.
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Figure 5-8 depicts a surface view of the morphological changes of defect-1and defect-2 in CCM-
2 on cathode at 0 hours, 12 hours and 25 hours of OCV-AST. Defect-1 is located on the cathode
side, while defect-2 appears on the anode side in the locations indicated in Figure 5-4c over the
entire ~48 cm?area. The region in defect-2 designated as ROI-1 in Figure 5-8f is shown at higher
magnification in Figure 5-9. The plots in red at the bottom of Figures 5-9 correspond to Z-profiles
along the blue arrows indicated in the microscopic images in Figures 5-9a and b. Although CCM-
2 was tested for only for 25 hours, the trend in the defect growth is similar to that of CCM-1. The
bare membrane inside defect-2 in CCM-2 likely facilitates gas leakage through the membrane and
the rapid decrease of the OCV at a rate of 2.95 mV/h. The aerial view and depth profile in Figure
5-9b reveals the presence of a micro-pinhole on a portion of this bare membrane. The proposal
that gas has leaked through the bare membrane (via these micro-pinholes) is supported by the IR
thermograph for this sample (see Appendix section 10.3) which reveals the presence of hotspots
in the same region where the micro-pinholes appear. The pink area inside the MCLD increases by
942% due to catalyst washout, whereas the total area occupied by the MCLD increases by only
5.5% after 25 hours. The significant loss of the OCYV is likely due to the formation of micro-pinhole
or membrane cracks, as shown in Figure 5-9b. Once electrodes develop pinholes or leak zones, the
criterion for EOL is met and the experiment is terminated. The following two additional
observations can be made from this microscopic inspection of defect-2 in CCM-2.

1. By closely inspecting defect-2 at BOL from both the cathode and anode sides, a catalyst
sintering area is found across the MCLD as represented by the white dotted circle in Figure
5-8d. Since the catalyst sintering is observed at BOL, it is expected that this defect
presumably formed during the hot press (~140°C) of decal substrate and polymer
membrane. As a result of the high temperature and pressure during the hot press across the
defect-2, a small section of the catalyst layer is completely missing in the area denoted as
ROI-1in Figure 5-8f and Figure 5-9. Catalyst sintering presumably causes polymer melting
in the membrane that might lead to cracks and pinhole in the membrane as shown in Figure
5-9b. A magnified surface view of ROI-1 in Figures 5-9a and 5-9b clearly shows a strip of
bare membrane that would be exposed to the reaction gases during cell operation.

2. Although gas leakage across the defects in CCM-2 is not observed at BOL, IR
thermography shows that gas leakage across the sintered area in defect-2 has likely

occurred after 25 hours of OCV AST. Bare membrane inside the sintered region would
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allow the permeation of H> from the anode that can react with O, on the surface of the Pt
cathode catalyst particles and form local hotspots in the electrode. The elevated
temperature during the operation can also cause polymer decomposition and micro-pinhole
formation in the membrane. as shown in Figure 5-9b. [71,101,142].
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Figure 5-9: (a) Microscopic image of catalyst layer defect (zero catalyst area/bare membrane) selected
from defect-2 in Figure 5-8f (ROI-1) showing surface view of bare membrane, where catalyst dissolution
into polymer matrix in the bare membrane; (b) membrane cracks/tears (region-1) and pinhole (region-2)
in the bare membrane. Plots in red below (b) and (c) correspond to Z-profiles along the blue arrows in
microscopic images.

5.4.3.3 Degradation mechanism of catalyst layer defects

As fuel cells operate, their components break down by chemical and mechanical
degradation [143]. Eventually, the degradation can lead to the formation of pinholes that terminate
the life of the electrode. Reshetenko et.al showed that catalyst layer defects can facilitate gas
crossover in the electrode that leads to pinhole formation [101][142][88]. Mu et.al. reported
various events causing the chemical degradation of catalyst layers which could result in crack
formation and pinhole formation across the MEA in areas where defects were the most likely to

experience chemical degradation.

5.4.3.3.1 Surface degradation (chemical) of catalyst layer defects
To visualize the intensity of degradation inside the MCLD defect, we carried out a

microscopic image analysis with and without transmitted light. Figure 5-10a shows the reflected
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microscope image of the MCLD in CCM-1 obtained at MOL-2 (after 50 hours of aging) obtained
without transmitted light. In this image, highly damaged sites in the CL are not completely visible.
However, when this image is captured in transmission mode without reflected light (Figure 5-10b),
the damaged areas become more evident. Now thin and completely missing catalyst zones and
propagating cracks appear in the resulting image. The white pixels in Figure 5-10b correspond to
the thinnest areas of the catalyst which presumably allow the transmitted light to pass through the
defect.

Regions ROI-3 and ROI-4 located at the middle and edge of the defect (Figure 5-10a) have
been selected for closer examination using transmitted and reflected light to characterize surface
degradation within the MCLD. The catalyst surface in these two regions has clearly become
irregular due to chemical/layer degradation inside the MCLD (Figures 5-10c, 5-10e and 5-10f). As
previously shown, this effect can be caused by ionomer leaching from the catalyst layer and H20»

formation at the defected catalyst sites [80].
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Figure 5-10: (a) Reflected microscope image of MCLD at MOL-2 indicating selected regions ROI-3 and
ROI-4; (b) transmitted light microscope image of MCLD with pink area indicating degraded catalyst due
to chemical degradation during fuel cell operation; 3D microscopic visualizations of enlarged regions (c)
ROI-3 and (e) ROI-4; (d) Z-profile/height profile showing variation in thickness of degraded catalyst layer

surface at ROI-3 along the red line in Figure 5-10c; (f) colour mapping of morphological features of
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degraded catalyst layer at ROI-4: blue represents thinnest catalyst, green represents uneven surface of

degraded catalyst layer, orange represents non-degraded catalyst layer.

5.4.3.3.1.1 Catalyst erosion

Catalyst erosion is a major problem limiting the durability of the Pt/C catalyst contained in
the fuel cell electrode. As discussed previously in section 5.1, the ionomer network in the catalyst
layer is able to form strong interfacial bonds with catalyst particles and the electrolyte membrane
as a result of hot pressing [22][139]. This is crucial to enhance the kinetics of the electrochemical
reactions and effective transport of protons. Any non-uniform distribution of ionomer in the
catalyst layer and non-uniform thermal compression during hot pressing will lead to incomplete
transfer of catalyst layer onto the membrane as shown in Figures 5-2b and 5-6a. We have observed
that catalyst particles located within the incomplete transfer zones (MCLD) gradually degrade
during operation and are not as stable as catalyst particles in non-defected areas. Examination of
CCM electrodes at MOL reveals that weak zones in the catalyst layer are more likely to erode as
they are exposed to incoming reaction gases at different RH, pressure and temperature. For
example, as we have shown previously, a significant amount of catalyst appears to have been lost
within the MCLD (pink area indicates the loss of catalyst) during the growth of the MCLD in
CCM-1 (Figure 5-6b). A potential cause of this catalyst loss is the weak interaction between the
Pt/C and ionomer inside the MCLD since this area might not have been reinforced at the elevated
temperatures. As a result, catalyst particles become detached from the thin layer, leading to
discontinuities in electronic and ionic flow. Such sites would support little or no electrochemical

reactions during fuel cell operation especially at high current densities.

The effect of catalyst erosion from BOL to EOL is observed mainly inside the MCLD (see Figures
5-6a — 5-6d, pink area inside MCLD) and decreases the density of catalyst inside the defect. In the
case of CCM-1, the major damage occurs between BOL and MOL-1, as determined from the
analysis of the growth of its area over time (Figure 5-7a). This area has increased to 2008% of its
initial value at MOL-1, 2.7% between MOL-1 and MOL-2 and 0.8% between MOL-2 and EOL.
This trend shows that the erosion rate of weakly bonded catalyst particles at defective sites is very
high in the early stages of operation before quickly stabilizing. This observation suggests that

catalyst particles inside the defected area are not completely impregnated as these areas do not
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undergo uniform thermal compression during hot pressing. This causes poor bond strength
between adjacent catalyst particles and intact sulphonic acid groups (ionomers) that enables
gradual detachment of the catalyst during cell operation. A more complete view of the degraded
area of MCLD is presented in Figure 5-10b captured under transmitted mode. The intensity of the
light increases across thin areas where catalyst has been lost and gradually the pink area inside the
MCLD grows. The valley shape inside the defects at ROI-3 (Figure 5-10c) and ROI-4 (Figure 5-
10e) is due to partial removal of the catalyst layer. Figure 5-10d presents the Z-profile of the
variation of thickness of the catalyst layer at ROI-3 along the line indicated by the red arrow in
Figure 5-10c. This profile clearly shows that the degradation of the catalyst layer inside the defect
is non-uniform. From the depth profile in Figure 5-10d, it appears that degradation occurs in a
particular way. A small portion of the CL remains intact with its initial thickness of 8.5 um.
However, over a large part of the layer, the top portion between 5 and 8.5 pm is uniformly
removed. It is not clear whether this portion was removed during the formation of the defect prior
to its use in the cell or after its use in the cell. Most of the layer is very uneven with a thickness
between 0 and 5 pum, reflecting the non-homogeneous nature of degradation that could be due to
catalyst erosion. Figure 5-10f gives a 3D color graphical view of the degraded catalyst layer that
corresponds to Figure 5-10e. Although not included here, our investigation of other defected
CCMs shows this same type of catalyst loss is not exhibited in all the defected areas (MCLD) and
that it depends on defect dimensions, thickness and location. Although the structural changes at
BOL are difficult to estimate, they ultimately affect the integrity of the catalyst layer in the CCM
electrode.

The propagation of defects at the corners of the MCLD appears to proceed by the
development of sharp cracks and degradation at its edges. A study by Pestrak et al. showed that
deformation of the electrolyte membrane has a strong influence on the structural changes of the
catalyst layers in CCMs [144]. The results observed in our study support this idea that the
deformation of the membrane has a direct influence on the areal growth of the catalyst layer defect
from MOL to EOL. On the basis of Figures 5-6b and 5-6¢ (also captured in transmitted mode in
Figure 5-10b), cracks appear to form and pass through the MCLD between MOL-1 and MOL-2
after the membrane has been deformed. This crack propagation leads to the large areal growth rate
of 11.25% from MOL-1 to MOL-2). On the other hand, examination of Figures 5-6¢ and 5-6d

indicates that some cracks (i,e., the ones furthest to the right) have merged between MOL-2 and
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EOL presumably due to membrane shrinkage, allowing some portions of the defect to shrink along
with the cracks. Interestingly, less pink appears in these merged cracks present at EOL than in the

cracks appearing at MOL-2 from which they formed.
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Figure 5-11: Schematic showing the possible ways that defects in the cathode layer can propagate via
chemical and mechanical degradation and eventually lead to gas crossover through pinholes.

Electrode failure is intrinsically linked to degradation of both the catalyst layer and membrane,
where one event may lead to occurrence of another event and also exacerbate other problems. The
present study focused on events leading to electrode failure that occur through propagation of
CCM defects. Figure 5-11 is a schematic showing the influence of chemical and mechanical
degradation on catalyst layer defects and their effects on developing pinholes. As seen from the
previous section, chemical degradation inside the catalyst layer defects (MCLD) is non-
homogeneous due catalyst erosion/washout that leads to thinning/zero catalyst. The mechanical
deformation of membrane during hydration/dehydration leads to wider crack opening/propagation
in the catalyst layers in both anode and cathode. Both events cause structural damage to the catalyst

layers.

When catalyst material is lost at the defect (MCLD/cracks), the reaction gases (hydrogen/air) can
permeate through defects and react on the opposite electrodes as discussed in section 2.5.2.1.1.
Gas crossover can lead to H2O»/radical formation and ionomer decomposition in the catalyst layer

and polymer membrane, ultimately causing cracks and micro-pinholes in the membrane (Figure

99



5-9b). Since the gas permeation rate depends on the size of these defects, defects tend to grow at
different rates under the same operating conditions. As depicted in Figure 5-11, more
decomposition of ionomer occurs on the cathode side than the anode side [68]. First, due to its
smaller size, Hz can permeate faster from the anode side to the cathode than O can in the opposite
direction. In addition, since the platinum loading on the cathode is higher than it is on the anode,
more reaction between O and crossover Hz occurs on the cathode side than between H> and
crossover O2 on the anode side. Two products of this reaction are H.O> and heat, both of which
promote polymer decomposition.

5.4.3.3.1.2 Effect of ionomer leaching in catalyst layer

lonomer distribution and the ionomer network in the catalyst layers are critical factors
affecting the structural integrity of catalyst layers and fuel cell performance. Figure 5-7b shows
the variation in the cumulative fluoride emission measured over the course of the 100-hour AST
for CCM-1, CCM-3 and 25-hour AST for CCM-2. According to Figures 5-6b and 5-6c¢, significant
erosion occurs over the first 10 hours (from BOL to MOL-1), while severe crack propagation
occurs over the next 40 hours (from MOL-1 to MOL-2). The variation of the fluoride emission
over the course of the AST in Figure 5-7b supports these observations because the fluoride ion
release rate is highest from 0 to 40 hours, when 53.3% of the total amount of the fluoride ion
leached over the 100-hour period is released. This correlation suggests that catalyst erosion and
crack propagation from MOL-1 to MOL-2 contribute significantly to fluoride ion emission. Recent
studies by Singh et al [91] and Macauley et. al. [113] have shown that membrane defects and
catalyst layer defects lead to increased gas crossover and fluoride emission. This supports our
observation that ionomer leaching may also occur through catalyst layer cracks or MCLDs
particularly during the initial period of operation. Lastly, defective sites in the catalyst layer are
the likely locations where hydrogen and oxygen cross over and several forms of catalyst layer
degradation can take place [65][145]. In this situation, both the catalyst and the electrolyte

membrane experience ionomer degradation that shortens the PEMFC life.

5.4.3.3.2 Crack degradation (mechanical) of catalyst layer

It is also important to understand the mechanical structural changes of catalyst layers that
are caused by the plastic deformation of the electrolyte membrane. Kyung-Lim et al. studied the
effect of electromechanical deformation on the propagation of catalyst layer cracks with electrodes
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of varying thickness [146]. Electromechanical deformation is measured using a tensile test in
which the membrane is elongated and tested for normalized electrical resistance. Their results
showed that thicker CLs have a higher normalized resistance than thinner CLs in the CCM. The
higher electrical resistance of thicker CLs was attributed to the critical elongation of cracks during
initiation and the number and dimensions of cracks generated on the CL surface [1][5] [24] [26].
The fracture mechanics of thin films show that the critical elongation occurring in the catalyst

layer increases as its thickness decreases.

Crack formation is affected not only by electrode thickness but also by uniform and linear
hygrothermal expansion of the membrane due to water retention and swelling [96]. To demonstrate
the effect of hygrothermal expansion, we select regions ROI-1 and ROI-2 from Figure 5-4b for
further analysis. These regions are useful for this purpose because they are located at different
distances from the gas inlet where water from the humidified reaction gases tends to accumulate.
ROI-1 is closer to the gas inlet than ROI-2 and so would be expected to contain more water and
undergo more hygrothermal expansion and subsequent mechanical deformation. Analysis of the
images in Figure 5-12 confirm this expectation. Many more cracks appear at ROI-1 which has a

higher water concentration (Figure 5-12b) than at ROI-2 which contains less water (Figure 5-12a).

The areal density of cracks can be considered to provide a good measure of the dimensional
changes of cracks in catalyst layers. Areal density is defined as the ratio of crack area to the total
electrode area of the CCM [6]. Examination of an aged CCM at MOL-1, MOL-2 and EOL shows
that the cathode consistently contains many more cracks than does the anode. In this experiment,
the crack areal density is measured from the stitched microscopic images shown in Figures 5-4a
and 5-4bto be 9.2 £ 2.8 % at MOL-1 and 28.7 + 8.4% at EOL. Analysis of these images also yields
approximate widths of the cracks that propagate during the aging process (BOL — EOL). These

values are reported below in Table 5-2.

Table 5-2: Average width of cracks in the CCL of CCM-1 formed during OCV-AST.

Aging intervals BOL MOL-1 (10 hr) MOL-2 (50 hr) EOL (100 hr)

Average crack width (pum) No cracks 5-20 15-50 50 -100
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Delamination
of CL

Figure 5-12: Microscopic images of crack propagation on the CCLs at EOL: (a) delaminated catalyst
layer at ROI-2, (b) multiple crack propagation at ROI-1; the pink area in the image represents the thinnest
region, (c) 3D enlarged view of delaminated and degraded catalyst layer at ROI-5 and (d) color mapping
of delaminated area at ROI-5 showing catalyst layer pores.

Even after 100 hours of OCV-AST operation, it is observed that cracks have not propagated
significantly in the vertical direction (i.e., with respect to their depth) and penetrate ~ 50% - 70%
of their thickness in Figure 5-12a. (Note: The depth profile of delaminated catalyst layer in CCL
was discussed in section 4.4.3.3). Closer examination at 100x magnification has been conducted
on a specific delaminated region labelled ROI-5 within ROI-2 (Figure 5-12a). A view of ROI-5 is
illustrated in Figure 5-12c and 5-12d showing that a portion of the catalyst layer has detached from
the surface crack. The numbers on the image represent the catalyst layer thicknesses remaining on
the membrane at different locations after delamination has occurred. Several Z-profile
measurements have been done across the delaminated areas on the CCM (inlet, middle and outlet
areas) to estimate the remaining thickness. This analysis reveals that the average thickness of
delaminated CLs varies from 2 um to 6 um (some of these regions are shown in Figure 5-12a). As
noted previously, the pink areas in Figure 5-12c represent the thinnest areas where the transmitted
light can pass through the damaged portions. These damaged areas are also associated with pores
or openings that form at the surface of the CL. It should be noted that pores are not intentionally

introduced into this type of CL by manufacturers during fabrication. The particular color scheme
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shown in Figure 5-12 is also used for the MCLD in Figure 5-6. The orange areas represent the
non-defected catalyst, while the green areas correspond to defected catalyst remaining after
delamination. The possible causes for the surface delamination may be traced back to hot pressing
step during fabrication. The uppermost catalyst surface that is first exposed to the hot plates during
CCM fabrication presumably has a strong and uniform contact bond with Pt/C catalyst particles
and ionomer composite in the catalyst layers [147]. When the heat penetrates to the lower portions
of the catalyst layer, the ionomer network in the catalyst layer will also develop strong bonds with
the ionomer in the electrolyte membrane [22][139]. At the interface between the lower catalyst
layer and membrane, some portions of the ionomer migrate into the membrane and leave behind
large pores in the lower catalyst layer. This is also consistent with the idea that CCMs strongly
interact with the CL and polymer membrane to reduce the contact resistance between adjacent
layers [7]. When the membrane becomes humidified, it swells and experiences stress. This sets up
a pressure difference between the upper and lower portions of the catalyst layer that can lead to
delamination in the middle of the catalyst layer. The delamination occurs depending on the
ionomer network in the catalyst layers. Some of the factors that influence delamination are CL
thickness, membrane swelling and ionomer concentration in the CL. On the cathode, the maximum
delamination is observed to remove 70% of the catalyst layer thickness. However, on the anode,
delamination is rarely observed. If the ACL were delaminated, it would likely be completely
removed since it is very thin. The differences in delamination between the cathode and anode can
be attributed to their individual catalyst layer thicknesses. The dotted circles in Figure 5-12d
indicate damaged area that appears as pores in the catalyst layer after delamination. To investigate
the size distribution of these features, image analysis is conducted on non-defected and defected
area (delaminated areas). The diameters are measured to be ~1 - 2.5 um in non-defected areas,
whereas they are more than 5 times as large with diameters of ~5 - 25 um in defected areas. Large
pores are not favourable for fuel cell operation because they act as dead zones where less catalyst
is available for an electrochemical reaction to occur and facilitate gas crossover and water flooding.
From our overall examination of CCMs at BOL, MOL-1, MOL-2 and EOL, catalyst erosion is
observed only in the defected areas i.e., inside MCLDs and inside delaminated catalyst layers. No
evidence of erosion is found on non-defected areas. These observations are particularly important

for the development of catalyst coatings and integrity of catalyst layer fabrication. Although
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experiments in this study have been done at a particular RH and temperature, experiments under

conditions of RH cycling would also be useful. These are described in Chapter 6.

5.4.4 IR investigation of MCLD propagation

As discussed in section 4.3.3, we conducted IR thermography to investigate MCLD
propagation and identify hotspots. Figure 5-13 shows the IR images of defected CCM-1 at BOL
and EOL. No hotspot is observed in the vicinity of the MCLD when tested at BOL (Figure 5-13a).
Although not included here, a hot spot still has not appeared in this region at MOL-1 and MOL-2.
However, the situation has changed by the time that EOL is reached and the evidence of a hot spot
(yellow region) close to the MCLD is clearly evident (Figure 5-13b). The surface temperature in
these regions is analysed using FLIR IR tools software available with the IR camera. Figure 5-13c
presents the temperature profile across the MCLD along the line marked by the dotted arrows in
Figures 5-13a and 5-13b before and after aging. These results show that the surface temperature
across the MCLD is the same (i.e., 22.5°C) as in other parts of the catalyst layer at BOL, providing
evidence that thin catalyst layer defects have little impact on the fuel cell at BOL. As the sample
ages, the MCLD in CCM-1 degrades preferentially, as shown previously in Figures 5-6a — d and
discussed in section 5.4.3.1. This allows more H> to permeate through the thinner/zero catalyst
regions of the MCLD from the anode and react with O at cathode to generate heat. The elevated
temperature is captured by the IR camera as a hotspot. The yellow curve in Figure 5-13c shows
the temperature distribution across the aged MCLD. The thermography analysis shows that the
surface temperature increases to a peak at 25.5°C about midway along the dashed arrow,
suggesting that Hz has crossed the thinnest area of the defect. However, on the basis of the IR
thermography alone, it is difficult to conclude that a pinhole has actually formed. Overall, an
increase in the surface temperature of the cathode catalyst layer in the vicinity of the MLCD from
22.5°C to 25.5°C is observed as it ages from BOL to EOL. The variation of temperature across the
defect also depends on the severity of the defect developed during the manufacturing process.
Thus, IR thermography analysis of defected CCMs provides useful information in characterizing
the evolution of the MCLD.
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(c) Temperature profile of MCLD (hot spot)
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Figure 5-13: IR thermographic response of CCM containing a MCLD at (a) BOL, (b) MOL-2 and (c)
EOL (after polarization analysis). (d) Surface temperature profiles along the dashed arrow line indicated
in (@) and (b).

5.5 Conclusions

This chapter has focused on the morphological changes of catalyst layer defects in CCMs
(manufacturing defects) under operating conditions and their effects on overall performance. The
proposed protocol for investigating defects is a non-destructive method that is advantageous in
providing an areal visualization and failure locations of catalyst layer defects in pristine and aged
CCMs.

1. Propagation of catalyst layer defect

Overall, it was observed that the effect of chemical and mechanical degradation inside the
defected areas are higher and degrade more quickly at initial hours and stabilizes in later stages of
operation. The areal dimensions and lost catalyst zones inside the MCLD were quantified and
examined at regular time intervals and were correlated to performance loss. The OCV results
showed that the performance of defected CCMs degrade at a rate of 1.58mV/hr(CCM-1),
2.98mV/hr(CCM-2), 1.03mV/hr(CCM-3), compared to non-defected CCMs at 0.65mV/hr
respectively.

2. Visualization of defect propagation

The microscopic investigation exhibits a good argument to visualize defect propagation
and provides a quantitative measurement that compares defect growth and projected CCM lifetime.
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The delamination effect on the catalyst layer showed that 50 — 70% of its thickness is being
removed due to mechanical deformation of membrane by leaving large pores (~ @25um) on the
leftover catalyst layer. Finally, IR thermography confirms the formation of gas leak across the
MCLD in aged CCMs, the MCLD eventually causes intense degradation due to catalyst erosion
and ionomer leaching in defected areas.

From the observations developed on defect size and orientation in CCMs, it is also
recommended to investigate the impact of defect location, thickness variation, and empty catalyst
sites on the lifetime of fuel cell stacks. Developments in present work aims to provide fundamental
knowledge on improving the tolerance and durability of CCM electrodes against defects. Future
studies will focus on MEA failure that is caused by various sizes of catalyst layer defects in CCMs
and fabrication membrane damage. Thus, the current and future studies promote a non-destructive
PEMEFC electrode investigation method that will improve quality control systems in fuel cell

technology.
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6 Effect of RH AST on Manufacturing Defects: Catalyst Layer
Defects and Sealant Interface Defects in PEMFC Electrode

6.1 Introduction

Although PEMFCs are impressive alternative power systems, stationary and transport
applications due to their negligible carbon emissions, exhibit quick start-stop response, and
demonstrate high efficiency. Cost and durability have been two main barriers to
commercialization. Their cost is tied closely to the MEA electrode which represents ~70% of the
total capital cost [148]. It is very important that these electrodes operate for more than 10 years of
typical automotive operation, withstanding various load, stop-start, freeze-thaw and humidity
cycles. When fuel cells undergo dynamic duty cycles in transit vehicles, the frequent acceleration
and deceleration causes humidity fluctuations in the fuel stack that damage the membrane in the
MEA. Therefore, it is essential to fabricate highly effective and high-quality MEAs that can sustain
harsh conditions of the fuel cell vehicle. To meet this goal, MEA components such as CCMs,
GDLs and MPLs must be fully inspected prior to stack installation. As estimated in a DOE cost
analysis, 5% of stack failure rate is observed immediately after installing the MEAs at BOL due
to electrode defects and poor fabrication of MEA components. This involves additional costs and
time for disassembling and replacement of defected electrodes [17].

Material inspection and fundamental understanding of component failure has had a large
impact in reducing the per-unit cost of the fuel cell systems. Any defect in the MEA components
will ultimately increase the pressure on the membrane during hot pressing or cell operation and
lead to dangerous pinholes in the MEA. Defects in MEAs commonly form in regions close to the
gasket sealants. Thickness variation in individual components or improper alignment of the GDLs,
CCM and gaskets will raise the stress on the thicker portions during the hot press. Consequently,
pinholes tend to form in higher stress regions such as those near the sealants where the GDL fibers
diffuse into the membrane [149]. These defected areas will grow during typical fuel cell operation
particularly at high cell voltage, high cell temperature, high stack pressure and low RH.
Fluctuations in operating conditions cause chemical and mechanical stresses and promote
degradation. However, it is still not clearly understood whether electrode failure is caused more
by pre-existing MEA/CCM defects than by the various stresses on the electrode during cell
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operation. Therefore, analysis of electrode degradation using ASTs should enable a better
understanding of failure mechanisms under chemical and/or mechanical stress in a shorter time
period [150][66]. Several studies have showed that chemical degradation of the electrolyte
membrane is accelerated under OCV operated at high temperature and low RH [112]. Under
relatively low humidity conditions, membrane becomes dry enough for the ionic resistance to
decrease significantly and gas crossover to rise on either side of the electrode. This condition
favours formation of hydrogen peroxide and radical attack that decomposes the ionomer in the
catalyst layers and membrane. Chemical degradation mainly occurs at weak spots in the electrodes
such as defected areas and leads to cell failure.

Mechanical stability of the membrane is crucial for the durability of an effective MEA. An
effective way to evaluate MEA mechanical stability and durability is to apply RH cycles (wet and
dry) at a high temperature while holding the cell at OCV. During RH cycling, the constrained
electrode in a fuel cell stack experiences stress due to swelling and shrinkage [151]. The repetition
of RH cycles reduces the bond strength of the membrane and catalyst layer interface, increases the
interfacial contact resistance (i.e., ohmic resistance) and significantly reduces the cell performance
during aging [8-12]. During long-term operation, many components are expected to fail by any
number of modes where one event can cause/increase the impact or occurrence of another [65].
Previous literature has demonstrated the influence of chemical and mechanical degradation on
global thinning of MEA components. However, there is no clear evidence of real catalyst layer
defects nor the root cause of initiation and propagation during cell operation [104]. Figure 6-1
shows various chemical and mechanical degradation modes operating during steady-state RH and
cyclic RH AST during OCV operation.
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Figure 6-1: Modes of degradation in MEA operated under constant-low RH and RH cycling during OCV

causing defects in PEMFC electrode.

Although studies showed that chemical and mechanical ASTs are useful for screening the
overall durability of MEA, the role of pre-existing electrode defects is still not clearly understood.
Thus, a research gap exists in understanding how BOL manufacturing defects affect the overall
cell performance and propagate during typical fuel cell operation at high temperatures and variable
humidity conditions. In this chapter, case studies of 3 defects are analysed as a part of MEA quality
control: (1) missing catalyst layer defects (MCLD), (2) gasket/CCM interface defects (sealant
pinhole defects), and (3) scratches/cuts in the CCM. Among the various CCM defects discussed
in Chapter 4, these defects are chosen since they have been commonly recognised by electrode
manufacturers during CCM fabrication. The durability of MEAs with and without defects are
tested under two OCV-AST conditions: (i) steady-state low RH and (ii) cycles of low/high RH at
a high stack temperature of 90°C. The extent of chemical and mechanical degradation of electrode
defects and information regarding MEA component failure mechanisms can be gleaned from these
ASTs and visual inspection of defects. The AST protocols developed in this work are based on the
standard DOE procedures and feedback from our industrial partner. Details of the research
framework are shown in Figure 6-2 and the step-by-step AST procedure used for MEA analysis is

shown in Figure 6-3.

109



6.2 Research Framework
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Figure 6-2: Framework for MEA analysis followed in this part of study.
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Figure 6.3 outlines the flowchart of the AST protocol for OCV and COCV test. After
examining the catalyst layer defects with an optical microscope, the defected CCMs are then used
as components in the MEAs to be evaluate the electrochemical analysis. For a detailed procedure
regarding the fabrication of MEA, please refer to section 2.4 of chapter-2. Once fabricated, the
MEAs are examined by IR thermography for pinhole detection prior to cell assembly. An external
and internal leak test is performed to check for any leaks that would disrupt constant stack pressure
during operation. A leakage rate <2 mL min™ is acceptable for the experiment to proceed. If the
leak rate exceeds 2 mL min, the test is terminated and the MEA is examined by IR thermography
for EOL pinhole detection. The electrochemical characterization of H2 gas crossover of MEA is
carried out using linear sweep voltammetry by scanning from 0.1 V to 0.65 V at a scan rate of 2
mV sec while supplying H; to the anode and N to the cathode. In order to equilibrate the
membrane, the MEA is subject to BOL conditioning[24] at a current density of 1.5 A m2 at 100%
RH for a duration of 12 hours at 60°C and 1 hour at 90°C prior to the OCV / COCV AST.
Following this conditioning, the stack undergoes in-situ H> gas crossover EIS and polarization
measurements. Once these diagnostic checks are completed, the OCV/COCV AST is
implemented. The steady-state OCV AST is conducted at a stack temperature of 90°C, with 30%
RH on both sides (anode/cathode) of the membrane. The RH cycling experiment is done at a stack
temperature of 90°C, while the gas at the cathode is cycled from a wet to dry state (80% to 20%
RH at a dew point = 90°C) every 5 mins. Figure 6.4 shows the various RH cycles applied during
(i) MEA conditioning, (ii) study-state OCV low RH — AST and (iii) cyclic OCV-AST experiments.

The stack voltage is continuously monitored during the cell operation. While the stack is
held at OCV, effluent water samples from the anode and cathode chambers are collected every 10
hours to measure FER resulting from chemical degradation of the membrane. The in-situ
diagnostics are performed to check the health of the MEA at MOL every 20 hours or whenever a
sudden drop in the OCV is observed. The experiment is terminated when the voltage reaches 0.8V,
as per the DOE standard electrode EOL condition. The test is completed once the EOL in-situ
diagnostics have been performed. The MEA is then investigated by IR thermography to detect
EOL pinhole/hotspots and ex-situ examination by SEM.

111



T Stack Conditioning at 100% RH
100 f——-——l

COCV from 80% - 20% RH

20

5 min 5 min 5 min

80
70
60
50
40
30
20
10

OCV hold test at 30% RH

% Relative Humidity

5 min 5 min 5min 5 min

10 20,30 40 50 60 70 80 901001 110 === === —=—=— EOL
1

Operating Time (hours)

Figure 6-4: Schematic of various RH cycles used during electrode/stack conditioning (blue-
100%RH), steady-state OCV (green-30%RH) and RH cycling (red — 80% - 20% RH).

Table 6-1: Summary of MEASs used in this chapter.

Sample No. of CL defects Avg. CL OCV/CcocvVv RH - AST No. of hours
(MCLD) and % thickness lost in - AST operated (h)
catalyst lost inside MCLD (pm)
defect
MEA -1 | No defects Baseline ocv 30% 157
MEA-3 |1 NQ ocv 30% 70
MEA-4 | 1-48% ~3.82 ocv 100% 25,75
2-60% ~5.45 30%
MEA-5 | 1 NQ ocv 30% 110
MEA -2 | No defects Baseline cocv 80%-20% RH cycling | 150
MEA-6 | 1-70% ~5.61 OCV + COCV | 100% - RH-0OCV & | 100, 54
80%-20%-RH cycling
MEA-7 | 1-28% ~2.24 cocv 80%-20%-RH cycling | 83
MEA-8 | 1 NQ cocv 50%-20%-RH cycling | 110

Note: Image showing defects in CCMs are given in Appendix section 10.5. NQ — not quantified since these MEAS

were manufactured by industrial partner; defects in CCMs are therefore not quantified prior to fabrication.

Eight MEAs, each having an active area of 48 cm?, are examined in this study under
specific operating AST conditions summarized in Table 6.1. It should be noted that the membranes
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used in this study are reinforced with a porous polymer matrix, nanofibers or inorganic
reinforcement that provides strong mechanical stability for the membrane [153]. MEA-1 and
MEA-2 contain CCMs without any defects on the anode and cathode prior to the experiment and
so serve as baseline samples. MEA-3 was analysed in case study 1, which consists of MCLD and
sealant interface defects (CCM/gasket interface), and is also used to examine the evolution of an
artificial pinhole (~90 pum) during aging. MEA-4, MEA-6, MEA-7 and MEA-8 were analysed as
a part of case study 2 solely on MCLD, no sealant interface defects are identified in this samples
at BOL. MEA-5 is analysed as a part of case study 3 on catalyst layer scratches. Since MEA-3,
MEA-5 and MEA-8 have been fabricated by the manufacturer, microscopic defect characterization
was not performed on these samples. Information regarding the specifics of the composition of the
components and CCM/MEA fabrication conditions are not disclosed to protect the manufacturer
confidentiality and intellectual property issues. A detailed visual inspection of MCLDs for MEA-
4, MEA-6 and MEA-7 are shown in this work. Other observations made during the OCV and
COCV tests include calcium contaminant accumulation on the cathode GDL (across flow
channels) during the OCV hold test and a visible burn across MEA sealants during the COCYV test.

6.4 OCV-hold diagnostic test at low RH
Table 6-2: Description of overall test analysis and samples used for OCV hold test.

No of CL | Anode/cathode | OCV (V) No. of. hours | Interrupted Voltage

Samples
Name defects and % | RH (%) operated (h) hours (h) degradation
of defect rate (mV h)
MEA-1 | No defects | 30% / 30% 0.945 157 0, 38, 80, 0.910
(baseline) 120, 157
MEA-3 | 1-ND 30% / 30% 0.932 70 0,7, 24,45, | 1.24
57,70
MEA -4 | 2-48% & 60% | 30% /30% 0.944 75 0,28,60,75 | 2.19
MEA-5 | 1-ND 30% / 30% 0.950 108 0,27,44,62, | 1.85
96, 108

Note: Image showing defects in CCMs are given in Appendix section 10.5.

The OCV-hold test at constant low RH is designed to accelerate the chemical degradation
of MEA that decomposes the polymer in the reinforced membrane matrix and catalyst layers. The

samples listed in Table 6-2 are used to study the chemical durability of MEA at a constant
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mechanical stress i.e., low RH. The durability tests range from 100 hours to 200 hours, which
includes assembly of cell, preconditioning of MEA and in-situ analysis. One of the major issues
during the OCV-AST are MOL interruptions, either intentional or unintentional, that occur due to
safety inspections and MOL diagnostic tests to assess the MEA health. The interruptions during
OCV-hold tests can either negatively or positively affect cell performance due to reversible and
irreversible losses caused by material degradation, which will be discussed later in this chapter.
During aging, as the membrane breakdown, and its OCV performance decreases until it reaches
the pass or fail criteria of 0.8 V. However, the OCV increases after reaching 0.8 V due to reversible
voltage loss effects, the experiment is still terminated as per the manufacturer protocol requirement
when the cell reaches 0.8 V. This decision has been made to standardize the quality control

assessment of MEA effectiveness.

(a) MEA-1: Baseline 0.910 mV ht (b) MEA - 3: Sealant defect 1.24 mV ht
1 1
0.95 Artificial ~90 pm
= 92 inhole
2 085 P
S o0s
Eors
S o7
T 0.65
Y o6
0.55
05
0 20 40 60 30 100 120 140 160
0 25 50 75 100 125 150 N "
AST - hours (H) AST = hours (H)
(c) MEA — 4: MCLD (Bare membrane) 3 19 my h-1 (d) MEA -5 (Scratch/deep cut)  1.85 mV h!
. 1
0.95 & - 095 = = e
0.9 ~ 09 =T
2 0.5 _ . S oss = s
& 08 e g 08
2o = o7
> o7 S s
T 0.65 3 065
0.6 0.6
0.55 0.55
0.5 0.5
0 20 10 60 30 100 120 140 160 0 20 a0 50 80 100 120 140 160
AST hours (H) AST — hours (H)

Figure 6-5: OCV degradation curves of defected and non-defected MEAs: (a) MEA-1 baseline (no
defects) (b) MEA-3, 1 intentional pinhole introduced at 70 hours (c) MEA-4, 2-MCLD in CCL as shown
in Figure 5-4c. (d) MEA-5, 1 scratch defect.

The decay of the OCV of MEA-1, MEA-3, MEA-4 and MEA-5 over the duration of the AST is
presented in Figure 6-5. The OCV of MEA-3 over the first five hours is hindered by back pressure
issues with the fuel cell test station, causing complications with reaching the set value of 260 kPa
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on the cathode. The OCV curves for all MEAs show similar trends, presumably due to the loss of
material components in the membrane and catalyst layers. However, the performance of MEAs
which have defects at the outset deteriorates much more rapidly than the base case MEA. This
allows us to distinguish the failure mechanisms of MEAs into two categories: (i) more gradual
degradation of electrolyte membrane and catalyst layer due to chemical stress leading to slow
electrode failure (>150 hours of AST) by developing a pinhole in thin degraded membrane. and
(if) physical damage leads to fast electrode failure (typically 55 — 110 hours of AST) through
sealant interface defects, exacerbated by sufficient compression of stack endplates to initiate
damage (pinhole) in the membrane. The first type of degradation is observed in the base case of
MEA-1 (Figure 6-5a), which reaches EOL after > 150 hours of OCV-AST. The second type is
observed in the cases of MEA-3, MEA-4 and MEA-5, which reach EOL more rapidly in between
55 - 110 hours of OCV AST. More about the failure mechanisms of these MEAs is discussed in
sections 6.5.1 — 6.5.4.

It is interesting that the initial OCVs of these MEAs at BOL are essentially the same, with an
average value of ~ 0.945 V. Thus, the initial OCV is not a good indicator of the state of MEA in
these cases. As shown in Figure 6-5, a sharp drop in the OCV is observed when the AST is
interrupted at MOL for electrochemical characterization to obtain polarization curves and EIS
spectra and measure Ho crossover, but then recovers when the AST is resumed. Close analysis of
the change of the OCV during this interruption period is very informative and enables the
reversible and irreversible losses of the electrode to be distinguished. The OCV degradation rates
measured in this study are commonly reported in the literature. For instance, Kundu et.al[111] and
Mehmood et.al.[154] reported similar degradation rates during cell interruption. To explain in
more detail, the period (MOL-1) in the OCV curve of MEA-1 from 0 hours up to the first
interruption at 30 hours is shown as an example in Figure 6.6. The overall degradation rate during
the first 30 hours is measured to be ~ 3.16 mV h’. The irreversible voltage loss is indicated in
green (from A to C in Figure 6-6), while reversible loss is indicated in red (from B to C in Figure
6-6). Each interruption is characterized by two sharp downward spikes when the AST is interrupted
and one upward spike when it is resumed. It should be noted that the upward spike reaches a
voltage higher than the OCV measured just prior to the interruption. The irreversible losses are
estimated from the difference between this spike and the OCV at t=0 and are attributed to

permanent degradation of MEA components such as the membrane and catalyst layer (from A to
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C in Figure 6-6). The reversible voltage loss is estimated from the difference between this upward
spike and the first downward spike where the OCV just before the AST is interrupted (from B to
C in Figure 6-6). The reversible voltage loss can be attributed to such phenomena as catalyst
surface oxidation and water flooding in the MEA, that are completely or partially undone when
the AST is interrupted and the MEA undergoes electrochemical characterization. The reversible
voltage loss can be attributed to such phenomena as catalyst surface oxidation and water flooding
in the MEA, which are completely or partially undone when the AST is interrupted and the MEA
undergoes electrochemical characterization. The total degradation rate corresponds to the sum of
reversible and irreversible decay rates. However, it is important to distinguish between these two
types of OCV loss and estimate the irreversible voltage decay because it is directly associated with

membrane thinning and loss of active catalyst surface area.
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Figure 6-6: Analysis of the OCV curve for MEA-1 during the first period (MOL-1) to differentiate the
reversible and irreversible losses. The irreversible voltage loss is indicated in green (A to C) and the
reversible loss in red (B to C).

The degradation rates of MEA-1, MEA-3, MEA-4 and MEA-5 are 0.910 mV h, 1.24 mV h?,
2.19 mV h, 1.85 mV h? respectively. The rates of OCV degradation obtained in this study are
higher than those reported previously using a similar type of membranes, which have varied
between 0.001 and 0.7 mV h [155][10]. This difference is likely due to the operating conditions
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(temperature, RH, pressure and gas flowrate) during the AST. The ASTs used during the previous
studies were carried out lower temperature, higher RH, lower pressure and lower flowrates, all of
which should lower degradation rates and longer lifetimes. It should be noted that the differences
in the MEA themselves will affect the degradation rates. However, in this context, the focus is to
study the evolution of manufacturing defects influencing the cell performance on similar types of
MEAs. The AST in our study is carried out at high temperature (90°C), high gas inlet pressure of
anode/cathode (250/270Kpa), high flow rates (2/10 SLPM) and low humidity (30/30 %RH).
Therefore, we expect our AST conditions to significantly accelerate aging of the CCM/MEA

components. Similar observations were also reported in the literature [5,12,17-19].

6.4.1 Performance of MEA-1

The initial investigation of MEA-1 with IR thermography at BOL reveals no hotspots,
indicating a good condition for OCV-AST analysis. During the aging of MEA-1, several voltage
losses corresponding to its structural changes in electrode are observed. Figure 6-7a shows the
breakdown of the total OCV decay rates of MEA-1 into the irreversible and reversible
contributions during four intervals of the AST. The blue bars denote the irreversible and permanent
losses (i.e., due to structural damage in the MEA components during the OCV-AST). Irreversible
losses give a good indication of the extent of material degradation in the electrode [154]. The
orange bars correspond to the reversible and temporary losses i.e., due to water flooding, catalyst
surface oxidation and surface contamination [111][157]. Although reversible losses dominate over
irreversible losses, these losses are recovered by purging dry N2 during the MOL interruption to
remove excess water in the catalyst layers. The black bar with green lines represents the total

reversible and irreversible losses.
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Figure 6-7: MEA-1 performance: (a) breakdown of irreversible (blue), reversible (orange) and total
(green) OCV decay rates during the AST, (b) polarization curves and (c) H2 crossover current measured

at different points during the AST. (d) Schematic of voltage recording from total cell and across
pinhole/defect region.

From Figure 6-5a, it is found that the total voltage decay from 0.945V to 0.802V at decay rate of
0.910 mV h. IR examination on MEA-1 at MOL-2 (80 AST hours), a small hotspot is identified
(Figure 6-8b) where its OCV drops to 0.884 V. The hotspot is found at the edge of the gasket/CCM
interface located at the top left corner of the electrode. It is likely that this damage is caused by
mechanical stress due to rupture of membrane at sealant/gasket/CCM interface. A possible
mechanism for failure due to sealant damage is discussed in section 4.4.1.2. A schematic showing
the cross-sectional view of the sealant defects in MEA is shown in Figure 6-8a. As the MEAs are
installed in the stack, the silicon gaskets prevent potential gas leak and provide sufficient stack
compression for the fuel cell. Any variations in the thickness of the MEA components
(CCM/GDL) across the gasket leads to development of stress zones in the MEA during the stack
compression as shown in Figure 6-8a, location-1. These stress zones are expected to cause faster
membrane degradation and eventually develop into pinholes, as shown in location 2 and 3. Further
discussion of the degradation of sealant defects at BOL, MOL and EOL is included later in this
section. Figure 6-8c confirms the growth of the pinhole first observed at MOI-2 and the formation

of new pinholes by the time EOL is reached. As a result of pinhole growth, the irreversible decay
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rate increased by 4 times at EOL to a rate of 1.67 mV h. Two major pinholes are identified across
the top left and top center areas of the electrode. The IR thermographs clearly show that the sealant
areas are more vulnerable to chemical degradation at the edge interface sections of the MEA, which
is the area where CCM/GDL is sealed with gasket. Figure 6-8d shows a digital image of the
cathode surface of MEA-1 after EOL, revealing physical damage of the teflon gasket caused by
the exothermic combustion of H, with O2. The magnified image in Figure 6-8d (inside the yellow
box) shows the damaged area in the MEA.

Table 6-3: OCV and H: crossover current density at different stages during the AST.

AST (hours) OCV (V) H; crossover (mA cm?) @ 0.4V
0 hrs 0.948 2.0
38 hrs 0.918 8.28
80 hrs 0.884 10.18
120 hrs 0.867 14.04
157 hrs 0.805 18.0

Figure 6-7b shows polarization curves for MEA-1 at various times during the AST. The results
show a small drop in cell performance over time in each of the activation, ohmic and mass transfer
regions of the polarization curves. These curves also show a decrease in the OCV over time, which
is consistent with that observed previously in Figure 6-5a. This trend obviously is a consequence
of the degradation and pinhole formation discussed above (Figure 6-8b-d). The loss of OCV can
be attributed to the steady increase of Hz crossover through the degraded membrane from ~ 4 mA
cm? at BOL to ~ 18 mA cm at EOL (Figure 6-7c¢). For better comparison, the total cell voltage
and voltage across the pinhole region have both been measured at EOL (157 hours) (Figure 6-7d).
The voltage across the pinhole region was measured by placing a 15um thick copper sheet with
area of 0.5 cm? on top of the gold-coated current collector across the pinhole region in MEA. The
y-axis in the blue polarization curve at 157 hours (Figure 6-7b) corresponds to the cell voltage,
while the y-axis in the green curve corresponds to the cell voltage as measured at the hotspot-
region 3 identified in Figure 6-8c at 157 hours. The cell voltage measured across the hotspot-region
3(0.81) is 4.7% lower than the total cell voltage (0.85V). From all observations made on MEA-1,
the growth of the pinhole in the membrane decreases the OCV by 14.7% and 40.6% in the mass-
transfer region from BOL to EOL.
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Figure 6-8a presents a schematic of the various stages of defect initiation, propagation and pinhole
formation in MEA-1. Failure likely occurs due to several events during the AST, such as (i)
compression of bipolar plates on the MEA, (ii) non-uniform thickness of MEA components and
(iii) non-uniform hydration of the active area and gasket/CCM/GDL interface. Degradation of
MEA-1 during the different stages of aging may proceed due to the following causes:

(1) BOL initiation: Although reinforced membranes have better chemical and mechanical
properties and are less sensitive to mechanical failures during wet and dry conditions [158], thicker

portions of the MEA are compressed to a greater extent by the bipolar plates and develop internal

120



stress particularly within the membrane. When the RH is low, the moisture level will likely vary
over the electrode surface and gasket/CCM edge interfaces. As aging continues, voids form in the
stressed areas near the gasket/CCM interface that facilitates the formation of water droplets along
the edge of MEA and polymer degradation (Figure 6-8a). Lai et.al. [159] reported that a RH
gradient is an important parameter that affects degradation of the membrane, making it very
difficult to estimate the local stress in the membrane. The water droplets in the void areas slowly
generate H™ and OH" radicals in the anode and cathode ionomer layers of the CCM [160].

(2) MOL propagation: As a result of radical attack in the stressed areas, chemical decomposition
of polymer occurs on either side of the electrode and membrane thickness is reduced. The thinned
areas facilitate gas crossover that further accelerates OH™ and peroxide generation and chemical
degradation of the membrane [161]. In addition, the constrained membrane also experiences
clamping stress from the gasket sealants (Figure 6-8a), leading to mechanical stress in the CCM.
Both chemical and mechanical stresses initiate pinhole formation in the MEA (e.g., region 2 in
Figure 6-8a. Figure 6-8b shows the IR image of hot-spots caused by H crossover through the
pinhole present at MOL-2 after 80 hours of the AST.

(3) EOL degradation: As the amount of gas crossover increases during the AST, the direct
interaction of Hz and O2 will lead to their combustion across the pinhole, which degrades the anode
and cathode ionomers in the reinforced membrane without damaging the PTFE reinforcement
layer [153]. As shown in Figure 6-8a, region 3 is a chemically degraded area in the CCM covered
by the GDL. The damage to this area in MEA-1 is evident in the growth of the area and surface
temperature from ~ 24.5°C to 26.8°C of the hotspot first present at MOL-2 until EOL after 157
hours. Region 4 depicts the damaged portion near the gasket/CCM interface due to mechanical
stress from the sealant and hot bipolar plate (90°C). The damage in such a region is likely due
mostly to variations of the thickness of the local areas of MEA components. It is very critical for
electrode developers to improve the accuracy of thickness measurements of the component layers

by determining the thickness over the entire substrate surface rather than at only a single point.

6.4.2 Performance of MEA - 3

Quiality control inspection at the component level is key and absolutely necessary for the
production of high quality MEAs. As per electrode developers’ information, ~ 20% of MEAs
exhibit lower than expected performance due to sealant interface defects causing gas leaks during
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stack operation. To the best of our knowledge, the experiment on MEA-3 is the first reported study
conducted to investigate the impact of sealant/gasket/ CCM interface defects and artificial pinholes.
Inspection of MEA-3 by IR imaging at BOL prior to the OCV-hold AST reveals four hot-spot
stressed regions (Figure 6-9a). Regions 1, 2 and 4 are located in the portions contacted by the
gasket and only region 3 lies within the active area of the electrode. The initial OCV of MEA-3 at
BOL is measured to be 0.935V. As the sample ages during the AST, its OCV decreases relatively
quickly and reaches 0.8 V after only 57 hours. IR examination at MOL-4 shows significant
propagation of defects in regions 1 and 2 across the gasket/CCM interface (Figure 6-9b). On the
other hand, no further growth of the hot-spots in regions 3 and 4 are observed. Regions 1 and 2 are
presumably more stressed during the AST than regions 3 and 4, which might cause faster chemical
degradation of ionomer in the membrane and accelerate gas crossover. As a result of the gas leak
through the degraded areas, the anode pressure of MEA-3 drops by 10 kPa (from 270 kPa to 260
kPa) during interval MOL-4.
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Figure 6-9: MEA-3 IR examination at (a) BOL, (b) MOL-4 and (c) EOL; (d) SEM image of artificial
pinhole (~90um) in CCM formed using a micro-needle and; (e) variation of H, crossover current density

during the course of aging.

After MOL-4 is reached, an artificial pinhole has been introduced in the center of the MEA using
a micro-needle with diameter ~90 um (Figures 6-9c,d). A number of previous researchers have
investigated the effect of artificial pinholes on cell performance. Breakthrough of the micro-hole

can clearly be seen through the CCM/reinforcement layer. Not surprisingly, the ~90 um pinhole
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has a significant effect on the OCV, which drops almost immediately by 165 mV from 0.838 V to
0.673 V (Figure 6-5b). Furthermore, the OCV begins to become very unstable and fluctuate
widely. It is also observed that both irreversible and reversible effects showed similar decay rates
(Figure 6-10a-EOL). This large fluctuation of voltage is likely due to gas leakage through the
artificial pinhole in region 5 (Figure 6-9¢) where the reinforced PTFE barrier is broken. This causes
a pressure drop of 10 kPa across the electrode. IR analysis at EOL shows that the surface
temperature has risen from 24.2°C (non-defected area) to 35.8°C (at the artificial pinhole). At the
same time, the hot-spots in regions 1 and 2 shrink once the artificial pinhole is introduced (compare
Figures 6-9b and 6-9c), indicating that the large amount of gas leaking through the pinhole in
region 5 reduces the amount crossing regions 1 and 2. This observation also suggests that the
PTFE reinforcement in region 1 and 2 layer has not been severely degraded during the course of
the AST. This reinforced layer is able to maintain a gas barrier, which may explain why
degradation to the point where hot-spots appear does not necessarily cause cell failure. Figure 6-

9e shows clear evidence of increase in Hz crossover current as a result of leakage through pinhole.
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Figure 6-10: MEA-3 performance: (a) breakdown of irreversible (blue), reversible (orange) and total
(green) OCV decay rates during the AST; (b) polarization curves obtained during the AST; red arrow
indicates the drop in OCV after artificial pinhole is introduced, the black dashed circle shows the voltage
difference between total cell voltage (blue curve) and voltage drop across pinhole region (green curve)
the schematic of voltage measuring points is shown in Figure 6-7d (c) EIS spectra and (d) polarization
curves across artificial pinhole region at various RHs.

Figure 6-10 presents the results of the electrochemical analysis of MEA-3 at various stages of
aging. From Figure 6-10a, it is found that the OCV drops most rapidly during the initial hours
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(MOL-1) of the AST, not surprising due to the presence of sealant interface defects at BOL. Over
the period from BOL to MOL-4, the OCV drops by 120mV from 0.93V to 0.809V. Once artificial
pinhole is introduced, the irreversible OCV loss in particular increases. Figure 6-9d shows the
SEM surface view of artificial pinhole showing a diameter of 90 um. As expected, the introduction
of the artificial pinhole affects the polarization performance (Figure 6-10b) particularly at low
current densities rather than at high current densities. The OCV measured at 57 hours is 0.870V,
but drops to 0.655V at 70 hours. Examination of the polarization curves over the entire current
range indicates that the slopes of I-V curves have not changed significantly in comparison to the
OCV drop alone. The decrease in performance is most severe after the artificial pinhole is
introduced. The performance evolution across the artificial pinhole is analysed by measuring the
cell voltage across the pinhole region-5 in figure 6-9c. The blue curve represents the polarization
of the cell (OCV = 0.655 V) at EOL, while the green curve corresponds to the polarization
measured across the artificial pinhole region (OCV = 0.615 V) as per the schematic shown in
Figure 6-7d.

The effect of pinhole as a function of RH is an important subject of debate in PEMFC for
membrane durability. The relative change in the humidity of the membrane causes
swelling/shrinking, which in turns affects the size of the pinhole [88]. It is expected that the
membrane will absorb moisture in a fully humidified condition and swell, thereby reducing the
size of the pinhole. The gas crossover decreases as the size of the pinhole closes. On the other
hand, when membrane undergoes dry operation, the pinhole size and resulting gas crossover
increase. The effect of pinhole under various RH conditions is presented in Figure 6-10d. From
our observation, no significant effect is observed when the RH is varied between 100% and 80%.
However, when the RH decreases further to 50%, 30%, 20% and 10%, the OCV drops from
0.635V t0 0.630V, 0.599V, 0.577V and 0.519V, respectively. The drier the membrane, the greater
is gas crossover through pinholes. The cell performance also decreases across all three regions i.e.,
activation, ohmic and mass transport regions primarily because of the reduction of the H*
conductivity through the membrane. However, the reduction in the OCV is larger than the cell

voltage when high current densities are applied.

Figure 6-10c shows the EIS spectra of MEA-3 measured at 100 mA cm? (5 A) at the
various intervals during the AST[162,163]. It is recommended that the comparison of EIS is better

124



at low current densities than high current densities in order to eliminate noise due to mass transfer
effects. The corresponding high frequency resistance (HFR) and low frequency resistance (LFR)
obtained from these Nyquist plots are summarized in Table 6-4. Relatively little change in the
membrane resistance (Rq) is observed between 0 hours (5.8 mQ) and 57 hours (7.5 mQ). We
believe the small increase in resistance may be attributed to the slow growth of interface defects
(region 1 and 2) from BOL to MOL-4, as shown in the IR images (Figures 6-9a and b). However,
the situation changes dramatically when the 90 pum pinhole is introduced in MEA-3. The yellow
curve in Figure 6-10c represents the response after the pinhole is introduced at 70 hrs. The Rq s
found to increase from 7.5 mQ to 16.4 mQ. On the other hand, the charge transfer resistance Rt
(i.e., diameter of arc in EIS spectrum) increased over the period from 0 hours to 57 hours of the
AST until the artificial pinhole is introduced. We believe that the charge transfer increase is mainly
caused by catalyst degradation. After the artificial pinhole is implemented, it is found that the
magnitude of the impedance curve noticeably decreases. Subsequently, it is likely that some
internal current, which is induced by gas crossover through the pinhole, causes smaller impedance
magnitude of the pinhole in MEA at 70 hours than that of the pinhole in MEA at 57 hours. Since
impedance magnitude decreases with increasing internal current at a given electrode, the decrease
in impedance after the introduction of the artificial pinhole is a good indication of the presence of
internal current [164].From the Nyquist plot shown in 6-8c, it is observed that ohmic resistance
dominates the charge transfer resistance due to the formation of the pinhole in the membrane.
Table 6-4: OCV, H: crossover current density, HFR and LFR of MEA-3 during course of AST.

Age (hrs) OCV (V) Hzcrossover (mAcm?) @ 0.4V EIS (mQ)
HFR (Rq) LFR (Rt + Rmi)
0 0.94 4.5 5.8 15.7
24 0.90 8.3 6.4 17.6
57 0.81 11.0 7.5 18.9
70 — pinhole 0.79 12.0 16.4 21.7

Where Rqo = membrane resistance, Rt = charge transfer resistance, Rmt = mass transfer resistance

6.4.3 Performance of MEA - 4
Although catalyst layer coating defects are of great importance to CCM electrode

manufacturers and developers in order to produce high quality MEAs, very limited information on
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their impact on cell performance and lifetime is available in the literature. Therefore, the main
focus of this research is to investigate how significantly catalyst layer defects lower the
performance and affect the lifetime of the cell. The investigation of MEA- 4 allows us to
specifically study the effect of an MCLD in which a small portion of the catalyst layer is missing
(MCLD) from the CCM due to faulty manufacturing and bare membrane inside the MCLD is
exposed to incoming reactant gases. The CCM used in MEA-4 is first examined with an optical
microscope to identify the catalyst layer defects. Two defects are identified over an active area of
~48 cm?, i.e., defect-1 and defect-2 on the CCL as shown in Figure 5-4c. First the sample was aged
in the custom-designed cell over a duration of 25 hours of OCV at 60°C to study the morphological
changes of defects (MCLD) as discussed in section 5.4.3.3.2. Later the defected CCM was hot-
pressed with GDLs to form MEA and aged in the FCAT cell as discussed in section 6.3 to do the
electrochemical analysis. Before hot-pressing the MEA, the surface features of defect-2 were
closely examined with the optical microscope, it is observed that a small section of the catalyst
layer was found to be completely missing inside the MCLD. This section of bare membrane has
developed cracks and micro-pinhole on the surface during the 25 hours of OCV test. An overview
of bare membrane region prior to hot press is shown in Figure 5-10. After the fabrication of MEA-
4, the sample is operated under constant low RH for 75 hours of AST. The electrochemical analysis
during this period is reported in Figure 6-12. After the 75 hours of AST, the sample met the EOL
criteria discussed in section 6.3. Following the EOL, the GDLs are carefully detached from the
CCM and microscopic surface analysis on bare membrane in defects-2 is further investigated after
AST to study the morphological changes of defect. Figure 6-11a illustrates the schematic of cross-
sectional view of CCM defect (MCLD) undergoing chemical and mechanical stress that leads to
degradation of polymer in the membrane and develops in to cracks and pinholes. Figure 6-11b and
6-11e shows surface view of the degraded bare membrane area during the OCV AST, the bright
dots inside the red dotted circles represents Pt that presumably has dissolved under OCV and low
RH conditions, migrated and re-precipitated in the membrane [87], [113]. The degraded locations
in the membrane is shown in purple color in Figure6-11c. The effect of Pt dissolution in the
membrane on catalyst layer durability is subject to debate. From the microscopic surface analysis
of the degraded bare membrane two observations are made: (i) catalyst/Pt dissolution, whereby Pt
particles dissolve from the catalyst layer and migrate in the polymer matrix [33,70,165,166] and

(i) ionomer decomposition in membrane developing into micro-pinholes.
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Figure 6-11: MEA-4 (a) Schematic of chemical and mechanical stress on catalyst layer defect (zero
catalyst area/bare membrane — cross sectional view) in CCM causing defect to develop into cracks and
pinholes; (b) Microscopic image of degraded catalyst layer defect (MCLD), showing the surface view of
bare membrane/zero catalyst area, the white dots inside the red dotted circle represents the dissolution
Pt-particles from the catalyst layer in to the membrane during the OCV AST; (c) represents the 3D view
of color mapping of defect in Figure (b), where orange represents the catalyst layer, green represents the
bare membrane and purple represents the degraded area in the membrane developing into micro-pinholes.
(d) Z-profile along the blue arrow in Figure (a), (e) degraded areas in the membrane developing into
micro-pinholes. (f) 3D view of image in Figure (e).

1. Catalyst/Pt dissolution: The red dotted circle in Figure 6-11a shows the Pt particles
detached from the catalyst layer and dissolved in to the membrane ionomer during OCV

AST under low RH. One of the possible causes for the Pt dissolution is expected (a) due to
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catalyst sintering, as discussed in 5.4.3.2. (b) Oxide species of Pt, causing Pt dissolves from
cathode catalyst layer and migrate through ion-exchange sites in the polymer membrane
through a concentration effect. Where Pt catalyst particles oxidized to PtO by combining
with water molecule and convert into Pt?*. The Pt?* ions then further deposit into membrane
due to thermodynamically preferred potential gradient direction for positive metallic ions
(less negative cathode to more negative anode) [122]. As the AST progresses, the defected
areas (bare membrane zones) degrade which presumably increases hydrogen gas crossover
and causes local hotspots across the defect. The increase in local temperature can lead to
melting of ionomer in catalyst layer causing the catalyst/Pt particles to be isolated from the
layer and dissolve into membrane. The blue area in Figure 6-11c shows a thin degraded
region in the membrane. The Z-profile in Figure 6-11d presents the variation in thickness
of bare membrane along the blue arrow in Figure 6-11a. Several studies have shown that
catalyst migration and Pt dissolution into the electrolyte membrane can accelerate the
chemical degradation of the membrane via radical formation [33,70,165,166].

2. lonomer decomposition: The dotted circles in Figure 6-11b represents the micro-pinholes
in the degraded membrane captured after 75 hours of OCV AST. It is expected that both
the micro-pinholes are initiated by chemical decomposition of ionomer during OCV aging
[71,101,142]. By measuring the dimensional features of the membrane holes, it is found
that ~20 um diameter and 5.8 um depth is developed due to degradation of the membrane.
Further examination of the CCM using IR thermography confirms that the feature in defect-
2 appears as a hot-spot (see Figure Appendix 10.3). This finding strongly confirms the gas
leak through the pinholes. Figure 6-11f shows the color mapping of defected area

corresponding to the image in figure 6-11e.

In conclusion, the membrane defects affect cell performance more severely than catalyst layer
defects. Even a sub-micron defect can allow permeation of hydrogen from anode to cathode and

develop dangerous pinholes that lead to EOL of the PEMFC electrode.
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Figure 6-12: MEA-4 performance: (a) breakdown of irreversible (blue), reversible (orange) and total
(green) OCV decay rates during the AST; (b) polarization curves obtained during the AST; red dotted
area indicates the difference in the ohmic portion of curves. (c) Hz crossover currents and (d) Nyquist
EIS plots during the course of aging.

Figure 6-12 shows the electrochemical measurements of MEA-4 and Table 6-5 lists the parameters
obtained from these experiments. Irreversible decay of the OCV (blue bar in Figure 6-12a
dominates reversible decay during all three intervals of the AST. This reflects the rapid degradation
of MEA-4, which may lead to the development of surface cracks and pinholes exacerbated by high
gas crossover through the catalyst layer defects. The formation of a pinhole/hotspot in the catalyst
layer defect across ROI-1 is supported by the increase in Hz crossover current (Figure 6-12c) and
IR thermograph (see Appendix section 10.3). From the polarization curves in Figure 6-12b, little
shift in ohmic region between 0.2 A cm? and 0.4 A cm is observed with a significant performance
loss of 32.2% across 0.3 A cm™. We believe the voltage losses in the ohmic region are associated
with structural changes in the catalyst layers through cracks, propagation of MCLD or
delamination of the catalyst layer/membrane interface that increases the MEA ohmic resistance
[167][168][160]. Analysis of the EIS spectra indicate that Ro and Rt gradually increase from BOL
to EOL. It is expected that, during the low RH AST operation, the ionomer in catalyst layer and
membrane chemically degrades fast, which can lead to accelerate propagation of electrode defects,
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especially bare membrane (zero catalyst areas) to develop pinholes [140]. The overall degradation
rate of MEA-4 is measured to be 2.19 mV h™* during the OCV-AST.
Table 6-5: OCV, H2 crossover current density, HFR and LFR of MEA-4 during course of AST.

Age (hrs) OCV (V)  Hacrossover (mAcm?) @ 0.4V EIS (mQ)
HFR (Rq) LFR (Ret + Rmt)
0 0.93 45 3.8 20.1
28 0.90 8.3
60 0.81 11.0 51 27.5
75 0.79 12.0 8.5 32.3

The possible causes for defect propagation leading to failure mode in MEA-4 are discussed below:
1) Lower extent of electrochemical reaction across defects: The local concentration of reaction
gases in non-defected catalyst areas vary from that in defected areas (zero catalyst areas/bare
membrane). Studies have shown that the concentration of reaction gases gradually decreases as
one moves from the top-most surface at the catalyst layer/GDL interface to the bottom-most layer
at the catalyst layer/membrane interface [167]. When a catalyst deficiency exists, e.g., zero
catalyst/ thin catalyst layers/bare membrane, the gas concentration increases across defected areas
due to little or no electrochemical reaction. These conditions accelerate degradation via catalyst
erosion and the formation of surface cracks, tears or blisters in the membrane. This in turn
gradually increases the driving force for gas crossover through defects.

2) Hydrogen crossover: This phenomenon is very critical in thinner membranes (<25 um)
considering its mechanical properties with respect to premature failure. The direct crossover of
gases chemically decomposes the polymer in the membrane through H2O-/radical attack. Although
chemical degradation is considered the primary cause for membrane degradation, the mechanical
stress due to dehydration (low RH AST) further accelerates defect propagation [168]. As a result,

both chemical and mechanical stresses lead to propagation of local defects in MEA.

6.4.4 Performance of MEA -5

MEA-5 is a 3" case study focusing on catalyst layer defects such as scratches or cuts in the
CCM. An example of scratches with deep cuts and surface cuts are shown in Figure 6-13a and
Appendix Figure 10-5. The graphical view of MEA-5 showing the location of this defect is shown

in Figure 6-13c. Two types of scratches are commonly observed on cathode catalyst layers: (i)
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surface cuts and (ii) deep cuts. From our previous investigations (see section 4.4.3.1 of chapter-4),
surface scratches have very little/negligible impact on defect propagation due to lower variability
in defect thickness £0.5um. The thickness of the surface cut is found to be approximately ~ 1.2
pm. On the other hand, deep cuts in catalyst layer are concerning and require more attention in
selecting high-quality CCMs. The dotted circle in Figure 6-13a shows a deep cut, with the deep
cut region in the catalyst layer (magenta colour) that directly exposes bare membrane to the gases.
The Z-profile in Figure 6-13b taken along the blue arrow in Figure 6-13a shows that the cut
penetrates to a depth of ~ 4um. Manufacturers should be aware of this type of scratch and the
extent to which they affect PEMFC performance. If CCMs rolls are investigated with a reflected
microscope, the operators should inspect the range and severity of scratches by varying the
transmitted light between 5% and 20% during analysis. The higher the reflected light intensity
inside the defect, the more critical is the defect.
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Figure 6-13: MEA-5 (a) Optical image showing scratches on the catalyst layer; the dotted circle area
indicates a deep cut, while the dark line denotes a surface scratch; (b) Z-profile across the blue arrow in
(a) showing a deep scratch with depth of 4 um; (c) layout of MEA-5 showing location of defect in CCM,;
IR images of MEA-5 at BOL (d) and EOL (e) showing two pinholes 1 and 2.

IR examination of MEA-5 prior to the OCV-AST does not reveal any hotspots (Figure 6-13b),
indicating that no gas should leak across the membrane at the outset. During the AST, the OCV of
MEA-5 degrades at a rate of 1.85 mVh™ until it reaches EOL after 110 hours. The AST is
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interrupted at 35, 75, and 110 hours for electrochemical analysis to characterize the extent of
degradation. The results of the electrochemical analysis of MEA-5 are shown in Figure 6-14 and
corresponding values are listed in Table 6-6. The irreversible components of the OCV decay rates
for MEA-4 and MEA-5 are similar, with values of 1.83 mVh™ and 1.93 mVh, respectively, during
the initial stages of the AST at MOL-1. It is expected that H, permeation through both MEAs are
approximately the same due to the presence of catalyst layer defects. The decay rate during MOL-
2 is measured to be 0.65 mV h, assuming slow degradation of defects in the electrode between
35 and 75 hours. When EOL is reached, the irreversible decay rate has increased four-fold,
attaining a degradation rate of 2.79 mV h? in the interval from 75 to 110 hours. The higher
degradation rate suggests that a significant structural change in the electrode has occurred, leading
to higher H. leakage and a lower OCV. The IR imaging at EOL (Figure 6-13e) confirms the
presence of two major hotspot regions, one at the same location as the defects shown in Figure 6-
13c and the other near the sealant/gasket interface. Interestingly, the area of these hotspots is much
larger than those in the other MEAs. From image analysis, the area of region-1 (catalyst layer
scratch) is measured to be ~1.29 cm? and region-2 (gasket/sealant interface) is measured to be 1.79
cm?. The larger areas of the hotspot indicate a greater extent of damage in the membrane caused
due to catalyst layer scratch and sealant defects due to CCM mishandling. This is confirmed by H>
crossover current densities that are about an order of magnitude larger (118.6 mAcm after 75
hours and 146.4 mA cm after 110 hours) than that observed for the previous MEAs (Figure 6-
14c). The rapid increase in Hz crossover current indicates a high crossover rate and a high internal

short circuit between anode and cathode.
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Figure 6-14: MEA-5 performance: (a) breakdown of irreversible (blue), reversible (orange) and total
(green) OCV decay rates during the AST; (b) polarization curves, (¢) H2 crossover currents and (d)
Nyquist EIS plots (@ 100 mA cm?) obtained during aging.

Table 6-6: OCV, H; crossover current density, HFR and LFR of MEA-5 during course of AST.

Age (hrs) OCV (V)  Hzcrossover (mAcm?) @ 0.4V EIS (mQ)
HFR LFR (Ret + Rmt)
(Ra)
0 0.946 4.82 3.67 7.41
35 0.878 16.40 - -
75 0.851 118.6 5.12 9.19
110 0.757 146.4 544 10.70

The polarization curves for MEA-5 in Figure 6-14b show that 50.3% of the cell voltage is
lost over the current density at 1.5A/cm? where mass transfer is dominant. Increase in mass-
transfer losses is most likely caused by the propagation of damaged areas (region-1 and region-2
in Figure 6-13e) that do not contribute to any electrochemical reaction and facilitate water
accumulation at higher current densities. The EIS results also confirms the growth of membrane
resistance from 3.67 mQ (BOL) to 5.44 mQ (EOL), respectively, as shown in Figure 6-14d and
Table 6-6. The IR results strongly support the conclusion that the irreversible loss of OCV in MEA-
5 originates primarily in the catalyst layer and CCM/gasket interface defects. Although these
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defects have a small effect on cell performance at BOL, their impact grows dramatically and leads

to fuel cell failure as they propagate during the AST.

6.5 COCV diagnostic test during RH cycling

The RH cycling protocol was designed and implemented to accelerate both chemical and
mechanical degradation of the membrane and catalyst layer defects. ASTs involving the
application of RH cycles (wet/dry) over short intervals at high temperature are particularly useful
for assessing membrane durability in PEMFC stacks operating under realistic conditions. Under
high RH conditions, the membrane swells and buckles in-plane due to the constraining pressure
by the bipolar plates, leading to catalyst layer cracks and delamination of GDL/catalyst
layer/membrane interface. On the other hand, under low relative humidity conditions, the
membrane shrinks and loses stiffness and strength. Also when it is not highly hydrated, the
membrane is more prone to chemical degradation and a weaker inter-layer bond strength of MEA
components. The repeated humidity cycling of high and low RH conditions induces internal and
external stress on the membrane reduces the ductility of the membrane and develops pinholes to
reach its EOL.

The RH of the reaction gases is cycled from 80% (wet) to 20% (dry) on the cathode side and
maintained at 80% on the anode side throughout the experiment. The decision to select 80% RH
over 100% is to reduce the possibility of water flooding in the membrane. On the other hand, 20%
RH is selected over 0% to prevent extreme drying of the membrane which can lead to large residual
tensile stress at 90°C [119][118]. This approach of testing MEAs is of great interest to electrode
developers and membrane researchers and commonly used [67]. Figure 6-15 shows the OCV
response (red curve) of MEA-2 superimposed on the applied RH cycles (black) during the AST.
The particular waveform used consists of RH = 80% for 10 mins followed by RH = 20% for

another 10 mins on the cathode side.

As a result of lowering the RH from 80% to 20%, the OCV drops by 22 mV. The decrease in OCV
occurs as a result of electrode stress and slow oxygen reduction reaction (ORR) kinetics due to the
low water content in the electrode. Khattra et.al showed that during RH cycling, the longer hold
time at lower humidity leads to considerable chemical and mechanical stress in the polymer

membrane that leads to faster degradation of the electrode [169]. A study from Neyerlin. et. al
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reported that ORR Kinetics is slower at lower RH due to the presence of less water in the catalyst
layer ionomer which restricts the proton transfer rate in the electrode and increases the
overpotential of the electrode [170]. Similar work by Xu et al. showed a ~85 mV drop in the OCV
when RH was switched from 100% to 40%. They proposed that the increase in overpotential is
due to decrease in proton activity in the catalyst layer under low RH.
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Figure 6-15: RH cycle waveform (black) and OCV response (red) of MEA-2 (baseline) during AST.

When MEA-2 is hydrated to 80% RH (point A in Figure 6-15), it takes up water and swells,
resulting in large in-plane compressive stress. During the wet-hold period at 80% RH (A to B), the
in-plane compressive stress relaxes with small variation of the water content in the membrane, this
leads to fairly minor deviations in OCV during this part of the cycle from BOL to EOL [169]. The
switch from 80% to 20% RH (B to C) reduces the water content in the membrane and significantly
decreases the in-plane compressive stress.

The switch from 80% to 20% RH (B to C) reduces the water content in the electrode both in
catalyst layer and electrolyte membrane. This leads to faster decay of the OCV that appears
throughout the AST. During the dry-hold period at 20% RH (C to D), the membrane shrinks and
reduces its thickness, enabling more H. crossover to occur. The change in OCV correlates with
the dynamic changes of the hygro-expansion and elongation of Nafion membrane as a function of
RH reported by Lai et. al. [159]. Majsztrik et. al. found that Nafion expands 14% from its original
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state when fully hydrated and shrinks up to 11% when dehydrated. When cycled between 80% to

20% RH, the elastic deformation of membrane is expected to change by 6.5% [169].
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Figure 6-16: Comparison of (a) membrane resistance Rq obtained from EIS; (b) EIS spectra obtained
at 80% and 20% RH; (c) performance loss with respect to RH time delay and; (d) comparison of COCV
curves from BOL to EOL, showing the effect of extended dry operation on steady decrease in OCV.

The sensitivity of the membrane to different RH levels has also been investigated. Figure 6-16a
shows a comparison of Rq obtained by EIS on MEA-2- BOL at various current densities at RH
levels of 100, 80, 50 and 20%. The membrane resistance increases from 0.0037Q to 0.0169Q when
the RH decreases from 100% to 20%. The gradual increase in Rq is due to an increase in ionic
resistance caused by dehydration of the membrane. A comparison of the EIS spectra obtained at
80% and 20% RH is shown in Figure 6-16b, revealing an increase in the membrane resistance by
4.4% as RH is reduced due to lower water content in the membrane and less contact between
ionomer and carbon particles in the catalyst layer. The optimum transition cycling time (i.e., time
period for the RH to change from dry to wet) is not clearly discussed in the DOE test protocol as
it depends on the particular membrane and stack operations. Therefore, we study the effects of the
transition cycling time on cell performance by varying the duration of the dry portion of the RH
cycles. The results showed that an increase in the transition time from 5 min to 15 min for a wet

period of 5 min reduces the 12.5% of OCV performance. As the dry operating period is extended,
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the OCV loss of the cell significantly increases. Figure 6-16d shows a comparison of the OCV as
a function of RH cycling (80% RH and 20% RH) with extended dry period. It is clearly seen from
green and red curves, OCV declines steadily with increasing dry operating time. The results of
defected and non-defected MEAs operated under COCV-AST are listed in below Table 6-7.

Table 6-7: Description of overall test analysis and samples used for COCV test.

Sample No. of CL RH cycle OCV  No. of. hours Interrupted hours ocv
defects and % (cathode) V) operated (hr) — (stopped for degradation
of defect (hr) electrochemical analysis)  rate (mV h?)
MEA -2 No defects 80%-20%  0.95 150 0, 26, 44, 64, 80, 1.26
(baseline) 110,130, 150
MEA -6 1-70% 100% -50%  0.95 54 0, 16, 32, 43,54 421
80% - 20%
MEA -7 2-28% 80% - 20% 1.05 84 0, 22, 36, 54, 83 2.26
MEA -8 1-ND 80% - 20% 0.95 110 0, 50, 100, 110 1.61

Note: The location of the defect locations in these MEAs are shown in Appendix section 10.5.

Not surprisingly, MEA-2 (baseline), with no defects in the CCM, exhibits the longest lifetime of
150 hrs, with the lowest OCV degradation rate of 1.26 mV h over 700 RH cycles (Figure 6-17a).
MEA-6, with one MCLD exhibits the lowest lifetime of 54 hours, with the highest degradation
rate of 4.21 mV h over 162 RH cycles. To study the magnitude of chemical degradation on CCM
defects (MCLD), the COCV-AST is modified for MEA-7 and MEA-8, with an extended dry
operating period of 5/15 min and 5/25 min wet/dry phase.
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Figure 6-17: OCV decay curves isolated from the COCV curves shown in Figure 6-15 during the course
of RH cycling AST; black line represents the voltage response at 80% RH, red line represents the voltage
response at 20% RH.

The voltage curves show in Figure 6-17 are isolated voltage curves shown in Figure 6-15 to show
declining voltage behaviour of under 80% RH and 20%RH. The black curves in the plots represent
the OCVs recorded during wet conditions, i.e., 80% RH, where the membrane is saturated with
water providing good ionic conductivity, with less mechanical and chemical stress. The red curve
represents the voltage during dry conditions, i.e., 20% RH, when the membrane shrinks and
experiences high in-plane mechanical stress. In each of the cases shown here, the difference in the
OCVs measured under wet and dry conditions is relatively small at the outset of the AST, but
begins to grow at a later stage. It is likely that the decrease in OCV is caused by degradation of the
membrane [83]. The shaded regions in Figure 6-17 highlight when the voltage difference between
wet/dry conditions becomes larger. The blue arrows indicate the onset of material degradation
leading to early failure of the electrode that is further investigated using FER measurements. The
green arrows represent the EOL caused by material degradation that accelerates gas leakage

through damaged areas/electrode defects.

6.5.1 Performance of MEA-2

As discussed earlier, MEA-2 is fabricated with a CCM with no defects on the anode or
cathode and so is considered as the baseline case for the COCV-AST. The OCV decay of MEA-2
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is studied over the following sequence of conditions: (i) cycles operating for 10 min at 80% RH
and then 10 min at 20% for the duration of 92 hrs and (ii) cycles operating for 10 min at 80% RH
and then an extended dry period of 15 min at 20% RH from 92 to 157 hours. The purpose of
extending the dry operation time is to assess the chemical stability of the membrane at low RH.
Analysis of the data in Figure 6-17a shows that short cycling (5/5) leads to slower degradation
(0.95 mV hr?), whereas extended cycling (5/15) causes the degradation rate to increase ~ 2.2-fold
to 2.21 mV/hour. The extended dehydration period leads to a loss of ionic conductivity in the
membrane, higher ohmic resistance and gradual decrease of OCV. The breakdown of the reversible
and irreversible components of the OCV loss of MEA-2 over the course of the COCV-AST is
presented in Figure 6-18a. The irreversible component (blue bar) exhibits slow steady growth for
the first 92 hrs when the dry period is 5 min. However, after the dry period is extended to 15 mins,
the decay rate slightly increases from 110 to 130 hrs but then rises more sharply thereafter between
130 and EOL at 157 hrs. As will be shown from IR imaging, significant degradation of the MEA

occurs during this period from last interval when OCV decays most rapidly.
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Figure 6-18: MEA-2 performance: (a) breakdown of irreversible (blue), reversible (orange) and total
(green) OCV decay rates during the AST; (b) polarization curves, (c) H2 crossover currents and (d)
Nyquist EIS plots (@ 100 mA cm2) obtained during aging.
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Table 6-8: OCV, H; crossover current density, HFR and LFR of MEA-2 during course of AST.

Age (hrs) No. of RH cycles ocv H2 crossover (MA cm?) EIS (mQ)
(80% - 20%) V) @ 0.4V HFR (Ra)  LFR (Ret+ Rm)
0 0 0.97 1.59 3.26 13.58
26 150 0.95 2.54 3.35 14.22
45 275 0.94 281 3.68 15.09
74 450 0.92 3.45
92 550 0.91 3.90 3.99 16.35
110 610 0.89 4.01 3.85 17.18
130 675 0.87 4.29 4.56 16.74
150 725 0.82 4.59 4.78 17.45

Figure 6-18b presents the polarization curves recorded at 0, 26, 45, 74, 92, 110, 130 and 150 hours
during the COCV-AST and Table 6-8 summarizes the parameters obtained from the
electrochemical characterization.). From 0 to 150 hours of AST, the OCV decreases by 14.3%
from 0.975 V to 0.835 V. This effect is presumably due to an increase in gas crossover through
the pinhole defects shown in the IR images in Figures 6-19a-c. Interestingly, examination of the
corresponding Ho crossover currents (measured at 0.4 V) over the course of the AST in Figure 6-
18c shows no apparent correlation with the change in OCV and the IR images. On the other hand,
the cell voltage at a current density of 2 A cm decreases significantly by 62.5% from 0.4 V to
0.15 V between BOL and EOL. The larger performance loss at high current densities (i.e., mass
transfer region) is expected due to structural damages of the catalyst layer and electrolyte
membrane (i.e., catalyst layer cracks, delamination and pinholes). Figure 6-18c shows the Nyquist
plots of MEA-2 obtained during the ASTs. The increase in diameter of the semicircle in Figure 6-
18c indicates the growth of charge transfer resistance as a result of catalyst layer damage or catalyst

degradation.
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Figure 6-19: MEA-2 IR thermographs captured at (a) 74, (b) 130 and (c)157 hrs of AST.

The IR thermographs in Figure 6-19 indicate that hydration and dehydration during RH cycling at
a high temperature initiates mechanical membrane failure particularly near the gasket/CCM
interface (region-1). With the increase in dry time at 92 hours, the defect in region-1 continues to
grow. By the time the AST reaches EOL, a second pinhole in region-2 has appeared at the center
of the MEA and the defect in region-1 has grown significantly (Figure 6-19c). Taken together,
these results suggest that the life span of MEA is greatly influenced by the length of time that the

membrane is in a dehydrated state.

6.5.2 Performance of MEA-6

As noted previously, MEA-6 is examined to investigate the impact of RH cycling when an
MCLD catalyst layer defect is initially present. The MEA-6 is fabricated using the CCM-1, the
overview of stitched microscopic image is shown in Figure 5-4a. First, this particular defected
CCM was initially operated at low temperature 60°C in a custom-designed test cell, to study the
morphological changes of MCLD and corresponding catalyst layer defects in the CCM at regular
intervals 10hours, 50 hours and 100 hours. This provides valuable insight information of
degradation of catalyst layer defects and root cause for the evolution of defect over its aging period.
After 100 hours of OCV operation, the CCM is assembled into an MEA and then subjected to the
COCV-AST. Considering the structural damages and safe operation of the aged CCM, RH cycles
consisting of 100% RH for 10 min followed by 50% RH for another 10 min are applied over a
duration of 16 hrs. No significant changes in OCV are observed during these 100%-50% RH cycles
(48 total cycles). Consequently, the RH AST used previously for the other MEAS (i.e., 80% - 20%
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RH cycles 10min/10min) is then applied to MEA-6 until it reaches EOL. As a result of the change
in AST, the irreversible component of the OCV decay rate increases by ~12-fold over the period
from 16 to 32 hrs (Figure 6-20a). At the end of 32 hours, the OCV reaches 0.804 V, close to the
EOL. The experiment is continued for another 54 hrs (162 RH cycles) until the OCV reaches 0.752
V, with degradation rare of ~ 4.21 mV h’. After the EOL, the GDLs were carefully disassembled
and CCM was separated for optical analysis (see section 4.3.2) to study the effect of RH cycling
on the catalyst layer and MCLD. Microscopic inspection showed that several regions in the anode
and cathode catalyst layers developed cracks and delaminated. When the delamination occurs in
the anode catalyst layer, it removes all of the catalyst layer to expose the membrane. This is
expected since the thickness of the anode catalyst layer is 3x times thinner than the cathode. The
delamination mechanism in catalyst layers is discussed in section 5.4.3.3.2. On the other hand,
delamination on the cathode side removes 30 — 70% of its initial thickness. The changes of the
morphology of the MCLD were also investigated after the RH cycling AST and are discussed later
in section 6.5.2.1. It is also observed that the mechanical stress in MEA during RH cycling also
causes excess compression under the land area where sections of the MPL are separated from the
GDL and remain on the catalyst layer surface. From the entire microscopic observation on CCM,
the RH cycling AST cause significant structural damage in catalyst layer through cracks and

delamination.
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Figure 6-20: MEA-6 performance: (a) breakdown of irreversible (blue), reversible (orange) and total
(green) OCV decay rates during the AST; (b) polarization curves, (c) Hz crossover currents and (d)
Nyquist EIS plots (@ 100 mA cm2) obtained during aging.

Figure 6-20b shows the changes in the polarization curves measured at t = 0, 16, 32 and 54 hrs
during the COCV-AST. A steady decrease is observed in the polarization performance over time.
However, the drop in cell voltage in the activation region (0.01 — 0.25 A cm™) is smaller than
elsewhere in the curve. This indicates that the active catalyst in the catalyst layer is not as severely
affected by the AST as other components. A larger performance loss is observed in both the ohmic
region (0.25 A cm? — 1.5 A cm?) (i.e., 39.9% drop of the cell voltage from 0.614 V to 0.369 V at
a current density of 1.2 A cm2) and mass-transfer region (1.5 A cm? — 2 A cm™) (i.e., 50% drop
of the cell voltage from 0.401 V to 0.201 V at a current density of 2 A cm). It is expected that
these losses are most likely due to structural and interfacial changes in the catalyst layer and
electrolyte membrane due to cracks and delamination during RH cycling. The combined chemical
and mechanical stress during RH cycling leads to propagation of catalyst layer cracks and defected
areas (e.g., MCLD) and delamination of the catalyst layer. It is expected that catalyst layer cracks
and propagation of MCLD increase the ohmic losses in MEAs.

The Ha crossover currents in Figure 6-20c show good agreement with the trends observed for the
irreversible OCV decay and IR thermographs Figure 6-21. From 0 to 16 hrs during the AST, the
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crossover current density remains below 5 mA cm. After 32 hours, the crossover current density
increases to 8.58 mA cmat 0.4V (red line in image 6-18) and the irreversible OCV decay rate
increases ~7-fold. At EOL, the crossover current has increased to 20.52 mA cm at EOL. This is
also confirmed by IR thermography results as shown in Figure 6-21. Figure 6-21(a) shows the
MEA-6 before RH cycling with a small hotspot located at the MCLD. After 96 RH cycles (32
hours), a second hotspot (region 2) is developed across the sealant interface area (Figure 6-21b).
After 162 RH cycles (54 hours), the hotspot in region 2 (Figure 6-21c) has grown significantly at
the same time that the OCV is measured to be 0.775V and EOL is reached. This is also confirmed
from EIS results, where the membrane resistance increases from 2.69 mQ to 5.05 mQ from BOL

to EOL. The summary of OCV losses, H2 crossover and EIS results is presented in Table 6-9.

2.5

Outlet F

20°<

Figure 6-21: MEA-6 IR investigation captured at (a) BOL (b) MOL-1 and (c) EOL. IR thermographs
of MEA-6 captured at (a) prior to COCV test, (b) after 96 RH cycles (32 hrs) and (c) after 162 RH
cycles (54 hrs of AST).

Table 6-9: OCV, H; crossover current density, HFR and LFR of MEA-6 during course of AST.

Age (hrs) No. of RH cycles ocv H2 crossover (mA cm?) EIS (mQ)
(80% - 20%) V) @ 0.4V HFR (Ro)  LFR (Rot+ Rm)
0 0 0.10 3.17 2.69 16.37
16 48 0.91 4.58 2.74 16.45
32 96 0.88 8.58 3.75 19.18
54 162 0.83 20.52 5.05 20.72
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6.5.3 Effect of RH cycling on catalyst layer defects

Figures 6-22a-c show optical images of the MCLD in the CCM used in MEA-6. Figure 6-
22a shows the catalyst layer immediately after fabrication of the CCM, while Figure 6-22b is
captured after 100 hours of the OCV operated at 100% RH in a custom test cell operated at 60°C
(section 5.4.3.1). The same MCLD after 162 RH cycles at COCV at 90°C is shown in Figure 6-
22c. The microscopic images (Figure 6-22C) show that the area inside the MCLD has developed
severe cracks in comparison to that observed prior to RH cycling (Figure 6-22b). This shows
evidence that catalyst layer defects have grown much faster during RH cycling than during the
AST at constant RH. It is believed that during RH cycling, the repetitive switching from wetter
gases to drier gases increases the mechanical stress in the membrane that further accelerates the
degradation of the of the MCLD. These defected regions are expected to be the least resistant to

humidity changes and therefore more prone to damage during fuel cell operation.
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Figure 6-22: MEA-6 - Optical images of MCLD at (a) BOL, (b) after 100 hrs of OCV at 60°C and
100%RH, (c) after 54 hrs of COCV at 90°C (162 RH cycles) (d) schematic of MCLD during OCV and
COCV ASTs.
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By observing the Figure 6-22c¢ the MCLD has undergone several structural changes (i.e., CL cracks
and catalyst erosion) inside the defect during RH cycling AST. The defect will be subjected to
high levels of mechanical stress since the membrane tensile properties change depending on the
wet/dry conditions [159]. However, after several RH AST cycles, the ability of the membrane to
stretch is reduced and so fractures appear on the defect surface that appears as pink area inside the
defect. Figure 6-22d schematically depicts membrane expansion expected during both the OCV
AST at constant RH and the OCV AST when RH is cycled. During operation at constant RH and
high temperature, the mechanical stress in the membrane is relatively small and it is the electrode
that is severely affected by chemical degradation (Figure 6-22d(i)). The effect of chemical
degradation on MCLD defects is studied in section 5.4.3.1. During wet/dry cycling, the repetitive
expansion and contraction of the membrane induces both chemical and mechanical stress that
results in faster degradation of catalyst layer defects through cracks as well as catalyst erosion
(Figure 6-22d(ii) and (iii)). The defect is expected to propagate more under RH cycling than at
constant RH. Image analysis of the MCLD before and after RH cycling in Figures 6-22b and ¢
reveals that the total area of the defect has stretched to a maximum of 1.25 times its original area.
This shows that catalyst layer defects are observed to have immense structural changes due to
plastic deformation of the membrane. In addition to the areal growth of the MCLD, the catalyst
inside the MCLD is eroded during the RH cycling, causing a 33.2% increase in the pink area before
and after RH cycling. From overall observation, we conclude that the combined mode of chemical
and mechanical stress during RH cycling accelerates the removal of unsupported catalyst particles
in weak catalyst areas, and develops deep catalyst layer cracks, delamination and pinholes. No
significant effect on FER is observed by comparing the FER results for MEA-6 and MEA-8; after
54 hours of AST, MEA-6 showed 6.38 pmol/cm? whereas MEA-8 showed 7.26 pmol/cm?,
Therefore, defects in CCMs are very susceptible to propagate during harsh cell operating

conditions.

6.5.4 Performance of MEA-7 and MEA-8

The experiments on MEA-7 and MEA-8 are the extended 2" case study on the effect of
RH cycling on pre-existing MCLDs, where both the CCMs used in MEA-7 and MEA-8 consist of
MCLD in the cathode catalyst layer developed during the decal transfer process (as discussed in
2.4.1). The graphical overlay of the defect and its location on MEA-7 is shown in Figure 6-23a.
The MCLD is first examined with an optical microscope (Figure 6-23b) before fabrication of the
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MEA. Figure 6-23c shows the magnified view of an edge of this catalyst layer defect (MCLD) at
50x magnification, while the corresponding Z-profile is shown in Figure 6-23d. The Z-profile
shows that the edge of the MLCD has a depth of ~ 6 pum. Interestingly, no transmitted light is
observed inside the defect in the optical image of Figure 6-23b or c. This indicates that the catalyst
inside MCLD is packed, so there has been no extreme thinning inside the MCLD where no
transmitted light (pink area) is appeared in the defect. Therefore, it is expected that ~ 75% (~ 6
pm) of the catalyst layer has been lost from this portion of the CCM during decal transfer process
and that ~ 25% (~2 um) still remains everywhere within the defect. The dry period during the RH
cycling AST for MEA-7 and MEA-8 has been increased to study the effect of chemical stress in
particular on cell performance. The dry time during the RH cycles are raised to 15 min for MEA-
7 and to 25 mins for MEA-8. The wet time is 5 min in all cases. Thus, MEA-7 experiences wet
conditions during 25% of the AST and dry conditions during 75%, while MEA-8 is wet during
only 17% of the AST and dry for the remaining 83%.

Figure 6-23: MEA-7 (a) Graphical view of catalyst layer defect(MCLD) located in CCL in CCM, (b)

optical image of MCLD, (c) edge of MCLD (dashed region in (b)) magnified at 50X resolution and (d)
Z-profile along the blue arrow in (c) showing the depth of the defect.
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MEA -7: voltage decay curves

® Irreversible Voltage decay rate

Reversible Voltage decay rate

=
18]

|MEA — 7: Polarization curves

B Total degradation decay rate 1
MOL-2 07 §
= 1E-02 E
£ o8 063
2 1E-02 g’b 0.5 ;
I MOL-1 | MoL-3 | | EOL | Fos C
£ se03 s 04 §
5 3 s
S 6E-03 S04 03 5
[} H
° 02 &
£ aro3
o 0.2
2 0.1
2E-03
= ° ’
OE+00 0o 02 04 06 08 1 12 14 16 18 2 22
0-22 22-36 36-54 54-83 Current Denisty [ Afem2)
Operation Intervals (H) ——0Hrs 22 Hrs 36 Hrs 54 Hrs 83 Hrs
16 MEA - 7: H, Crossover — 0 Hs 0.007 MEA - 7: EIS
14 221 0.006
g 12 54 Hi 0.005
<
I 0.004
E 10 B3 H c
g E o003
Z 8 o
A So.002
é & Eoom
c 5
o
£ 4 0
< 0 0002 0004 0006 0008 001 0012 0093 0016 0018
2 -0.001
0 -0.002 Re(Z)/Ohm
0.1 0.2 03 0.4 05 0.6 0.7 0.003
E,./V Vs SCE —e—0Hrs 22 Hrs 54 Hrs 83 Hi

Figure 6-24: MEA-7 performance: (a) breakdown of irreversible (blue), reversible (orange) and total
(green) OCV decay rates during the AST; (b) polarization curves, (¢) H2 crossover currents and (d)

Nyquist EIS plots (@ 100 mA cm?) obtained during aging.

Table 6-10: OCV, H> crossover current density, HFR and LFR of MEA-7 during course of AST.

Age (hrs)  No.of RHcycles OCV (V)  H;crossover (mA cm?) EIS (mQ)
(80% - 20%) @ 0.4V HFR (Rq) LFR (Ret + Rmy)
0 0 1.01 1.92 2.49 15.40
22 66 0.96 3.97 3.09 14.75
36 108 0.94 - - -
54 162 0.93 8.62 2.97 11.67
83 208 0.88 12.58 2.85 10.95

MEA-7 is operated for 208 RH cycles until EOL and degrades at an average rate of 2.26 mV h™.

Figure 6-24 shows the electrochemical results obtained for MEA-7 and Table 6-10 summarises the

estimates for OCV, Ha crossover current and EIS equivalent circuit parameters. Analysis of the

OCV decay (Figure 6-24a) reveals that the irreversible component is quite low and stable during
MOL-1 and MOL-2 (0 to 36 hrs), but gradually increases ~2-fold by MOL-3 and EOL (36 to 83

hrs). From the polarization curves in Figure 6-24b, the cell voltage decreases by ~ 22.5% in the

ohmic region and ~48% in the mass-transfer region from BOL to EOL. The extended dry cycling
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should reduce the ductility of the membrane and catalyst layer interfaces. Although SEM
examination of MEA-7 and MEA-8 was not conducted, results for MEA-2 operated with 10 min
(wet)/10min (dry) cycles show that membrane thinning occurs unevenly so that its thickness varied
from 7.28 pm to 14.85 um. These SEM results are discussed in section 6.7. Mukandan et.al [109]
reported similar effect in which membrane degradation is faster when operating under dry
conditions over a long period. The RH cycles in this earlier study were varied only from
30sec/45sec and 2min/2min which is much shorter than those used in our ASTs. As discussed in
section 6.6, the FER values for MEA-8 (5/25min-cyc) are slightly higher than that of MEA-
2(10/10min-cyc). Figure 6-24c shows the growth of the Hx crossover current as a result of gas leak

in the electrode during RH cycling.

The impedance curves in Figure 6-24d show the opposite trend when compared to previous results.
EIS results show a small increase in the HFR from 2.49 mQ to 2.86 mQ presumably caused by
growth of catalyst layer defects and membrane resistance. While the trend of EIS spectra decreases
at 54 and 83 hours where the mass transfer resistance decreases from 15.4 mQ at BOL to 10.95
mQ at EOL. It is expected the chemical and mechanical stress during RH cycling might decreases
the stability of catalyst layer and membrane via degradation process, especially that the extend dry
phase during RH cycling (5/15 min each cycle) might chemically accelerate the membrane
degradation. The combined degradation in MEA can lead to develop cracks and pinholes that could
increase the mass transfer losses at 54 and 83 hours. Reshetenko et.al.[101] reported that catalyst
layer defects are more prone to chemical degradation and develop in to pinholes. They showed the

membrane propagation of catalyst layer defects leads to higher mass transfer resistance.

MEA-8 is tested for 264 RH cycles until EOL and exhibits an average degradation rate of
2.19 mV hl. As shown in Figure 6-26a, an MCLD is observed in MEA-8 at BOL and IR
investigation conformed no hotspot at BOL. The irreversible, reversible and total components of
OCV degradation in MEA-8 gradually increase during the course of the AST (Figure 6-24a). From
the FER analysis as discussed in section 6.6, showed the MEA-8 has higher FER in compared to
MEA-2, MEA-6 and MEA-7 operated in COCV-AST. This trend reparents the large fraction of
ionomer is degraded in MEA-8 that presumable due to extended dry period during RH cycling
(5/25 min each cycle).  This result supports the expectation that the extended dry period of 25
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min during the AST leads to more chemical degradation of the membrane. The IR images shown
in Figures 6-26b-d strongly confirm the propagation of defected areas in MEA-8 during RH
cycling AST and the development of hotspot defects after 50, 100 and 110 hours. It is important
to note that no hotspot is observed in the MCLD at BOL. As shown in Figure 6-26b, a hot-spot
develops at the MCLD (region-1) by 50 hrs of the AST. As the AST continues, It is expected that
mechanical stability of the membrane decreases due to continuous wet/dry cycling and therefore
chemical degradation accelerated the weak zones in the membrane to develop pinholes. Figures 6-
26c and 6-26d clearly show that degradation is also initiated near the gasket/CCM interface
through chemical and mechanical stress. Although MEA-7 and MEA-8 are manufactured with
same type and design the electrode durability also depends on ASTSs. In this case, when the dry
cycling time is increased from 50% to 83% of the total AST, the overall degradation rate of MEA-
8 (2.19 mV h) increases ~1.7-fold relative to MEA-2 (1.36 mV h). Comparison of the
polarization curves in Figures 6-24b and 6-25b shows that the increase in % dry time in MEA-8
does not significantly reduce its performance compared to that of MEA-7. A very large growth of
the H2 crossover current density from 11.7 mA cm to 30.0 mA cm is observed between 50 and
110 AST hours (Figure 6-25c), as would be expected from the development of a number of
hotspots revealed in the IR thermographs. By comparing the IR results in Figure 6-26 and EIS
analysis in Figure 6-25c the formation of hotspot in the MEA over aging period matches the trend
of EIS spectra where the growth of pinhole in membrane corresponds to increase in membrane
resistance at HFR. The noise observed in yellow curve (110 hours) is presumable due to gas

crossover through the defects causing mass transfer losses in the electrode.
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Figure 6-25: MEA-8 performance: (a) breakdown of irreversible (blue), reversible (orange) and total
(green) OCV decay rates during the AST; (b) polarization curves, (c) Hz crossover currents and (d) Nyquist

EIS plots (@ 100 mA cm?) obtained during aging.

Table 6-11: OCV, H> crossover current density, HFR and LFR of MEA-8 during course of AST.

Age (hrs) No. of RHcycles OCV (V) H: crossover (mAcm2) EIS (mQ)
(80% - 20%) @ 0.4V HFR (Ro)  LFR (Rt + Rm)
0 0 0.96 6.183 311 13.56
50 120 0.93 11.74 3.52 17.62
100 240 0.90 15.62 4.58 17.75
110 264 0.86 29.98 5.62 17.90
- ;
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Figure 6-26: MEA-8 (a) Optical image of catalyst layer defect; IR images of MEA-8 at (a) MOL-1 — 50
hours, (b) MOL-2 — 100 hours and (c) EOL- 110 hours.

6.6 Effect of constant and cyclic RH on membrane degradation observed by fluorine
emission analysis
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Figure 6-27: (a) Cumulative fluoride emission release for MEA operated under constant low RH and
cyclic RH (b) Comparison of irreversible voltage decay rate of MEA-1 and MEA-2 operated under OCV
and COCV-AST.

Fluoride ion emission is one of the important indicators of chemical degradation of membrane that
was periodically monitored during MEA aging (OCV and COCV experiments). Figure 6-27a
shows the cumulative fluoride ion release for MEASs operated during the AST. The emission rate
of a membrane can be evaluated by comparing the slopes of the graphs. From the above FER
results, it is observed that MEA-2 (baseline) operated under cyclic RH exhibits a somewhat higher
emission rate than MEA-1 (baseline) operated at constant low RH. An increase in FER signifies
faster chemical degradation of the ionomer in the MEA and thinning of the membrane. As
membrane becomes thinner, more gas crosses over from one side to the other and reduces the cell
potentials. The increase in the FER is found to be approximately proportional to the voltage
degradation rates as shown in Figure 6-27b. Figure 6-27b shows the voltage decay rates of MEA-
1 (OCV) and MEA-2 (COCV) operated over a duration of 150 hours of AST. Both MEA-1 and
MEA-2 experience similar irreversible voltage decay over the first 80 hours of the AST. However,
after this point, the decay rate of MEA-2 increases significantly between 80 and 150 hours. This
indicates the major degradation in MEA-2 occurs after 80 hours of COCV-AST. Taken together,
the results in Figure 6-19 indicate that more chemical degradation and irreversible damage to the
MEA occur during operation with RH cycling than at constant low RH.
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6.7 Effect of constant and cyclic RH on CCM observed by SEM

Fracture sites in the degraded membrane are indicative of most damage to the MEA. Figure
6-28 shows SEM images of damaged sites in CCM. Figure 6-28(a) shows a cross-sectional view
of a CCM at BOL. Figure 6-28(b) shows the cross-sectional view of CCM (same type as in Figure
6-20a) used in MEA-5 operated over a duration of 110 hours at constant low RH. In this case, a
CCL crack is shown in white dotted circle. By observing the cathode ionomer layer inside the
white dotted circle, a micro-hole is developed in the cathode ionomer layer that might originate
from the CCL crack. The cathode ionomer layer in the BOL sample has a thickness of 5 um,
whereas the cathode ionomer layer in the EOL sample is 3.59 um. Figure 6-28 (c) and (d) show
cross-sectional views of the CCM used in MEA-2 operated over a duration of 157 hours under
cyclic RH (20% - 80%). The major damage in the membrane is observed between the reinforced
ePTFE layer and ionomer layers of anode and cathode. The thickness of the reinforced layer
changes significantly depending on location, where its average thickness varies from 1.42 pm to
14.83 um compared with a measured thickness of 2.5 um at BOL. It is believed that this dramatic
change is caused by mechanical stress from membrane swelling and shrinkage during RH cycling.
It is also observed that few regions in the catalyst layers are delaminated from the membrane. The
rapid changes in membrane thickness could lead to greater membrane ohmic resistance and

decrease the durability of the membrane and overall performance of the cell.
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Micro-hole in ‘
cathode ionomer

Figure 6-28: Cross sectional view of (a) CCM at BOL; (b) CCM (MEA-4) operated under constant low
RH for 75 hours of OCV-AST (white dotted circle indicates micro-hole in cathode ionomer developed
at end of catalyst layer crack); CCM (MEA-2) operated at cyclic RH (80% -20%) for 150 hours of
COCV-AST shown at two magnifications (c) and (d).

6.8 Conclusions
The present chapter focused on the durability of MEAs with and without defects (i.e.,
sealant interface defects, MCLD and scratches/deep cuts) present at BOL and the effect of
chemical and mechanical stresses on overall MEA degradation and electrode life-time.
1. AST protocol for aging MEAs

The AST protocols have been implemented to accelerate the evolution of electrode defects
using steady-state OCV at low RH and RH cycling to introduce combined chemical and
mechanical stresses. The ASTs significantly degrades the local defects in the MEA and reduces
the cell performance. RH cycling was found to have a higher degradation effect than constant low
RH where the overall COCV decay rate (1.24 mVh™) is higher than OCV at low RH (0.910 mVh"
1Y over a duration of 150 AST hours. During the initial half of the RH cycling AST, OCV of MEA-
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2 showed a mild decay rate of 0.74 mVh indicating the early stage of defect degradation, followed
by an increased decay rate of 2.4 mVh in the later stage of defect degradation stage leading to
electrode failure.

2. MEA defect propagation

The steady-state low RH AST promotes significant degradation of the membrane and catalyst
layer defects, developing pinholes across areas where the membrane experiences the highest
mechanical stress. The IR results confirm that the sealant interface defects showed faster damage
in the MEA due to highest mechanical stress across the sealant/gasket/CCM interface.
Scratch/deep cuts and empty CL with bare exposed membrane showed pinhole formation in the
MEA. On the other hand, the RH cycling AST showed two major effects on MEA defects: (i)
mechanical stress in the MEA components during wet/dry cycling accelerated structural damage
of the thin catalyst layer defect (MCLD) (ii) degradation of ionomer in the COCV is higher than
OCV at constant low RH. The extended RH cycling with a longer dry regime gradually reduces
the strength of the electrolyte membrane and develops membrane pinhole during AST. The cell
performance as observed from OCV curves decreases ~ 1.5 times while subject to RH cycling
compared to constant low RH-AST, confirming that combined chemical and mechanical stresses
accelerated the catalyst layer defects and decrease the life-time of membrane. The AST protocol
implemented in this study allows for screening of MEA durability of electrodes for heavy duty
fuel cell stack applications.
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7 Defect Analysis in Gas Diffusion Layers (GDL): Quality Control
Approach

7.1 Introduction

The gas diffusion layer (GDL) is an important component of the MEA since it is critical to
gas distribution, water management, electron transport and heat distribution during cell operation.
GDLs represents ~ 5-10% of the fuel cell stack cost of PEMFC stacks [34]. Since the GDL acts as
an interface between the bipolar gas flow fields and catalyst layers of CCM, it must provide good
electric contact and impart strong mechanical stability to the MEA. A GDL is specifically designed
to have a porous structure that allows uniform distribution of reaction gases to the active sites of
the catalyst and removes heat from the electrode [45]. It also plays a crucial role in water
management by ensuring sufficient humidification of the membrane, enabling reactants to reach
catalyst sites and promoting drainage of liquid water and escape of water vapour from the catalyst
layer. This is challenging in fuel cells as flooding by water may occur at high current density and

block the active sites of the electrocatalyst.

To minimize water flooding and electrical contact resistance to the active catalyst layer, a thin
micro-porous layer (MPL) composed of carbon paste and hydrophobic agent
polytetrafluoroethylene (PTFE) is coated on one side of GDLs [46]. The MPL plays a prominent
role in PEMFC performance and durability. Carbon paste and PTFE in the MPL improve the mass
transport properties for water removal as well as the electric contact between the catalyst layer and
GDL. Several studies have investigated the effects of carbon powder type, amount of PTFE
loading, thickness (i.e., carbon loading) and pore size distribution of the MPL in order to improve
its mechanical and chemical properties [171-175]. The material functionality of MPL is mainly
controlled by surface morphology, which is commonly affected by surface defects that directly
affect the in-plane and through-plane conductivity of the substrate. The surface morphology of the
MPL is smoother than that of the GDL (carbon fiber matrix) due to a finer and more uniform pore
size distribution. On the other hand, the surface roughness of the MPL which is higher than that of
the catalyst layer predominantly affects the interfacial contact between the MPL and the catalyst
layer [42]. Therefore, any surface defects in the MPL can lead to ohmic and mass transfer losses
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and reduce cell performance. Studies have shown that the more PTFE that is present in the MPL,
the more effective is the water management in the MEA and the better is the polarization
performance of the cell. At the same time, excess loading of PTFE in GDL/MPL substrates can
lead to a non-uniform distribution and increase the local resistance at the MPL surface. The other
common problem is the non-homogeneous dispersion of the carbon slurry paste within the ML
during the coating process and to the non-uniform evaporation of solvents in MPL during the
sintering process. This uneven drying of the substrate can affect the morphology of the MPL by
generating cracks and interlayer voids on the MPL surface.

7.1.1 Fabrication of GDL/MPL substrates

GDLs used in this study have been directly supplied by a manufacturing industry partner
as a part of a research collaboration into the study of MPL cracks and the mechanical durability of
the MPL surface. The chemical compositions of these GDLs and MPLs which were fabricated by
our industrial partners are confidential. We report physical, optical, and electrical properties of the
MPL surface in this chapter. A mechanically and chemically durable GDL is developed by
immersing the base GDL (porous carbon papers) in a5 - 7 wt% PTFE solution diluted with water
for ~ 2 - 4 min and then drying it at room temperature for 24 hours. The MPL slurry is prepared
first by mechanically mixing carbon black (meso/micro porous carbon, Vulcan XC, high surface
area carbon), distilled water and isopropyl alcohol (IPA) using a mixing stirrer until they are finely
dispersed. Finally, the required concentration of PTFE of ~20- 30 wt.% is added to the MPL slurry
paste and stirred for 4 to 5 hours. The MPL slurry can be coated on the GDLs using various coating
techniques such as doctor blade, spray coating, compression molding or knife coating
methods[176—-178]. The freshly coated MPL slurry on GDL substrate is then heated in an oven by
ramping the temperature at a rate of 5°C/min from room temperature to 100°C and hold for 1 hours
followed by, 240°C for 2 hours and then sintered at 350°C for 2 hours. It is expected that the cracks
in the MPL surface develop during the drying process, depending upon the uniformity of coating,
viscosity of the slurry, thickness variations in GDL substrate, overlap coating and volume of the
MPL slurry. Figure 7-1 shows the step-by-step procedure involved in fabricating the GDL/MPL
substrate. Defects such as cracks, inter-layer voids, carbon clusters, dents, inter-layer cracks and
delamination of the MPL can arise from many sources during the fabrication[176,177]. The red
dotted area represents the possible causes of MPL cracks formed during the coating and sintering

process. Surface cracking on the MPL is a major concern for GDL manufacturers since it usually
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adversely affects cell performance. Specifically, void areas in MPL affects the electrical

conductivity, water flooding or degrades the catalyst layer during the operation of the cell.
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Figure 7-1: Steps used to fabricate the GDL and MPL. The red dotted area indicates steps where
defects/cracks in the MPL can develop.

Studies have shown that structural changes/defects in the MPL can affect cell performance as
follows: (i) water accumulation within defects/cracks, (ii) raise the electrical contact resistance in
MEA and (iii) features on the MPL surface can damage the catalyst layer when the two are
compressed together. Water can accumulate within interfacial gaps where the catalyst layer
contacts the cracked areas of the MPL. As a result, the intended gas transfer and electrochemical
reaction cannot occur at these affected sites and the electric resistance of the MEA increases. Good
contact between the MPL and catalyst layer surface is critical for effective electrical conductivity
and lessening the likelihood of flooding. The interfacial contact between the MPL and catalyst
layer depends on the applied stack compression pressure. As the compression pressure increases,
the contact resistance decreases. As noted previously, the MPL surfaces are rougher than that of
the catalyst layer and control the interfacial structure. Therefore, when the stack is compressed
during operation, features on the MPL surface can impinge and damage the catalyst layer.
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Cracks/defects on the MPL can be transferred to the catalyst layer and permanently damage the

CCM or even promote cell failure.

Due to the complex nature of the GDL/MPL material, defects differ by their size and shape
depending on the manufacturing process. Therefore, the manufacturing industry requires rapid and
advanced tools to identify the defects in a short duration of time during the manufacturing process
[8]. The goal of improving the quality control in GDL materials is to identify all of the defects on
the substrate at a web speed of 30 ft min™* during mass production. Although Bender et al. from
NREL has implemented an IR camera in the rolling system to detect surface cuts on the size range
of ~0.5cm, any smaller defect will remain undetected [9]. Hizir et al. measured crack dimensions
on the GDL/MPL using gold sputtering, but this method is destructive and expensive [42].
Reshetenko et.al reported the effect of PTFE variation in the GDL using EIS method [163] and
Prass et.al showed the effect of compressing the rougher MPL surface on the catalyst layer and
studied the indentation of MPL cracks on the catalyst layers, but both the studies have not shown
any evidence on how MPL defects affect the cell performance [102]. Although the determination
of the effects of GDL defects on cell performance is extremely critical for GDL manufacturers and
developers, it has been difficult to investigate and control due to difficulties in detecting sub-
micron features and low visual contrast. Therefore, a research gap exists in identifying local defects
in GDL/MPL with high accuracy and high resolution and correlating these defects to overall cell

performance.

Control of MPL properties (e.g., chemical composition, mechanical stability, surface morphology,
thermal and electrical properties) and material functionality is of great interest for GDL
manufacturers and developers. The research described in this chapter focuses on the surface
morphological defects on GDL/MPL substrates. The aim of this work is to develop a non-
destructive method of investigating GDL defects that affect the performance of fuel cells. In the
first phase of the research, IR thermography is developed and applied as a non-destructive tool to
identify defects in the GDL that can be implemented in a continuous production line. This setup
can identify defects with a minimum size range of 1 mm x 1 mm in less than one minute. In the
second phase of the research, GDL/MPL substrates are aged by applying relative humidity (RH)

cycling — ASTs in a custom-designed test cell over 600 cycles. Under these conditions,
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electrochemical degradation of the catalyst layer/MPL is not significant. A different AST would
be required and the MEA would have to be disassembled to investigate electrochemical
degradation. Excess air flow rates are supplied to the test cell under two RH cycling periods to
accelerate the mechanical degradation of the MPL surface (discussed in section 7.4.1). Crack
propagation on the MPL surface is investigated using reflected light microscopy and the electrical
conductivity of MPL surface is studied using in-plane and through-plane measurements. The
contact angle of the MPL surface is measured to characterize the loss of its hydrophobic content
as a result of degradation in the GDL substrate. In addition, polarization cell performance is
compared for fresh and aged GDLs to examine the effect of crack propagation due to mechanical

degradation of the GDL/MPL surface on cell performance.

7.2 Research Framework

Chapter— 7 :
Research Framework
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Figure 7-2: Framework for research on GDL quality control in this chapter.

7.2.1 Objective of GDL defect analysis

Figure 7-2 shows the research framework adopted in this study of GDL quality control.
The main objective of this research is to detect defects on the GDL/MPL electrode using IR
thermography with DC excitation method by pulling cold air suction through defects under
vacuum. This test setup is newly developed in this work and will be discussed in detail in section
7.3.1. Defects with size from ~200 pm to ~ 500 pum on the MPL can be identified using this method
of inspection. As no industrial standards for common defect sizes currently exist, this size range is

selected to be representative of common defects. After IR investigation, the second stage of
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research focuses on a microscopic surface analysis of MPL cracks and electrical conductivity (in-
plane) of GLD/MPL. The final stage of the research is aimed at developing and applying an AST
to age GDLs in a custom-design test cell operating at a temperature of 80°C. Crack propagation,
electrical conductivity and electrochemical performance of aged GDL are characterized at EOL.
This experiment provides a better understanding of defect propagation in MPLs and its impact on
overall cell performance. This chapter also describes the progress made toward improving GDL

quality control.

7.3 IR Examination of GDL Defects

The use of DC excitation in conjunction with IR thermography has previously been
reported by Das et al.[8] who used a reaction-flow-through technique by passing 0.4% H- to a gas
diffusion electrode (GDE) to excite the defects in a reactive environment and Aieta et al.[16] who
applied 21 V to a GDE substrate to study the thermal response of thickness variations (artificial
defects) of catalyst layers. These methods could only detect defects larger than 2 mm and ignores
defects below this range. The quality control challenges exist in identifying defects below 1 mm
range in MEA components and speed of data acquisition during the in-line process. Therefore, the
aim of this work is to identify local sub-millimeter defects in the GDL/MPL in a short inspection
time.

Experiments were performed by passing DC current to the GDL-MPL surface to generate
heat, while cold air is pulled down through the GDL using a vacuum pump electrically isolated
from the current by a porous ceramic plate as shown in Figure 7-3a. As current is passed through
the sample, temperature variations are monitored with an IR camera placed 1 meter away from the
setup in a dark environment. The temperature difference on the GDL surface is recorded carefully
using an IR camera and the defected areas are identified as cold spots on the IR thermograph.

7.3.1 Experimental set-up: DC excitation using vacuum stage

Figure 7-3a shows a schematic of the IR setup developed to detect sub-millimeter defects
on the GDL substrates. GDL with different surface defects are placed on a porous ceramic plate
with approximate pore sizes of 10 pum to 15 pum. Thermal heat is generated on the GDL surface by
applying a DC current of 1-2 A using a BioLogic model VMP3 potentiostat to copper sheets
connected to both ends of the GDL. In this work, 1 A is applied to GDL samples with an active
area of 12 cm x 4 cm. As current flows through the GDL, heat is generated on the surface. Any
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variations in the temperature distribution on the surface are attributed to differences in local
resistance of the GDL/MPL matrix according to Ohm’s law. It is expected that local defects such
as large cracks, voids or deep scratches lead to higher in-plane resistance. When DC current is
applied to the MPL surface, a smaller temperature difference is observed across the defected areas
than the non-defected areas due to high local in-plane resistance of defects causing low current to

flow with in the defected area resulting low temperature change in the thermography image [16].

(a) m IR Camera

Y
Porous Ceramic Plate ) 2. Surface scratch 3. Deep scratch/cracks
1. Cracks in MPL (0.2cm X 0.2 cm) (0.5cm X 0.5 cm)
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Figure 7-3: (a) Schematic of experimental setup designed with vacuum stage for IR investigation of GDL
defects. (b, c) Digital images of GDL showing defects 1-7 within the active area of 12 cm x 4 cm. Table
7-1 lists dimensions of defects shown in figures b and c.

Table 7-1: Dimensions of defects shown in Figure 7-3b and c.

Defect numbers Dimensions of defect
D-1 100% removal of GDL & MPL

D-2 100% removal of MPL & 50% removal of GDL
D-3 4 mm x4 mm- MPL

D-4 0.25 mm - MPL
D-5

D-6

D-7

2mmx2 mm- MPL
5mmx5mm- MPL
1mmx1mm-MPL
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For defect analysis, artificial defects were created by scraping MPL surface using a lab scalpel to
form various non-uniformity of MPL defects. Figures 7-3a and b present digital images of two
GDL samples with different dimensions of defects on the MPL surface. The purpose of testing
different sizes of defects is to analyse the sensitivity of the experimental setup to identify
millimeter and sub-millimeter defects. A detailed description of defects is shown in Table 7-1. It
should be noted that defect 1 (D-1) is made by removing a complete section of GDL and MPL,
defect 2 (D-2) is made by removing 100% MPL and 50% GDL and defects 3-7 (D-3, D-4, D-5,
D-6 and D-7) are made by removing 100% MPL.

The first set of experiments is performed on GDL using the DC excitation method without vacuum
stage to study the thermal response of the various defects on GDL/MPL. This method was adapted
from the literature to investigate the MPL defects[16]. Figures 7-4a and c¢ show the thermal
responses of defected GDL when 1 A DC current is supplied to the sample. Only D-1 and D-2 can
be clearly observed in the IR image when no vacuum is applied. Two observations can be made:
1) The temperature of the defect is expected to vary depending on the depth of damage to the defect.
Since D-1 (i.e., a small section of both GLD and MPL layers is entirely removed) and D-2 (100%
and 50% removal of MPL and GDL, respectively) are more severe than the other defects (D-3 to
D-7), zero or negligible current is expected to flow in these regions causing cold spots across D-1
and D-2 (blue areas) with a temperature difference of 10°C between non-defected and defected
areas. Therefore, temperature decreases as the severity of the defect increases, a similar trend as
that reported by Aieta et al [16].

i) On the other hand, defects D-3 to D-7 are introduced to the MPL without any damage to the
GDL. Since current can flow through the GDL (carbon fiber paper) and bypass the MPL, it would
be expected to flow across these smaller defects on the MPL. Therefore, no temperature difference

is observed across defects D-3 to D-7.

From our previous observations and feedback from the GDL manufacturer, defects such as D-1
and D-2 are not commonly observed during the fabrication process. However, defects D-3 to D-7
are commonly recognized in the MPL. The non-uniformity of MPL defects varies from

manufacturer to manufacturer due to coating methods, sample handling process and packing
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materials. Regardless of their size, defects in the GDL/MPL would be expected to reduce the
performance of the cell. Since the DC excitation method alone cannot detect defects D-3 to D-7,
it is important to improve the technique so that these defects can also be identified. The next stage
of our research is focused on improving this method by incorporating a vacuum stage.

(a) Without vacuum back stage  (b) With vacuum back stage (c) Without vacuum back stage  (d) With vacuum back stage

Figure 7-4: IR images of defected GDLs: (a) and (c) are captured without a vacuum, (b) and (d) are
captured with a vacuum.

A vacuum stage is introduced in order to detect defects smaller than a millimeter, as shown in
Figure 7-3a. The GDL substrate is placed on a flat ceramic porous plate clamped to a vacuum
stage/vacuum chuck made from polycarbonate material. The vacuum pump is connected at the
center of the stage to provide uniform suction of air through the porous plate. The ceramic plate
has a uniform distribution of 10-15 pm pores and a thickness of 5 mm. When the vacuum pressure
and DC current supply are turned on, the GDL sample is evenly attached to the surface of the
porous plate without any deformation and static electric current is supplied to the GDL. A uniform
suction force is developed through the GDL porous material that depends on the vacuum pressure.
Any vibration of the GDL will cause noticeable surface noise or drop in temperature. Figures 7-
4b and d show the thermal responses of the same two defected GDLs shown in Figures 7-4a and ¢
when the air is pulled through the GDL using vacuum pressure. In comparing Figures 7-4 a and ¢
(without vacuum) with Figures b and d (with vacuum), the smaller defected regions in the

GDL/MPL (i.e., D-3 to D-7) are clearly observed when vacuum is applied. Due to the uniform
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suction of air, it is expected that thinner areas in the GDL substrate offer higher gas permeability
that allows more air to pass through defected areas and results in a colder surface. At a higher
vacuum, the permeation rate of gases through defected areas in turn increases the local electrical
resistance of the defect. This drives the flow of current across the edge of the defect and the
temperature drop at the center of the defect. An example of a larger GDL area (30 cm x 20 cm)

investigated using the vacuum stage method is shown in Appendix Figure 10-6.

(b) Temperature Profile on MPL-GDL defects
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Figure 7-5: IR image of GDL showing defects D-5 to D-7. (b) Temperature line profile across the
defects shown in Figure 7-5a.

Figure 7-5a shows the thermal response of the GDL shown in the digital image in Figure 7-3c.
Figure 7-5b shows the temperature profile along the green line passing through D-5, D-6 and D-7
in Figure 7-5a. This plot clearly shows the drop in surface temperature at the defect. Furthermore,
the larger the defect, the greater is the temperature decrease. The temperature drops across D-7 (1
mm x 1 mm), D-5 (2 mm x 2 mm) and D-6 (5 mm x 5 mm) are measured to be 1.6, 3.6 and 8.3°C,
respectively. In each case, the temperature decreases from the edge to the center of the defect. This
shows that the net flux of current at the center decreases as a result of loss of conductive material
(i.e., defect in MPL), allowing higher permeation of gases through the GDL fibers. The
temperature decrease of 8.3°C across D-6 across 5 mm square defect shows that this temperature
is ~ 3 times larger than the literature value of 2.6°C [16]. Table 7-2 shows the comparison of
thermal response on MPL defect to the current literature values. The IR defect detection method
developed in this work takes less than 1 minute to scan a GDL surface with an active area of 30 x
20 cm.
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Table 7-2: Comparison of temperature response on MPL defects with literature values.

Range of defects IR detection temperature across defects (°C)

This study Literature
5x5mm 8.3 4.8 [179]
2X2mm 3.6 1.5 [16]
1x1mm 1.6 Not detectable

This method of investigating GDL/MPL defects should provide useful information for fuel cell
electrode developers in materials selection for GDLs that are often used for high power density
applications. For example, it is known that MEAs in heavy-duty fuel cell stacks are operated at
high inlet gas pressure and high current density. In this situation, any defects in GDL will lead to
(1) non-uniform distribution of reaction gases on the catalyst layer surface, (ii) non-uniform
distribution of current at local areas and (iii) uneven water removal in the MEA i.e., defects
facilitate water flooding zones. These effects ultimately decrease cell performance in the mass
transfer-controlled region and promote dangerous pinhole formation in CCMs, as shown in
Chapter 6. The proposed non-destructive and non-contact method is able to detect defects with
various sizes at a resolution of ~1 mm? on the MPL surface. This method takes less than a minute
to visually inspect the GDL/MPL substrate with an active area of 600 cm? and holds great promise

for use in on-line quality control processes.

7.4 MPL Crack Analysis

In this work, surface morphology (optical visualization) and electrical properties of the
GDL/MPL cracks are carried in the following steps:
1. Acceleration stress test (AST) protocol is developed to age the GDL/MPL surface by cycling
reaction gas (air) from 100% RH to 0% RH. The effect of RH on MPL degradation is studied using
two wet/dry cycles (5 min/5 min and 5 min/10 min) at a cell temperature of 80°C in a custom-
designed test cell.
2. MPL cracks are inspected using optical microscopy before and after AST. From microscopic
analysis, the dimensions of defects such as crack area, percentage of defect area covered by cracks
and average width of cracks are examined in fresh and aged GDLs.
3. Finally, electrical conductivity of GDL/MPL substrates are measured at BOL and EOL using:

166



a. in-plane measurements using a standard four-point probe

7.4.1 Implementation of AST

The separation of GDLs from MEA sub-components is a complex process to analyses the
degradation of MPL in in-situ experiments. Therefore, the AST used in this work is developed to
mechanically degrade the GDL/MPL substrates in a custom-design test cell to study the crack
propagation in the MPL surface. The samples are aged in a test cell (shown schematically in Figure
7-6a) in which the MPL surface is oriented toward the incoming reaction gas from the flow-
channel plate. The test cell design is slightly different from the single cell used to characterize
PEMFC performance since the objective is to investigate crack propagation in the MPL surface
through mechanical degradation. The active area of the GDL used in this experiment is 48 cm?.
Gaskets used in the test cell are 10% less thick than the GDL samples in order to enable 10%
uniform through-plane compression. The end plates of the test cell are made from transparent
polycarbonate material. This allows the operator to view the GDL surface during wet/dry cycling
periods. This method of investigation enables any accumulation of water to be directly observed
in the GDL samples during wet and dry conditions. Transparent fuel cells have been previously
used to characterize water management in PEM fuel cells [180-182]. Figure 7-6b shows the
polycarbonate test cell that is connected to the G-50 fuel cell test station used in this study. Air is
supplied as the fuel at a flow rate of 12 L min™ through the flow channels and its RH is cycled
from 80% to 0% (dew point temperature - 80°C) according to the two waveforms noted in the
previous sub-section to accelerate MPL degradation. Table 7-3 lists the operating conditions used
for the ASTs on two GDLs from the same batch. The main aim of developing these wet and dry
ASTs is to study two major changes in the GDL/MPL surface:

Q) Wet and dry cycling decreases the hydrophobic concentration in the GDL/MPL

substrate and leads to carbon corrosion (oxidation of carbon) over the AST [173].
(i)  Carbon corrosion leads to loss of material that can change the surface structure (i.e.,

propagation of cracks) and electrical properties of the MPL.

In the first half of both AST-1 and AST-2, the GDLs are operated at 80% RH for 5 min to
provide sufficient water to the MPL surface to simulate the conditions of water flooding at the
cathode at high current densities. In the second half of the cycles, the air is switched to 0% RH for
5 min during AST-1 and 10 min in AST-2 to study the influence of dry operating conditions on
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crack propagation in MPL surface. Figure 7-6¢ shows the GDL surface during dry operating

conditions, while Figure 7-6d shows the GDL surface under 80% RH conditions. These images

clearly show that the channels are fully covered with water droplets compared to the land under

wet conditions, but not under dry conditions. The regions under the channel are readily exposed to

the reaction gases and mechanically stressed compared to those under the land.

GDL - Custom Design Test cell (AST)

GDL under Dry operation GDL under 80%-Humidified operation

Channel Land/Rib

Figure 7-6: (a) Schematic of custom-design test cell for RH cycling AST. (b) Digital image of test cell
connected to fuel cell test station. Images of GDL surface when operating cell under (c) 0% and (d) 80%

RH.
Table 7-3: Operating conditions applied for aging GDLs.
Operating conditions Operating parameters
Reaction gases Air
Flow rate of gases 12 SLPM (standard liters per minute)
Operating pressure 150 kPa
Operating temperature 80°C
GDL compression 10% of initial thickness
RH cycling 0% - 80%

AST — 1 (transient time)

5 min —5 min (600 cycles)

AST — 2 (transient time)

5 min — 10 min (600 cycles)

7.4.2 Microscopic investigation of MPL cracks

The morphology of the MPL samples was examined using reflected optical microscopy

before and after the ASTs to observe the distribution of surface cracks. The reflected microscope

is operated in transmitted light mode whereby white light is shone on the GDL backing layer and
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the MPL surface faces toward the objective lens. This technique helps to locate through-plane
cracks in the GDL/MPL. Through-plane cracks have deep valleys and allow transmitted light to
pass through the defected area. These defects are considered as deep cracks or pinholes in the
GDL. Cracks that do not allow transmitted light are considered as surface cracks. This method
enables non-destructive characterization of the surface defects in GDL/MPL substrates. Figures 7-
7a and b show microscopic images of MPL surface cracks captured at 5x magnification at BOL.
Figures 7-7c and d show SEM images of surface cracks and interlayer void formation in MPL
captured at 500x and 200,000x magnification, respectively. Surface cracks are clearly observed on
the fresh MPL layer presumably formed during the fabrication process i.e., coating, drying or
handling. Park et al reported that one of the major causes of generating cracks on the MPL surface
is due to an uneven distribution of PTFE binder in the carbon slurry ink [176]. This variation of
binder concentration changes the viscosity and phase stability of slurry ink over the coating process
and generates surface cracks in the MPL during thermal drying [42,102]. The higher viscosity of
the slurry provides close packing of carbon particles and reduces the pore size in the MPL.
However, during drying, the close packing leads to deep crack or pinholes in the MPL [183].
Defect 1 in Figure 7-7a is a deep crack or through-plane crack in the MPL which allows light to
be transmitted through the defected area. On the other hand, when the viscosity of the carbon slurry
becomes too low, air bubbles tend to form and ink can penetrate into the GDL fibers and cause
puddle-shape or circle-shape defects as shown in defect 2 in Figure 7-7 [184]. The entrapped air
bubbles also develop inter-layer voids inside the MPL cracks during thermal sintering. Defects 2,
3 and 4 in Figure 7-7b appear to be surface cracks since they do not permit transmission of light.
Defect 2 in Figure 7-7b and defect 6 in Figure 7-7c are examples of puddle-shape cracks that might
be formed by entrapped air bubbles. Defect 5 in Figure 7-7c is an interlayer void defect shown in
an enlarged view in Figure 7-7d. This higher resolution image clearly shows that the crack
penetrates deeply into the surface and leads to more cracks further within the MPL. Fabrication of
a uniform hydrophobic phase and crack-free GDL/MPL surface is extremely difficult specially for
larger batch processes where the production scale of GDL substrates is ~ 120 m? [183] later the
GDLs are cut in to specific size as per the active area of the MEA. A better understanding of the
effect of coating defects on cell performance should enable PEMFC developers to modify the

operating conditions to improve the durability of electrodes.
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MPL — Voids

* Deep crack.;.

Figure 7-7: Microscopic images of MPL surface at BOL showing (a) deep cracks (through-plane crack)
(b) surface cracks (in-plane cracks) (c) SEM image of MPL surface cracks (d) SEM image of interlayer
inside the crack.

Three different regions of the GDL have been investigated (i.e., inlet, center and outlet) to study
defect propagation after being subjected to the ASTs. Figures 7-8a and b present microscopic
stitched images (5x magnification) of the entire 1 cm x 1 cm active area of fresh and aged MPL
surfaces of same sample but captured at different location, respectively, after AST-2. From Figures
7-8a and b, cracks in the MPL surface are observed to propagate in both the in-plane and through-
plane directions as it ages. Through-plane cracks pass through the GDL and MPL thickness and
appear in magenta color inside the black enclosed areas. To eliminate distortions (shading or noise)
in the image, a FFT-bandpass filter is applied to better visualize the image contrast. Degradation
of the MPL surface through crack propagation is a highly complex process and so it may be useful

to categorize cracks based on their area using imaging software ImageJ.

Figure 7-8c shows the frequency distribution of cracks with respect to their area in a fresh sample
and a sample aged according to AST-1 and AST-2. A large number of cracks fall in the range from
0 to 100 um? at BOL. As the samples are aged by RH cycling during ASTs, smaller cracks merge
together and increase in size. As a result, both the number of cracks decreases (black dotted area

in Figure 7-8c) and the area of cracks increases (red dotted area in Figure 7-8d) after aging. It is
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known that the carbon is thermodynamically unstable under conditions such as high current
densities, potential cycling, humidity cycling, high flow rates and water flooding conditions. The
following equations describe possible oxidation reactions of carbon in the presence of water:

C+2H0 = CO; + 4H" +4e  E®=0.207 V SHE (7.1)

C+ HO - CO +2H" +2¢ E%=0.518 V SHE (7.2)

CO + H,O = COz +2H" +2¢°  E°=-0.104 VSHE (7.3)

During the AST, it is expected that carbon loss in the MPL is accelerated by oxidation and
promotes crack propagation. Chun et al [184] showed that RH cycling at higher flow rates (10
LPM) accelerates the mechanical degradation of the MPL surface and decreases the weight of the
GDL by 60%. The higher flow rates of air causes carbon erosion in the MPL surface which in turn
leads to delamination of the MPL/GDL sublayer and further increases in the ohmic and mass-
transfer resistance of the cell. Under high humidity conditions, it is expected that water
accumulates inside the cracked area due to its lower local capillary pressure, specifically in puddle-
shaped cracks and inter-layer void cracks. When cell switches from wet to dry operating
conditions, water is discharged from the cracks and enhances the carbon corrosion, causing
damage in the MPL surface. The mechanical stress during the RH cycling AST leads to
propagation of cracks in MPL surface both in-plane and through-plane directions. This allows the
boundaries of neighboring cracks to connect or merge together. As a result, the area of the cracks
increases and the areal density of cracks decreases significantly. Figure 7-8d shows a bar graph of
the total area covered by cracks depending on their area. From the image analysis, it is found that
total defect area covered by cracks on fresh MPL is 3.2%, 5.4% after AST-1 and 7.2% after AST-
2. The results from Figure 7-8d clearly show that the total crack area is significantly higher after
the GDLs are subject to AST-2 than after undergoing AST-1. Thus, the longer the GDL operates

under dry conditions, the greater is the crack propagation on the MPL surface.
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Figure 7-8: Stitched image of MPL surface: (a) fresh MPL surface covered with surface cracks and
carbon clusters, (b) aged MPL surface after AST-2, (c) frequency distribution of the number of cracks
according to crack area and (d) frequency distribution of the area covered by cracks according to crack
area.
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From the microscopic analysis, the cracks on the MPL surface are randomly oriented and
connected through sub-branches of neighboring cracks. It is found that the average width of the
cracks on the fresh MPL is < 10 + 2 um and increases to 18 + 3 um after AST-1 and 25 =5 um
after AST-2. It is expected that wider cracks play major roles in multi-phase transport issues. with
the catalyst layers [185]. An example of MPL cracks (through-plane and in-plane cracks)
examined under X-ray Tomography is shown in Appendix Figure 10.8 to understand the depth of
cracks in thicker and thinner MPL surface. The average area of cracks increases from 725 + 15
pm at BOL to 1280 + 20 um after AST-1 and to 1445 + 20 um after AST-2. From close observation
of the land and channel regions, no crack propagation is observed under the land area. It is also
found that regions under the channel area are more vulnerable to the emergence of new cracks as

well as the growth of previously existing cracks in the MPL. Since the cracks under the channel
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are exposed to higher fuel flow velocities, rapid changes of humidity and mechanical intrusion of
the GDL into the channel may result in different crack growth behavior. Figure 7-9a shows an
MPL surface under both land and channel areas. It is clearly observed that the cracks under the
land area are compressed and their widths tend to close. Therefore, no significant growth of the
cracks is observed under the land region as shown in Figure 7-9a. On the other hand, the cracks
under the channel expand both along their lengths and widths and merge with neighboring cracks.
This can be attributed to higher flow rates and erosion along the crack edges due to water
accumulation, which ultimately accelerates the propagation of BOL cracks in MPL surface [186].
We observe that puddle-shape cracks tend to form under the land region, and it was found that the
average depth of puddle-shape cracks are around 5 = 1 um with a diameter of 25 + 4 um. Puddle-
shape cracks refers to the circler openings in the crack, an example is shown in Figure 7-7C (region
6). Generally, crack propagation on the GDL/MPL in actual fuel cell operation depends on stack
compression pressure, inlet gas flowrates and membrane expansion pressure (depending on RH
cycling). It is believed that the pressurized gases in flow field plate mechanically stretch the GDLs
with in the channel area, this stretch causes propagation of cracks in MPL surface. Whereas cracks
in MPL under the land region is confined therefore negligible propagation is observed. From close
investigation of the MPL surface, several dents on the surface are also observed as bright areas
although we notice no change in their area during aging. However, it is believed that dents on the
MPL surface have no effect on the material properties as well as on the cell performance [42]. It
is also observed that GDL fibers are visible in deeper cracks. These observations strongly
demonstrate that through-plane cracks can penetrate the entire MPL thickness and reach the
GDL/MPL interface. The frequency of through-plane cracks in the aged sample is not uniform

over the entire surface, showing deviations from one region to another.
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(a) LaI\d Channel Lalnd

Figure 7-9: (a) Microscopic image of cracked MPL surface under channel and land regions.

The key observations from microscopic investigation of MPL cracks in the fresh and aged samples
are:

1. The cracks that appear at BOL merge during the AST to form larger branches of the crack
network. It is believed that edges of cracks are prone to carbon corrosion and carbon erosion, which
may cause an increase in the aspect ratio of cracks (length, width and depth). The emergence of
new cracks on the MPL surface is also observed, which might be due to mechanical stretching of
GDL and carbon corrosion.

2. It is expected that inter-layer voids at BOL have propagated into deeper cracks and develop
through-plane cracks at EOL. The majority of deeper cracks are observed in aged GDL operated
under AST-2 rather than AST-1.

3. The propagation rate of cracks in MPL surface is observed to be higher under the channels than
under the lands as shown in Figure 7-9a. This effect is expected since the area under the channel
is fully exposed to the high flow rates of wet and dry gases and thus a higher rate of water
accumulation, contributing to the erosion along with the edges of the cracks. This ultimately
accelerates the propagation of cracks. A similar effect on the catalyst layer surface has been
reported by Kim et al [187].

7.4.3 Effects of crack propagation in MPL
Crack propagation on the MPL surface also reduces the in-plane electrical conductivity and
increases the intercontact resistance between the catalyst layer and the MPL. The larger cracked
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area in the MPL surface reduces the contact area with the MPL and the active catalyst layer in the
MEA. It is expected that the reduced contact area between MPL and catalyst layer is caused
primarily by in-plane cracks rather than through-plane cracks that may affect electron transport
between two interfaces. Figure 7-10a shows the schematic of an MEA with cracks in the MPL that
causes gaps between the MPL and catalyst layers. Figure 7-10b shows a schematic of in-plane and
through-plane cracks causing diffusion barriers for oxygen transport and electron flow from the

MPL surface to the cathode catalyst layer, particularly at higher current densities.
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Figure 7-10: (a) Schematic of MEA showing cracks in MPL that lead to interfacial gaps between the

CCM and catalyst layer. (b) Schematic of in-plane and through-plane cracks causing diffusion barriers
for gas and electron transport to the catalyst layer.

During fuel cell operation at low current densities, MPL cracks might have a beneficial effect by
facilitating permeation of reaction gases to the catalyst layer surface. However, at higher current
densities, water produced at the cathode tends to accumulate and fill MPL cracks, thereby
inhibiting access of the reaction gases to the catalyst sites. The presence of cracks across the MPL
cracks and catalyst layer tends to lengthen the path of electrons to the catalyst sites (Figure 7-10b).
In the absence of electrochemical reactions (i.e., after fuel cell shut-down), it is also expected that
interfacial gaps due to both in-plane and through-plane cracks facilitate water accumulation
between MPL/catalyst layer interface and propagate catalyst layer degradation.

175



7.4.4 Effect of GDL degradation on polarization performance

The cell performances of fresh and aged GDLs containing fresh CCMs have been assessed
to determine the effect of degradation of GDLs alone. CCMs used in this study are defect-free and
in good condition. Figure 7-11a shows the polarization performance of three GDLs used at the
cathode i.e. (i) pristine GDL, (ii) aged GDL after AST-1 and (iii) aged GDL after AST-2. The cell
performances of cells containing aged GDLs are slightly lower than that of cells with a fresh GDL
particularly in the ohmic and mass-transfer regions. It is found that the cell voltage in the mass
transfer region (i.e., at a current density of 1.5 A cm™) decreases by 12.4% and 23.1% relative to
that obtained with a pristine GDL when the GDL has been aged according to AST-1 and AST-2,
respectively. We speculate that two major phenomena contribute to this performance loss — (i) in-
plane and through-plane crack propagation on the MPL surface and (ii) loss of PTFE concentration
in the GDL/MPL during the aging process. Both of these defects facilitate water flooding at high

current densities.

(b) Impedance curves @ 5 Amps
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Figure 7-11: (a) Polarization and power density curves of fresh and aged GDLSs. (b) EIS curves obtained
at low current (5 A) and (c) high current (60 A).

Figures 7-11b and ¢ show the EIS curves of fresh GDL and aged GDLs obtained at 0.1 A cm™ (5
A)and 1.25 Acm2 (60 A), respectively. The corresponding HFR (Rq) and LFR (Rct + Rms) values
obtained from these curves are listed in Table 7-4. As shown in Figure 7-11b, no major change of
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the ohmic resistance is observed in the HFR region upon aging at a low current density of 0.1 A
cm?. A small shift in the low frequency region is observed due to mass-transfer losses. The
increase in the diameter of the large loop may relate to changes in structural features (crack
propagation in the MPL) of the GDLs aged during AST-1 and AST-2 which in turn leads water
flooding. By observing the EIS curves in figure 7-11c at low frequency region, where the smaller
semi-circle inside the dotted square can be attributed due to the oxygen diffusion limitation at
high current density at 1.25 A/cm2 (60 A), The fact that the smaller arc formation is expected due
to increase in cathode over potential caused by water flooding effect in the aged GDL-AST-2. Our
experimental results are compared with Ciurenau et.al [105] and Reshetenko et.al [106]
demonstrating the impact of MPL defects causing concentration gradient of oxygen due to water

flooding.

Table 7-4: Polarization performance and parameters obtained from EIS analysis of cells
containing fresh and aged GDLs.

voltage at 1.5 ElSat0.1 Acm?- (mQ) ElSat1.5 Acm?- (mQ)
Acm? (V) HFR - R LFR— (Ret + Rms) HFR - Ro LFR— (Ret + Rms)
fresh GDL 0.43 3.0 16.2 2.2 4.6
aged GDL (after 0.38 3.0 17.7 1.9 5.4
AST-1)
aged GDL (after 0.34 3.2 18.1 1.91 5.7
AST-2)

7.5 Electrical Characteristics of GDL/MPL Substrates

An important characteristic of the GDL/MPL is its ability to transport current between the
catalyst layer and bipolar plates. As discussed earlier, the crack propagation in the MPL surface
significantly affect the electrical properties of the GDL. Electrical characteristics of MPL surface

have been measured using four-point probe method as discussed in section 3.2.2.1.3.1.
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7.5.1 In-plane electrical measurements
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Figure 7-12: (a) Schematic of MPL surface (top view) divided into 10 regions or slots for in-plane
resistance measurements, (b) In-plane resistance measurements obtained in the 10 slots using the four-
point probe, the red arrows indicate the resistance at inlet and outlet.

The average in-plane resistance of fresh and aged GDLs is shown in Figure 7-12. For detailed in-
plane measurements, the entire MPL surface is divided into 10 equal area regions or slots (each
slot covers an active area of 2 x 1.4 cm) as shown in Figure 7-12a and the in-plane resistance of
each of these slots averaged over 20 measurements is determined (200 points in total) from slot to
slot as shown in Figure 7-12b. The average in-plane resistances over the entire MPL surface at
BOL, AST-1 and AST-2 are 135.8, 149.5 and 164.6 mQ, respectively. These results show that the
in-plane surface resistance increases by 13.7 mQ and 28.8 mQ when a fresh MPL is aged according
to AST-1 and AST-2, respectively. It is found that the in-plane resistance in the MOL outlet region
has increased from 140 mQ to 185 mQ (slot-9) and 178 mQ (slot-10), these areas also showed a
noticeable crack growth under channel area. We believe that the increases in surface resistance is
due to the growth of crack length and aspect ratio (length to depth). These results are also consistent
with our previous microscopic observation that the area of the cracks increases significantly when
sample are aged under the different RH cycles during AST-1 and AST-2. It is also observed that
the local resistance under the flow channel is measured to be ~ 169 mQ, which is higher than the
value of 151 mQ under the lands. This shows that the material loss in the channels is greater than

under the lands and this is expected to increase the ohmic resistance in MEA.
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7.6 Conclusions

Defect investigation is critical for PEMFC components, specifically GDL/MPL substrates,
that play such a key role in determining MEA performance. Defects in the GDL can reduce the
cell performance at earlier stages of stack operation. In this research work, ex situ investigation of
GDL/MPL defects has been conducted using IR thermography. MPL defects are found to be an
important cause for losses in cell performance. The defects in the GDL/MPL surfaces have been
successfully investigated using three ex-situ methods. The findings from this study can be
summarized as follows:
1. IR characterization

The experimental setup for IR investigation involves the application of a DC excitation
method using a vacuum stage. A large number of experiments have been conducted by introducing
artificial defects with size 5 x 5 mm, 2 x 2 mm and 1 x 1 mm on the MPL surface to study the
temperature response of DC current. Our data suggest that this experimental setup using the
vacuum stage technique can detect temperature changes of 1.6°C in defects as small as 1 x 1 mm.
The measurements from this study are about twice as sensitive as those reported in the literature
values for defect detection in GDL substrates.
2. Microscopic examination

An RH cycling AST protocol has been developed to study crack propagation on an MPL
surface via mechanical degradation. This involves the application of 600 wet-dry RH cycles to age
the GDL with two different dry periods (5/5-min and 5/10-min — wet/dry cycles). After 600 RH
cycles, the cell voltage decreases significantly by 23.1% at 1.5 A cm. We have also analyzed
morphological features of MPL cracks in fresh and aged GDLs. The microscopic analysis reveals
that significant growth of MPL cracks occurs in the aged samples. Two types of crack propagation
have been observed i.e., surface (in-plane) cracks and deep cracks (through-plane) cracks. The
most severe crack propagation on the MPL surface is observed when the GDL/MPL is aged
according to AST 2 (5/10 min - wet/dry) and the defect area covered by cracks increases from 3.2
to 7.2%. Crack propagation is majorly affected under the channel, then the land area. Therefore,
the channel-to-land width ratio is also an important factor for crack propagation mitigation. It is
expected that in-plane cracks are potentially dangerous for gas diffusion and electron transport
between the MPL and CL.
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3. Electrical resistance measurements

The in-plane electrical resistance increases from 135.8 to 164.6 mQ when the GDL/MPL
substrate is aged under AST-2 RH cycling. The highest in-plane resistance is measured under the
channels with an average of 169 mQ for channels and 151 mQ for lands. From these results, it
appears that mechanical stress caused by RH cycling increases the electrical resistance of
GDL/MPL substrates.

Investigation of crack orientations using present AST methods provides useful information for
GDL developers to understand the effect of crack propagation in MPL on cell performance and
eliminate the diffusion barrier in MEAs caused by water flooding. Although it is difficult to
eliminate the cracks during the fabrication process, correct precautions should be followed to
reduce the degradation of the MPL by purging with nitrogen after the shutdown of the PEMFC

stack to remove water in the cracks.
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8 Conclusions and Recommendations

The final chapter summarizes the highlights of major conclusions emerging from the research.

8.1 Conclusions

One of the critical barriers for advancing the manufacturing of PEM fuel cell systems is the
development of quality control analysis to produce defect-free MEA components. In most cases,
no standard quality control measurements have been established or correlation of quality control
parameters with durability and performance. Therefore, the focus of this research has been on the
various defects in MEA components and correlate their propagation to cell performance. In
particular, this work has explored real defects in MEA components that are commonly generated

during manufacturing production. The main objectives of this work are listed below.

» CCM Defect Analysis
1. Investigation of real manufacturing defects in MEA components (CCMs and GDLs) and
their classification based on geometry
2. Development of a non-destructive method of investigating catalyst layer defects (MCLD)
in the CCMs and its use to better understand the mechanism by which these defects degrade
the cell
3. Development of accelerated stress protocols to age the defected electrode, study defect

propagation and relate this to the resulting cell performance

As a first step, a non-destructive and non-contact method of identifying and characterizing defects
in commercial CCMs has been developed. Further work also examined the mechanical propagation
of catalyst layer defects when the cell is operated in a non-reactive environment (N2/N2). This
work found six types of catalyst layer defects, with catalyst layer cracks and MCLDs being the
most commonly observed ones. The characteristic features of these defects were investigated and
classified based on their dimensions. The above work was published in International Journal of

Energy Research.

Secondly, a novel test protocol was developed to age (chemical degradation) the defects (MCLD)

in CCMs without any confounding effects due to external damage from flow field plates and GDL
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indentation. The proposed method enables areal visualization of morphological changes and
failure locations of the catalyst layer defects in pristine and aged CCMs. It was observed that
degradation of MCLD occurs most rapidly during the initial stages of the AST and tends to
stabilize in later stages of the operation. The areal dimensions and degraded catalyst zones inside
the MCLD were quantified and examined at regular time intervals and correlated to cell
performance loss. Developments in present work aims to provide fundamental knowledge on
improving the tolerance and durability of CCM electrodes against defects and providing a high
level of quality analysis for better productivity of CCM electrodes.

» MEA Defect Analysis

Thirdly, the effects of various defects (i.e., sealant interface defects, MCLD, scratches/cuts and
membrane pinholes) and their propagation under chemical and mechanical stresses on overall
MEA degradation and electrode life-time was studied. Two AST protocols involving operation at
constant low RH and wet/dry RH cycles at OCV to introduce combined chemical and mechanical
stresses were implemented to accelerate the evolution of MEA defects. It was found that RH
cycling dramatically over a duration of 150 AST hours reduced the overall cell performance by
1.26 mV h't in comparison to constant low RH which led to a loss of 0.910 mV h*. The rate of
OCV decay was found to be a useful diagnostic tool for the prediction of the cell EOL, as
confirmed by other diagnostic tests i.e., Hz crossover, polarization curves and IR thermography.
From our observations, the total cell performance was much more severely affected by sealant
interface defects, empty catalyst zones and deep scratches/cracks rather than by missing/thin
catalyst layer defects. The impact of MEA defects on cell performance were prioritized as Sealant
interface defects > Scratch/deep cuts in CL > Empty CL defects > Thin/missing CL defects. Thus,
the AST protocol implemented in this study should enable the screening for MEA durability of

electrodes intended for heavy-duty fuel cell stack applications.

» GDL Defect Analysis

The final topic in this thesis involved an investigation of defects in GDL-MPL substrates. MPL
defects are among the most important causes of ohmic and mass transport losses in MEASs. In this

study, we examined MPL defects on commercial GDL-MPL substrates using IR thermography,
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microscopic surface analysis and electrical conductivity measurement. The IR setup involved the
use of DC excitation and a vacuum stage to detect MPL defect as small as 1 X 1 mm. The detection
limit from the thermal response of these measurements was found to be two times lower than that
previously reported in the literature. The research also focused on developing an aging protocol
for GDL-MPL substrates. Crack propagation in MPL surface was characterised using microscopic
examination. As the GDL-MPL substrate was aged by RH cycling AST (5/10 min- wet/dry), the
defected area covered by MPL cracks increased from 3.2 to 7.2% from BOL to EOL. Lastly, the
in-plane electrical conductivities of GDL-MPL substrates were examined before and after aging.
The in-plane electrical resistance of the MPL surface increased from 135.8 to 164.6 mQ.
Interestingly, crack propagation in MPL surface was observed under the channel area rather than
land area. Crack growth on the MPL surface led to a 23.1% decrease in cell performance in the

mass transfer control region (i.e., at a current density of 1.5 A cm™).

In general, the formation of defects during manufacturing of the catalyst layer/MPL or any MEA
component will depend on many factors, including the method of fabrication (coating/hot press),
structure of electrode (thickness of catalyst layer/MPL/ pore size distribution), type of materials
used (catalyst loading/ionomer concentration/ PTFE distribution). The methodologies presented
in this thesis are highly relevant for investigating defect parameters and addressing some of the
problems that manufacturing defects in MEA components have on performance loss in PEM fuel
cells. Based on this study, we can put together the defect chart in Figure 8-1 to summarize the
impact of MEA defects (i.e., catalyst layer, membrane and GDL-MPL defects) on the initial and

final cell performance and on the operating lifetimes of MEAs.
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Defect study in MEA componetns Impact on initial cell | Impact on final cell Lifetime of MEA
performance performance

Missing/Thin Catalyst Layer Defects

Empty Catalyst Layer Defects

Sealant Interface Defects
(Gasket/GDL/CCM)

Deep cracks/Scratch
(Deep cuts)

CL/MPL cracks

Thin/Zero MPL layers

Coating/Manufacturing defects
(Droplets/0il marks/CL blusters)

Catalyst Loading variations/lonomer
concentration in CCM/Location of defects
(Inlet/middle/outlet)

PTFE loading in GDL-MPL/MPL thickness
variations/ Porosity of GDL

D Little/No Impact D Moderate Impact . Significant Impact . Future work

Figure 8-1: Defect chart summarizing the impacts of various defects in MEA components on overall
cell performance and life-time as determined in this study.

8.2 Contributions to MEA quality control development
The following section summarizes the major research contributions for fuel cell electrode
manufacturing:

The methodology and test protocols developed in Chapters 4 and 5 provide non-destructive
and non-contact methods for inspection of catalyst layer defects in CCMs that can be installed in
the manufacturing production line. This method based on optical reflectometry should provide
useful information for catalyst layer developers to determine the location and dimensions of
defects generated during the production process. The aging protocol developed for defect
propagation in CCMs should yield fundamental knowledge on the growth of defects under
chemical and mechanical stress during cell operation. The six types of catalyst layer defects
reported in Chapter 4 can be used for quality control measurements. We believe our analysis
reduces the gap between manufacturing and the impact of defects formed during manufacturing
on cell performance which should enable manufacturers to make better decisions regarding the

selection/rejection of CCMs prior to MEA fabrication.
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The research also focused on investigating the effects of various manufacturing defects on MEA
life-time using two AST methods (i.e., constant low RH and wet/dry RH cycles). The RH test
protocol developed in this work assessed the durability of MEA defects intended for automotive
applications where the temperature, pressure, gas composition and humidity are expected to
change rapidly. This new AST protocol is aimed at enabling faster screening of defect formation
and propagation in MEAs caused by manufacturing with the ultimate goal of increasing MEA

performance, efficiency and durability.

The IR test setup developed in this work can detect GDL-MPL defects on the order of 1 mm in
size in less than 1 min. Our testing method can be used as an accurate and fast response on-line

quality control tool for GDL sheets or continuous GDL rolls.

8.3 Recommendations for future work

Defects in CCMs and GDLs vary in their nature and formation depending on the type of
manufacturing process. The impact of MEA defects on cell performance also depend on their size
(length, width and aspect ratio), location (inlet, middle and outlet), conditions of operation and the
component in which they exist (catalyst layer, membrane, GDL and MPL). In the present work,
only certain types of defects (CL cracks, MCLD, zero catalyst loading, scratch/deep cuts and
sealant interface defects) were investigated due to limited supply from the manufacturer. The
following recommendations are suggested for future research to further improve quality control of
MEA:s.

8.3.1 Catalyst layer development
1. The impacts of irregularities in the geometry of catalyst layer defects (i.e., thickness and
size of affected regions) and particular location of defects (e.g., below the land, below the
channel, gas inlet, middle and outlet) on cell performance under various operating
conditions should be investigated.
2. A defect degradation model should be developed to predict the effect of thickness
irregularities, catalyst loading and catalyst degradation on lifetime of the MEA

components.
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8.3.2

Although the present research is focused on cathode catalyst layers, it is also important to
study the effect of defects on the anode catalyst layer and degradation of membrane defects
under typical chemical and mechanical stresses on cell performance should be further
investigated.

Propagation/degradation of catalyst layer defects under the compression of flow field plate

land/channel should be studies.

GDL-MPL development

The role of the MPL coating in crack formation is not yet completely understood. Future
work should be aimed at characterizing MPL cracks generated under the combinations of
different MPL slurry, coating and drying conditions. A detailed crack analysis accounting
for crack width, narrow cracks, voids and through-plane/in-plane effects and its impact on
gas permeability would also be useful.

Future work is also required to investigate the effect of MPL thickness, penetration of MPL
into GDL, PTFE loading/distribution and porosity of GDLs on total cell performance.
The effect of compression on the GDL-MPL surface under the flow field land and channel
is also recommended to investigate the mechanical properties of the GDL substrates.

The impact of MPL defects on catalyst layer and the structural features of GDL-MPL on
the electrode durability should be investigated for the development of GDL substrates. X-
ray tomography is recommended for a detailed inspection of MPL intrusion into the GDL

and the internal GDL structure effecting the permeability of gases.
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10 Appendix

10.1 Leak test

The basic leak test is performed at BOL, MOL and EOL to measure the total gas leakage rate from
all the sources, i.e., each coolant, fuel and oxidant port, hydrogen cross-over. A schematic diagram
(Figure 7.4) below shows the set-up for the H> cross-over circuit leak test. The same set-up and
procedure are used to test for internal and external leaks. Once the MEA is assembled in FCAT
cell, the leak test is performed by slowly pressurizing the fuel cell stack to 30psi using air as a
source until it is locked automatically.

For the hydrogen crossover test, the hydrogen source is connected to the fuel inlet port while the
fuel outlet is closed. Tubing is connected to the oxidant inlet and then submerged in a graduated
cylinder. The oxidant outlet is sealed, while the coolant inlet and outlet are locked. The amount of
leakage between the fuel and oxidant circuits is obtained by measuring the volume of bubbles
collected in the inverted graduated cylinder. A leakage rate of 1 ml/min or less is tolerable to pass
the test. For the internal and external leak tests, a soap solution is sprayed on each of the ports,
connections, across the bipolar plates and MEA to locate the leak. The appearance of bubbles
indicates a gas leak, which must then be addressed. The soap solution is also sprayed on the bipolar
plates due to the possibility of a leak in the gaps between the plates. Measurement of H, gas
crossover is regularly conducted (MOL) throughout the OCV-hold test experiment to make sure it
does not exceed 2 ml/min. If this value is exceeded, the test is terminated and MEA is further tested
ex-situ to identify defects such as thickness variations and pinhole spots. Table 1 shows the
breakdown of the gas volumes measured during the internal and external leak tests in a case where

the entire set-up is found to pass the leak test.

Fuel In A
T "] Oxidant In

Coolant In

Coolant Out ===

Oxidant Out

Fuel Out E dE ;

LJ

Figure 10-1: Fuel-to-oxide or hydrogen crossover leak test set-up.
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10.2 MATLAB for Image Stitching:
1. Using MATLAB, run the function [] = video(file, time, filename, ref) where

file = the filename

time = the amount of time before taking a second image (around 15-18)

filename = the name of the images you want each image will be numbered automatically)

ref = when to start taking the images from the video (i.e. if the stage starts moving in 2 seconds,
ref = 2)

Run file.

Save images to folder.

Open Image J.

Select Plugin—> Stitching—-> Deprecated-> Stich Grid of Images

Change grid size x to 1, grid size y to the number of images in the folder.

Select overlap percentage (5-8 is sufficient)

Select directory of the folder containing the images.

Change ‘Filename’ to the name of the images (ex. If image name is CCM_01.png, CCM_02.png

etc., change file names to CCM_{ii}.png)

9. Change Output filename to desired name (ex. Videol.png)

10. Select “Create preview only’

11. Select OK.

12. Once preview shows up, if the image is fine, select Save As, select file format desired, and save
image.

13. If final image is not desired, redo process but play around with the time in the MATLAB code, or
change up the overlay percentage.

14. Repeat process for other videos.

CONOoGRr~WLNE

Developed code for stitching
Matlab code for splitting the video (video direction going down)

function [] = video(file,time,filename,ref)
%This function takes the original video file and cuts the frames into
%images
% file = video name, time = how many seconds/frame to cut,
% filename = what name you want the images to be saved as
clc
v = VideoReader(file);
numberofframes = v.NumberofFrames; %number of frames in total
rate = v.FrameRate; %determines the number of frames per second
step = rate*time; %number of frames per desiried time
frame = ref*rate;
num = 1;%image number
while frame <= numberofframes
thisFrame = read(v, frame);
image(thisFrame);
axis off
box off
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set(gca, position’,J0 0 1 1],'units’,'normalized")
drawnow; % Force it to refresh the window.
Title = strcat(filename,' );
if num<10
name = strcat('0',numz2str(num));
name = [Title num2str(name)];
else
name = [Title num2str(num)];
end
print(name, -dpng’)%saves image into png format
frame = frame + step;
num = num +1;
end
end

Matlab code for splitting the video (video direction going up)

function [] = video3(file,time,filename,ref)
%This function takes the original video file and cuts the frames into
%images
% file = video name, time = how many seconds/frame to cut,
% filename = what name you want the images to be saved as
cle
v = VideoReader(file);
numberofframes = v.NumberofFrames; %number of frames in total
rate = v.FrameRate; %determines the number of frames per second
step = rate*time; %number of frames per desiried time
frame = ref*rate;
num = 26;%image number
while frame <= numberofframes
thisFrame = read(v, frame);
image(thisFrame);
axis off
box off
set(gca,'position’,J0 0 1 1],'units','normalized")
drawnow:; % Force it to refresh the window.
Title = strcat(filename,' );
if num<10
name = strcat('0’,num2str(num));
name = [Title num2str(name)];
else
name = [Title num2str(num)];
end
print(name, -dpng’)%saves image into png format
frame = frame + step;
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num = num - 1;

end
end

10.3 IR thermography of catalyst layer defects: CCM-2

Defect -2

Figure 10-2: IR investigation of CCM-2 captured after 25 hour of AST: (a) digitally stitched microscopic

image of CCL that has 2 MCLDs, (b) IR thermograph showing hotspot across defect-2 and (c) magnified
view of defect-2.

10.4 COCV decay curves
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Figure 10-3: COCV decay curves recorded during RH cycling AST: (a) MEA-2 (b) MEA-6 (c) MEA-7
and (d) MEA-8
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10.5 Overview of defect locations in CCM- CCL

Figure 10-4: Graphical chart of CCM-used for MEAs (3 to 8), The rectangular box represents the
approximate location of MCLDs on the CCL side of the CCM.

10.6 Scratch/deep cuts in catalyst layer — CCL

(a) Catalyst layer scratch/cut

Figure 10-5: Microscopic image of scratches in the catalyst layers: (a) deep cuts and (b) surface cuts.
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10.7 IR thermography set-up for GDL detect detection

DC power supply | oo

b

Vacuum stage

Figure 10-6: (a) Thermal response of defected GDL (30 cm X 20 cm), the corresponding digital image
is shown in Figure (b), the magnified image represents the defect on the MPL (2 mm X 2 mm)

10.8 X-ray tomography of GDL-MPL substrates

Through
plane cracks

Figure 10-7: X-ray tomographic images showing variations in the MPL thickness and MPL cracks on
the GDL substrate.
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