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Chapter 1

Introduction

1.1.Background

Fossil fuels play an important role in the human being development. Year by year, fossil fuels
consumption keeps growing gradually. In the world, US together with China and India are three countries
consumed most of fossil fuels. Fossil fuels have an unequal distribution and a limited amount. With the
current consumption rate, they will be depleted in decades. Based on a prediction has been done in 2016,
coal reserves were predicted to deplete in 114 years, natural gas reserves in 52.8 years, and oil reserves in
50.7 years. [1]. Furthermore, burning enriched-carbon fuels like coal, natural gas, oil emits CO,, other
harmful gases (NOx, SOy) and particle matter to environment. Consequently, environmental problems
appear such as global warming, acid rain, climate change, air pollution (locally). It is necessary to transition

to low-carbon sources for energy like renewable energy, nuclear power.

With high heating value (120 MJkg™ (low heating value), and 142 MJkg™ (high heating valug)),
hydrogen (H>) is an energy carrier that can be replaced for other fossil fuels in all energy systems: Heating
and power systems, automobile application, portable devices. Hydrogen-based systems are free from CO,
emission, no air pollution, only water and heat loss emit to environment. Hence, hydrogen is the key
alternative fuel for sustainable development of human being in the future. The hydrogen element is the
most abundant chemical element on Earth. However, the hydrogen molecule (Hz), as a promising energy
carrier, does not exist in large quantities in nature. Thus, H, must be produced from variety of sources
including fossil fuels (coal, natural gas, oil) and renewable sources (biomass, biogas, electricity from solar,
wind, hydropower...). Based on origins, hydrogen gas is classified as brown hydrogen generated from coal,
grey hydrogen from natural gas without CO, capture system, blue hydrogen from natural gas with CO,
capture system, and green or clean hydrogen from water electrolysis powered by renewable sources. It is

noted that H, can be stored at compressed gas, hydride, and liquid forms, although storing requires energy.

Japan, who imported over 90% fuel demand in 2017 [2], is a pioneer in adoption the concept H»-
based society. Their target is to reduce 46% CO, emission by 2030 and net zero emission by 2050 [3].
Japan considers that H, produced from renewable sources with low price (target 2-3 $kg* by 2030 [4]) as
a sustainable solution for both energy crisis and environmental problems in the future. In transition era,
hydrogen, alongside ammoniac and synthesis methane derived from hydrogen, can be the primary energy
supply in heating and power systems in 4 sectors: industrial, transportation, buildings, and agriculture. To
achieve the 2050’s target (the net-zero emission of CO,), 22 million tons of hydrogen will be required [3].
This would be a huge challenge for Japan. This is because, according to EU strategy, a renewable

electrolyzers with capacity of 6 GW is needed in order to produce 1 million tons of hydrogen per year [5].
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Green hydrogen, which is produced by electrolyzing water with an excess amount of renewable
electrical energy input, can be used as an off-grid electrical storage solution and as a direct byproduct of
power-to-gas technology [6]. The main challenge in the production of green hydrogen is the production
cost. Currently, hydrogen price, which originates mainly from fossil fuels, is approximately 10 $kg™
depending on the market and is uncompetitive with conventional fuels. With the green hydrogen, the price
must be much higher. Hydrogen, for instance, produced from solar PV and wind electrolysis costs from
about $6 to 23 $kg* compared with 2 $kg* from SMR method without CCS [67]. Production costs
primarily constitute capital investment of the electrolyser systems and operating costs. Alkaline water
electrolysis (AWE) is a popular and mature technology that uses electricity to split water electrochemically
into hydrogen and oxygen. Fig.1.1a shows for the operating principle of AWE. AWE is considered quite
reliable, safe, and highly durable (lifetime of 15 years) [8], and has been widely used to produce hydrogen
in the large scale. In Japan, the largest alkaline electrolyser of 10 MW has been operating since 2020 in the
Fukushima Hydrogen Research Field in Namie, Futaba, Fukushima, using 20 MW of solar power to
produce around 900 metric tons of hydrogen per year. However, current capital cost of a large scale AWE
remains relatively high, from 1109 — 1330 $kW [9]. Moreover, the electrical energy input for producing
1 kg hydrogen of AWE ranges from 50 to 70 kWh [8]. According to the price of renewable electricity in
Europe ranging around 0.083 - 0.2126 $kWh™ [10], electricity costs around 4.13 —14.9 $kg*hydrogen. This
is really a huge challenge in reducing the green hydrogen price to the 2030’s target of 2-3 $kg™[4]. Besides,
AWE has some negative aspects including low operating current density, low pressure, slow response with

the variation of solar irradiation and wind speed [11].

0, +Alkaline solution

Oxygen evolution
reaction

20H™ = %ﬂi + Hy0 + Ze™

Alkaline solution

H, + Alkaline solution

|-|-|

Hydrogen evolution
reaction

2H,0 + 2~ — 2H, + 20H"

Alkaline solution

0, +H,0
—

Oxygen evolution
reaction

1
Hy0 = 2H* + 5.0 + 267

Hydrogen
evolution reaction

2H* +2e” = H,

Flow field

(a)

Fig. 1. 1. Schematic images illustrating for (a) AWE cell, and (b) PEMWE cell.

Proton exchange membrane water electrolyzers (PEMWE), as shown in Fig. 1.1b, are being
optimized alongside alkaline water electrolyzers to produce green hydrogen. PEMWE uses a thin, solid
membrane and can operate with a high current density (1-3 Acm), and at high operating pressures. Besides,
PEMWE can respond more quickly to the power intermittency of renewable sources than AWE. Hence,
PEMWE is a promising method to efficiently harness the excess electrical energy from renewable sources
for producing hydrogen. However, PEMWE also has some typical drawbacks. Predominantly, investment

costs are higher than AWE, ranging from 2,103 to 2,546 $kW* [9] due to the expensive membrane and
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noble metals in the catalyst layers. The second is the lifetime of the stack, especially the membrane
durability.

In summary, green hydrogen with an acceptable cost is the key to solving two of the most important
issues for human beings: fossil fuel exhaustion and the environmental crisis. In the present, hydrogen
currently plays the part of balancing the supply and demand of electricity generated from renewable energy
sources. With some hydrogen storage and a hydrogen fuel cell (or combustion engines), hydrogen
generated from surplus renewable energy can balance out the erratic power generation from renewable
sources. However, in order to achieve the acceptable cost of 2 $kg™ of hydrogen and the net-zero CO;
emission’s target by 2050, some required actions must be taken in the future as follows: increasing
efficiency, lowering capital as well as operating costs of the electrolysis systems; and lowering renewable
electricity prices. Furthermore, promoting widespread usage of hydrogen in all sectors will increase
demand. As a result, large-scale green hydrogen production plants, such as mega or Giga scale renewable

hydrogen electrolysis, will have the chance to be deployed.

Direct burning of hydrogen in conventional energy systems will lead to the emission of NOx and a
low energy conversion efficiency due to the Carnot cycle limitation. Meanwhile, fuel cell systems are able
to convert chemical potential energy from hydrogen and oxygen in air directly into electricity and heat with
very high energy conversion efficiency and no emission. The initial experiments about fuel cell were carried
out by William Grove since 1839. Based on membrane type, fuel cell is categorized in seven types as
follows: Polymer electrolyte membrane fuel cells (PEMFCSs), direct methanol fuel cells, alkaline fuel cells,

phosphoric acid fuel cells, molten carbonate fuel cells, solid oxide fuel cells, reversible fuel cells.

A PEMFC is a low-temperature fuel cell that uses the polymer electrolyte membrane to conduct
protons during operation. It was invented in 1955 by William Grubb, as described in Fig.1.2. The
application of PEMFC to the Gemini missions (NASA) in the United States has attracted much attention. At
the beginning stage, hydrocarbon-based polymer membranes were used that had poor durability.
Afterwards, the invention of the PSFA membrane, in which PTFE plays as the backbone, has shown a
brilliant stability. DuPont was a pioneer in producing PFSA membranes, namely Nafion. Today, many
other companies also participate in supplying PSFA membranes to the market, including Asahi Glass
Company (Flemion® products, Chiyoda, Japan), 3M Company (Saint Paul, MN, USA), W. L Gore
(GORE-SELECT® membranes, Newark, DE, USA), and Solvay S.A. (Aquivion® products, Brussels,
Belgium). PEMFCs have distinct advantages, such as high power density, quick start-up, and high
efficiency. That’s why PEMFCs are suitable for transportation applications such as light duty vehicles (cars,
motorbikes), heavy duty vehicles (trucks, buses, trains, forklifts, ships), even airplanes. The major
automobile companies have focused on the development of fuel cell vehicles (FCVs). In 2014, Toyota was
the first company to release a commercial sedan model, the so-called Mirai Besides, PEMFCs are also
suitable for household applications that can supply both power and hot water demands (CHP). An Ene-

Farm is a typical residential fuel cell system that can use direct city gas or liquefied petroleum gas. These
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systems have been commercialized in the Japanese market since 2009. Up to 2021 June, around 402,039
units (including both PEMFC and SOFC types) have been sold throughout Japan [12]. It is targeted to
achieve 5,300,000 units by 2030 [13].
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Fig. 1. 2. Schematic illustration of a single PEMFC.

In the automobile applications, BEVs and FCVs are two candidates for substituting internal
combustion engine vehicles. However, regarding longer driving distance for one fuel charge, shorter
refueling time (3-5 min), higher specific power, FCVs are more promising and viable, especially in medium
and heavy duty vehicles [14]. At the end of 2020, more than 34,800 fuel cell vehicles were on the market
[15]. The number of fuel cell vehicles distributed mainly in Asian countries including Korea, China and
Japan. Among them, South Korea and Japan increased their number of passenger vehicles, while the
number of buses and medium-duty trucks represented a large share in China. The number of fuel cell
vehicles produced in small quantities, the shortage of hydrogen refueling stations and high hydrogen price

are the key causes that constrain the popularity of the FC vehicles on the market.
1.2. Challenges of the fuel cell vehicles (FCVs)
1.2.1 Production cost

In the market, there are only two automobile makers, Toyota and Huyndai, that have commercial
products. In 2022, the price of the Toyota Mirai sedan is higher than $50,000 [16] and the Huyndai Nexo
is over $60,000 [17]. These prices are much higher than conventional cars. The main cost of FCVs is
accounted for by the fuel cell system and hydrogen tanks. The fuel stack in a fuel cell system was projected
to account for 66% to 43% of the total price of a fuel cell car, corresponding to 100,000 and 500,000 units
produced per year, respectively [18]. There have several hundreds of cells in a stack. And, each cell contains
a membrane, catalyst layers, GDLs and bipolar plates. Because PEMFC can operate at low temperature,
expensive catalyst must be used like Pt. This is Achilles' heel of the PEM fuel cell. Thank for advance in
catalyst material and preparation method, amount of Platinum has been reduced significantly. Toyota has

succeeded in reducing the amount of platinum in the catalyst of a passenger car from 100 g to around 30 g
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[19]. However, in order to compete with ICEVs, the ultimate reduction of Pt in a fuel cell passenger car
must be as low as 8 g [4].

Furthermore, the membrane is a rather expensive component with small volume of fuel cell vehicle
produced. Perfluorosulfonic acid (PFSA) membranes are intensively used in fuel cell vehicle. A 25 um
thickness PFSA membrane has price of 250 $m™, so a 100 kW FC vehicle will use 15 m? of membrane,
then costing around $3,750 [20]. Membrane price can be reduced significantly to approximate 10 $m by
mass-producing fuel cell vehicles. In contrast, even with mass production, the price of bipolar plates tends
to rise due to the metal resource limitation. The solution is to find a less expensive and more durable
alternative, such as a composite bipolar plate. Ultimate cost target of the fuel cell system has to achieve 30
$kw* [18].

1.2.2. Durability

FCVs are divided to three categories: Light-duty- vehicles (passenger cars, light duty goods vehicles,
two-wheeled vehicles), medium duty vehicles (buses) and heavy — duty vehicles (trucks, coaches, trains,
ships). In order to replace the ICEVs, they must be durable enough to satisfy the life time targets. In
particular, the light-duty fuel cell vehicles must achieve the lifetime of 5,000 h (equivalent to 150,000 miles
of driving) with less than 10% loss of performance by 2020, and the ultimate target of 8,000 h [21].
However, lifetime of the light-duty fuel cell vehicles was reported at 4,130 h in 2016 [22]), which is just

over a half of the above ultimate target.

Heavy-duty vehicles, in particular, must require special attention due to their high fuel consumption
and emissions in the transportation sector. The advantages of fuel cell vehicles over BEVs will be
accentuated by their long range operation and high cargo capacity. Meanwhile, light-duty fuel cell vehicles
(or passenger cars) have been commercialized by some automakers like Toyota and Hyundai. It will be
incredibly challenging for the heavy-duty fuel vehicles to meet their lifetime target of 1 million miles of

driving range (or 30,000 h) [23] due to the severe operations.

To achieve the durability for the fuel cell vehicles, especially the heavy-duty fuel cell vehicles, a
durable membrane is indispensable. The membrane in a PEMFC is a key component that serves three
important functions: it conducts protons, separates reactant gases, and insulates electrons. As a result,
membrane integrity is a critical factor in determining the overall durability of the stack. The membrane in
fuel cell vehicles is extremely thin (less than 25 micrometers) and is subjected to a variety of dynamic
impacts during operation, including idling, open-circuit voltage (OCV) holding, dynamic load, startup-
shutdown, full-power running, overload, and freezing-thawing. Therefore, improving durability of the

membrane is constantly a top priority to achieve the lifetime target of fuel cell vehicles.
1.3. Membrane degradation mechanisms in the PEMFC regarding to automobile application

PFSA membrane failure is mainly caused by chemical and mechanical degradation. Hydroxyl

radicals, formed in the presence of H.O, and metallic impurity cations, are responsible for the chemical

Doctoral dissertation presented by NGO PHI MANH 5
January, 2023



Department of Hydrogen Energy Systems

Chapter 1: Introduction Kyushu University

decomposition of the membrane structure. The membrane is mechanically deformed as a result of the
residual stress caused on by changes in water content and temperature.

1.3.1. Chemical degradation of the PFSA membrane

The PFSA ionomer membranes are modified polymers which are composed of a main chain and a
side chain. The main chain is the backbone of the membrane. Meanwhile, the side chain, which terminates
in sulfonic acid groups in a cluster region, helps to transport protons [24]. Fig 1.3 is a schematic image of
the chemical structure of PFSA ionomer membrane.

Main chain (backbone)
|

00 [ X N J
Side B Side
chains chains
lonic = lonic
group group

Fig. 1. 3. Schematic image of the chemical structure of a PFSA ionomer membrane.

Chemical stability of PFSA ionomer membrane has been well investigated in the literature in recent

decades. The membrane is attacked by hydroperoxyl radicals (*OOH), hydroxyl radicals (*OH), hydrogen
radicals (*H), carboxyl radicals (*COOH), leading to the scission of the polymer chains. According to
Gubler et al. [25], the oxidative damage potential of radicals is categorized as following order *OH > *H >

*OO0H. Reactants crossing through the membrane, and then undergo parasitic electrochemical and chemical

reactions that entail the formation of hydrogen peroxide and thus free radicals. H,O, can form at both
electrodes of the cell and is dependent on the reactant gas crossover rate and potential, as depicted in Fig.1.4.
Particularly, H,O, can be formed electrochemically via reduction of O, at the cathode electrode at a
potential less than 0.695 V [26]). At the anode electrode, Pt-Haq is formed and then reacts with O crossing
through the membrane from the cathode side, leading to the formation of H.O,. Besides, H.O, can be
generated inside the membrane on the surface of nanocrystals of Pt [27]. Under the operation of FCVs, Pt
ions are detached from the catalyst layer, then immigrated into the membrane, eventually forming a Pt band.
The presence of H,0, and metal ions, such as Fe**, Cu?*, etc., coming from corrosion of metallic flow fields,
supplied gases, MEA preparation etc., causes Fenton's reactions (from Egs. (1.1) to (1.5)), which result in
the formation of free radicals. The operation of a PEMFC under low electrochemical load or OCV

conditions [28, 29], high temperature [30], low relative humidity of the gas streams [31], and high reactant
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gas pressures [32] can all accelerate chemical membrane degradation. These harsh conditions facilitate the
crossover of the reactant gases through the membrane, consequently increasing the formation rate of H,O..

M? + H,0; — M* ++OH +OH" (1.2)
M* + H,0, - M* ++O0H +H" (1.2)
H,0, +*OH — *O0H + H,0 (1.3)
Hz +*OH — *H + H.0O (1.4)

O +*H — *O0H (L5)

Chemical degradation not only reduces the membrane thickness but also weakens the mechanical
strength of the membrane. Free radicals decompose both the main and the side chains of the membrane
structure. As a result, the membrane loses weight and releases some tracers such as hydrofluoric acid HF,
CO,, and H,SO; in the exhaust streams. The fluorine emission rate (FER) is an important indicator for
evaluating chemical degradation. The result of the mass loss is membrane thinning, as indicated by
Macauley et al. [33], for instance. The reduction of membrane thickness will increase the crossover rate of
the reactant gases, decaying fuel cell performance. The mechanical strength of the membrane depends on
its structural integrity, including the main chain, the side chains, and the ionic groups. The free radicals
cause the scission of the main chain and unzipping of the end chains (including the side chains and the
ionic groups), so that the membrane changes from ductile to brittle, resulting in the reduction of the crack

propagation resistance of the membrane [34].
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Hydrogen peroxide formation in cathode side
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Fig. 1. 4. The illustration for the H,O, formation mechanism at both electrodes of the PEMFCs.

In order to investigate chemical membrane degradation, the accelerated stress test has been proposed
and employed. As mentioned above, holding the cell under OCV [28, 29] and near OCV conditions [35],
which are conducive to the formation of free radicals, are two popular in situ chemical stress tests. While
Fenton’s test [36] is an ex-situ chemical durability test. At these tests, free radicals are facilitated to form,

and then chemical membrane degradation is surely detected.

There are two strategies mitigating the chemical degradation on the membrane. The first one is
decreasing gas leaked rate through membrane by increasing the membrane thickness or membrane type
with low permeable coefficient and making less chance to produce H-O,. This solution is difficult because
thicker membrane will lower power density and cell performance. The second approach is adding chemical
degradation stabilizer to the MEA such as doping Ce** to the PFSA membrane. The scavenge of free
radicals is proceeded via reactions from Egs. (1.6) to (1.10). Apparently, the Ce®* ion scavenges the
strongest radical -OH to H,O and Ce** ion, and then Ce*" ion is decomposed by H.O, and regenerated to

Ce*". The final result is the depletion of both free radicals and H,Os.

*OH + Ce®* + H* — H,0 + Ce* (1.6) Un-catalyzed reaction
Ce* + H,0, <> Ce®* + *OOH + H* (1.7) Un-catalyzed reaction
Ce* + *O0H — Ce® + 0, + H* (1.8) Un-catalyzed reaction
2Ce* + H, —» 2Ce** + H* (1.9) Catalytic reaction
4Ce*" + H,0 — 4Ce* + 4H" + O, (1.10) Catalytic reaction
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1.3.2. Mechanical degradation of the PFSA membrane

The dimensional change of the constrained membrane in the fuel cell is primarily caused by
variations in water uptake and temperature [37], which leads to the generation of compressive and tensile
stresses in the membrane, as described in Fig.1.5. Membrane shrinkage and swelling due to water content
variation is dominant over the temperature dependence because the thermal expansion coefficient of the
membrane material is very small. For instance, the Nafion 1100 EW has thermal expansion coefficient of

1.23x10* K' [38] which is much smaller in comparison with hygral-swelling coefficient of 90x10™

_ -1
(m01H2Omols]O3H) [39] .

In-plane stress Through-plane
: stress

Fig. 1. 5. Stress direction induced by variations of water content and temperature in the membrane. GDL

and CL are the gas diffusion layer and the catalyst layer, respectively.

Although these stresses are small compared with the mechanical strength of the membrane, and thus
cannot destroy the membrane instantly, they behave like mechanical fatigue loads. The membrane
irreversibly deforms under in-plane stresses, mainly [37], resulting in the formation and propagation of
physical defects. The mechanical degradation rate is predominantly dependent on the frequency and
amplitude of the stresses formed in the membrane. Besides, residual stress can be formed inside the
membrane due to false assembly, for example, the uneven compression pressure of the flow field plates on

the membrane. Finally, vibration during operation increases the mechanical stress on the membrane.

During operation of a fuel cell vehicle, load variation and start/shutdown cycles are two mechanical
stress initiators. These operating conditions cause the water content and temperature variations in the
membrane resulting in the formation of some typical defects such as cracks, creeps, and delamination
between the membrane and catalyst layers. To investigate membrane mechanical durability, the RH cycling
test (or dry/wet cycling test) is used extensively with nitrogen gas or air feeding to the cell. During the dry
portion, the membrane shrinks and tensile stress is formed. Whereas, the membrane expands and
compressive stress is formed during the wet portion. Based on DOE’s protocol, the RH cycling test is

carried out with 2 minutes in 0%RH and 2 minutes 150%RH [40] at the cell temperature of 80 °C.
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Mechanical membrane lifetime target is 20,000 RH cycles with crossover rate under the threshold of 15
mAcm? [41]. In the literature, mechanical membrane durability has been well-investigated. Membrane
failed after experiencing from hundreds of cycles to 6,000 - 20,000 cycles depending on type of membranes
(hydrocarbon, PFSA...), and testing conditions (cell temperatures, RH cycling swings). Typical defects
appearing in the membrane under the mechanical degradation are cracks, and delamination between

membrane and catalyst interface [42].

In order to mitigate the mechanical stress and increase the membrane durability, using a composite
membrane (reinforced membrane) is the most promising solution. A porous PTFE layer is laid in the middle
of the reinforced membrane. This type of membrane has been reported almost intact after being subjected
to 20,000 RH cycles [20]. However, it appears that the additional PTFE layer with non-proton conductivity
may increase ionic resistance, thus decreasing cell performance. Therefore, a balance between the

membrane durability and the cell performance needs to be established.
1.3.3. Catalytic combustion and thermal polymer decomposition in the PEMFC

The membrane in the fuel cell stack of a vehicle is super thin (20-30 um). Leakage through the
membrane is inevitable due to the existence of the partial pressure gradient of the reactant gases. When the
membrane is free of defects, the leaking rate is low (around 5 mAcm™ with a 25 pm thick membrane at 80
°C [43]). Parasite reactions of the reactant gases at the electrodes cause the drop of actual OCV (0.9-1.0V)
from the theoretical value of 1.23 V [44]. Besides, the combustion reaction between hydrogen and oxygen
(in the air stream) also occurs in the presence of Pt. Hydrogen combustion releases high thermal energy,
approximately -285 kJmol™ at 25 °C [45], which causes the membrane temperature to rise. The heat flux
released from combustion depends mainly on the crossover rate and the catalytic activity. Meanwhile, the
cell structure can help to deliver heat liberated inside the cell to the coolant medium or heat dissipation
capability of the cell. This heat dissipation capability of the cell depends on the arrangement of components
and the cell temperature. For instance, GDL oversizing the catalyst is considered a high dissipated heat flux
structure [46]. And the maximum dissipated heat flux is defined as the maximum heat flux that the cell can

transfer without causing the membrane to burn.

Depending on the correlation between combustion heat flux and the maximum dissipated heat flux
of the cell, the temperature rises of the membrane induced by combustion will be at different scale. In the
fresh CCM, because the hydrogen crossover rate is small and uniform, combustion is in the moderate scale
and the released heat flux must be lower than the dissipated heat flux of the cell. Membrane temperature
rise is marginal and does not cause any defects, as described in Fig.1.6a. In a degraded membrane, the
hydrogen crossover rate increases appreciably through the serious defects such as through-membrane
cracks and membrane thinning (see Fig.1.6b) induced by mechanical and chemical stresses, respectively.
As a result, the combustion heat flux could reach close to the maximum dissipated heat flux, the membrane

temperature rises locally but still under the auto-ignition temperature of the membrane (approximately
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300 °C [47]), then this combustion situation can be categorized in the transient scale. In accidental
combustion, the released heat flux is beyond the maximum dissipated heat flux, resulting in the surge of
membrane temperature. As membrane temperature exceeds the auto-ignition temperature, the membrane
can be ignited and decomposed, leading to the formation of pinholes as described in Fig.1.6¢, consequently
resulting in fuel shorting and instant failure of the membrane in the PEMFCs [46-48] and PEMWEs [49].

2

(b)

| _Membrane Tl

%‘5

Fig. 1. 6. Schematic illustration for combustion in a PEMFC (a) moderate combustion with the intact
membrane, (b) transition of the combustion process from moderate to accidental scale at membrane
thinning positions and cracks caused by the mechanical and chemical stresses, and (c) pinhole formation

induced by accidental combustion through the degraded membrane.

As mentioned above, accidental combustion is the worst scenario that can lead to the sudden and
premature "death" of the PEMFCs, reducing the FCV’s lifetime as well as the reliability. In the literature,
some authors have reported the catastrophic damage caused by accidental combustion in the PEMFCs [27,
46, 48]. Therefore, the top priority is to prevent the occurrence of accidental combustion in the PEMFCs.
In order to do that, it is of paramount importance to develop reliable diagnostic tools for tracking the
transition of the combustion process from a moderate to an accidental scale.

1.4. The objectives and methodology of dissertation

1.4.1. Objectives

In automotive applications of the PEMFCs, the membrane is the crucial component and is highly
vulnerable when subjected to various degradation mechanisms. For heavy-duty fuel cell vehicles, where
the membrane must fulfill an exceptionally high lifespan target of 30,000 h, a more resilient membrane is
highly desirable. Therefore, in addition to creating new, more durable membranes, a deeper understanding
of membrane degradation mechanisms is essential to advancing mitigation measures, which in turn prolong

the lifetime of the membrane. This is one of the objectives of the current study. Furthermore, as combustion
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shifts to the accidental scale, the membrane may suffer catastrophic destruction, as depicted in Fig. 1.6c.
Based on this background, the author dedicates effort to clarifying the transition of combustion from the
moderate to accidental scale in order to identify transient combustion signals and provide reliable
diagnostic methods. More details of the objectives and method of this study are listed as follows.

(1) Proposing a mathematical model to diagnose membrane integrity based on the correlation between
OCV and hydrogen crossover rate

The hydrogen crossover rate is recognized as a reliable indication of membrane integrity. However,
measuring the hydrogen crossover rate demands the employment of additional equipment and inert gases
supplied from the cathode compartment. Furthermore, there are several hundred cells in the fuel stack of a
FCV, so measuring the hydrogen crossover rate in every single cell could be costly and time-consuming.
Meanwhile, OCV is a useful and crucial parameter in the PEMFCs and can be scanned quickly across the
whole fuel stack of a FCV. In the RH cycling test using nitrogen gas, the membrane is subject to purely
mechanical degradation, thus the decrease in OCV from the theoretical value is dominantly due to hydrogen
crossover. The current study aims to develop a reliable mathematical model that translates the OCV data
into the hydrogen crossover rate. This model can be a diagnostic tool to evaluate membrane integrity based

on the practical parameter, OCV.
(2) Investigating the catalytic combustion by using thermal imaging method

The formation of pinhole induced by accidental combustion has been confirmed as being responsible
for the early and sudden failure of the cell. Once we succeed to track the transition of the combustion
process in the PEMFCs, we can recognize to some physical signs of the transition, and can design a
reasonable diagnose method, which lead to a more safety operation and enhancing the durability and the
reliability of the fuel cell vehicles. In the current study, the catalytic combustion of the crossing reactant
gases through the membrane is investigated in situ manner with the visualization cell. Thermal imaging
method is employed with the support of an IR camera and a high transmittance glass window (ZnS) at the
cathode compartment. Temperature distribution on the GDL’s surface is proportional to hydrogen
crossover rate. When and where the combustion transition from moderate to accidental scale corresponding
to hot-spot appearance. Correlation between temperature increase due to combustion and hydrogen

crossover rate is clarified.

(3) Investigating the effect of current density on the membrane durability under the combined

chemical and mechanical stress test

This study aims to investigate the effects of current density on membrane durability and elucidate
the catalytic combustion phenomenon in PEMFCs under combined mechanical and chemical stress tests.
RH cycling durability tests using hydrogen gas and air were carried out under the open circuit voltage
(OCV) condition and at current densities of 0.05 and 0.3 Acm™. The effects of mechanical and chemical

stress on the membrane during the durability tests are represented, respectively, by residual stress and the
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rate of H.O. formation. While comparing the results under the three testing conditions, the effect of
different current densities on the degree of mechanical and chemical degradation was examined through
the following questions:

(i) Does the large amount of water produced at higher current density operation moderate the water

content variation in the membrane, resulting in the suppression of mechanical degradation?

(if) Does lowering the cell voltage by higher current density operation moderate the formation rate
of hydrogen peroxide (H-0,) at the anode side, resulting in the suppression of chemical degradation?

1.4.2. Methodology

In order to achieve the above objectives, membrane durability tests will be proposed and employed
in a single PEM fuel cell that embeds the CCM using Nafion membrane NRE211 (Normal thickness of 25
um). The mechanical stress test will be conducted on the normal cell. In particular, RH cycling test using
nitrogen gas is implemented. Meanwhile, the RH cycling test using hydrogen and air is employed to the
visualization cell, in which a high infrared transmitting glass window-ZnS glass is installed at the cathode
compartment, to investigate membrane durability as well as the catalytic combustion phenomenon in-situ

manner at different current density conditions e.g., 0, 0.05 and 0.3 Acm™.

During these tests, electrochemical methods like linear sweep voltammetry (LSV), Cyclic
voltammetry (CV) will be employed. Based on these methods, some important indicators, including the
hydrogen crossover rate, electrochemical surface area (ECSA) of the catalyst, and OCV, will help to

elucidate the membrane degradation mechanism.

In the visualization cell, an IR camera will be used to take images of the cathode’s GDL during the
OCV measurements through a high transmittance glass window (ZnS glass). The thermal imaging method
will aid in identifying hot spots that appear as a result of the catalytic combustion transitioning from

moderate to accidental scale.

Finally, focused ion beam scanning electron microscope (FIB-SEM) will be used in the postmortem
analysis to investigate directly the changes in the membrane’s morphology under the durability tests. The
SEM images contribute to revealing the location where cracks and pinholes tend to appear under different
testing conditions. Furthermore, the cross-sectional images created by the FIB can give information about
the size of pinholes, membrane thickness, and the width and depth of cracks.

1.5. Structure of dissertation

This dissertation is structured as follows:

e Chapter 1 is the introduction section where the chemical and mechanical membrane degradation
mechanisms are reviewed. Furthermore, catalytic combustion and its transition to accidental

scale inthe PEMFCs is introduced. The final contents are the study objectives and methodology.
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e The purpose of Chapter 2 is to investigate the durability of the membrane under mechanical
stress in a normal cell. An RH cycling test using nitrogen gas will be conducted. Additionally,
a model based on the relationship between the hydrogen crossing rate and OCV will be
proposed to evaluate the membrane health.

e The goals of Chapter 3 are to investigate in situ catalytic combustion in the PEMFC during a
combined chemical and mechanical stress test in the visualization cell. The cell is kept at OCV
condition at 80°C during the RH cycling test in which hydrogen and air are fed to the cell. The
IR images are taken through a high transmittance glass by using an IR camera, so that the

temperature increase of cathode’s GDL caused by combustion can be identified.

e In Chapter 4, effects of the current density on membrane durability under the under the
combined mechanical and chemical accelerated stress test will be elucidated. The RH cycling
tests will be conducted at the OCV condition, at 0.05 and 0.3 Acm in a visualization PEMFC.
Furthermore, catalytic combustion will be investigated in-situ manner in these three testing

conditions.

e The content of Chapter 5 is the overall conclusions of the study and membrane degradation

mitigation strategy promotion.

e The appendix includes two parts. The appendix A is the iteration calculation procedure which
is proposed to predict the cathode’s GDL temperature rise induced by combustion. The
appendix B is to investigate the chemical stress on the membrane's durability. An OCV hold
test is conducted to intensify the formation of free radicals that can decompose membrane
structure chemically. During the OCV hold test, the IR imaging method is also employed to

track the transition of catalytic combustion in the OCV measurements.
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Chapter 2

Investigation of membrane mechanical durability in the polymer

electrolyte membrane fuel cells

Abstract

Membrane durability is the main hurdle preventing the widespread commercialization of fuel cell
vehicles. Thus, understanding degradation mechanisms and developing diagnostic methods for checking
the integrity of the membrane in polymer electrolyte membrane fuel cells are apparently vital. In this
chapter, the mechanical stability of the membrane will be investigated, and the correlation between two
indicators, the hydrogen crossover rate, and open-circuit voltage will also be established with the aim of
finding a reliable and practical membrane health diagnostic tool. A single membrane fuel cell, which
embeds a catalyst-coated membrane (CCM) using Nafion NRE211 membrane, is subjected to the relative
humidity (RH) cycling test, an accelerated stress test, at the cell temperature of 80 °C, feeding N> to both
the cathode and anode at atmospheric pressure. After every 500 RH cycles, the hydrogen crossover rate
and open-circuit voltage (OCV) were checked, so that any sudden change of these two indicators could be
a signal for fatal damage to the membrane. An empirical model was used to predict membrane integrity
based on the correlation between OCV and the hydrogen crossover rate. As a result, the hydrogen crossover
was more sensitive and able to detect the formation of small pinholes in the membrane after 10,500 RH
cycles. After 12,500 RH cycles, both the hydrogen crossover rate and OCV showed an appreciable change,
which reveals the impact of catastrophic defects in the membrane. The model can predict quantitatively
membrane degradation. Finally, the scanning electron microscope images, which indicate the cross-section
of the CCM after the durability test, clearly showed the presence of the through-membrane cracks.

2.1. Introduction

The durability of the fuel cell stack will predominantly determine the lifetime, stability, and safety
of the fuel cell vehicles (FCVs). Among the components of the fuel cell stack, the polymer electrolyte
membrane (or membrane for short) plays three main crucial roles, including proton conduction, electron
insulation, and reactant gas separation [1]. However, the thickness of the membrane in applications for
mobile applications in general and vehicles, in particular, is really thin, typically 20-25 um [2]. The thinner

the membrane, the higher the specific power density, and thus the smaller the system and the lower the cost.

During the operation of the FCVs, the membrane must experience several dynamic changes, such as
cyclic changes in humidity and temperature of the reactant gases induced by load demand variation. The
variation of the membrane dimension due to water content and temperature changes leads to the formation

of compressive and tensile stresses in the membrane, consequently deteriorating the membrane. As
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mentioned in Chapter 1, the shrinkage and expansion of the membrane induced by the oscillation of water
content is the primary cause of mechanical membrane failure. The membrane is under the impact of the
mechanical degradation process, which will lead to the formation of typical defects, e.g., cracks and
delamination between the membrane and catalyst layers. The presence of these defects, respectively,
increases the fuel crossover rate and the ohmic resistance, resulting in fuel cell performance decay. In
addition, mechanical degradation can also enhance chemical degradation when it leads to an increase in
reactant gases crossing through the membrane, resulting in the formation of hydrogen peroxide at the
electrodes and inside the membrane, as mentioned in detail in Chapter 1. Then, free radicals such as ¢OOH
and eOH are formed with the appearance of hydrogen peroxide and metal cations (Fe?*, Fe**, Cu®*...). As
a result, the membrane is chemically decomposed by these radicals and becomes thinner. Furthermore, the
appearance of cracks in the mechanically-degraded membrane might be largely responsible for the sudden,
unpredictable death of the fuel cell stack due to an accidental catalytic combustion between hydrogen and
oxygen in the air, thus seriously affecting the safety of the fuel cell stack [3, 4]. According to the
aforementioned viewpoints, membrane mechanical degradation should be continuously and in-depth
explored. The effort concentrates to clarify the transient process of catalytic combustion from moderate to
accidental scale in quantitative manner. This effort contributes to develop suitable mitigating tactics, and

diagnostic techniques, in addition to producing new durable membranes.

In the PEMFC, the hydrogen crossover rate is a popular and reliable indicator for diagnosing
membrane health because it is certainly proportional to the degree of membrane damage (pinholes and
cracks). Thus, the membrane failure criterion is usually set by the rate of hydrogen gas passing through the
membrane. In particular, when the hydrogen crossover rate exceeds a predetermined threshold of 15 mAcm
2, a membrane is deemed to be entirely failed [5]. Currently, there are a number of methods being used to
measure the hydrogen crossover rate for diagnosing the presence of cracks, or pinholes in the membrane.
The first method is the mechanical gas leakage test. Specifically, a pressure difference of some selected
gases (e.g., N2 or air or He...) between the anode and the cathode is intentionally imposed. Then, the flow
rate of the gases through the membrane is measured using mass spectrometry, which is installed at the
outlet of the cell. If the membrane is intact, the flow rate through the membrane will be a small and stable
value, which can be estimated by the gas permeability of the membrane. In the deteriorated membranes,
the mechanism of gas leakage between the anode and the cathode of the fuel cell will be governed by
convection and increase dramatically with the appearance of cracks or pinholes. This is an ex-situ method
and quite accurate, but cannot be performed while the fuel cell is in operation. Moreover, it requires a
complex design for the testing systems [3]. In addition to the ex-situ method, hydrogen crossing through
the membrane can be measured electrochemically by using, e.g., the linear sweep voltammetry (LSV)
method. The molecular hydrogen passing through the membrane from the anode to the cathode is oxidized
and represented in units of current and then can be translated easily to traditional flow rate units e.g.

cm*min, ml/min... by using Faraday’s equation. The advantages of this method are that it is simple, non-
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destructive, quick, and can be done in-situ. However, during measurement, inert gases like argon or

nitrogen must be supplied into the cathode compartment.

It has been well-known that there is a correlation between the reactant gas crossover rate and the
open-circuit voltage (OCV) [6,7]. Hence, OCV can also be an indicator for checking the membrane
integrity. Hydrogen gas crossing through the membrane is oxidized at the cathode (at the potential of 0 V
vs. NHE (Normal Hydrogen Electrode)), resulting in the reduction of the cathode potential. At the same
time, oxygen gas permeates through the membrane to the anode side and is reduced, leading to the rise in
anode potential. Mixed potentials caused by the oxygen reduction reaction at the anode and the hydrogen
oxidization reaction at the cathode lead to the decrease of OCV. Based on this relation, it is possible to
predict indirectly the occurrence of serious damage on the membrane. Specifically, when cracks or pinholes
appear in the deteriorated membrane, the OCV will decrease significantly due to hydrogen crossover
increase [8]. OCV is therefore regarded as an important and practical measure for evaluating the integrity
of the membrane. Furthermore, checking OCV is quick, and easy and can be carried out while the fuel cell
is running. The OCV decay rate can be converted to the rate of hydrogen passing through the deteriorated

membrane, although there is no accurate quantitative formula for doing so.

The objectives of this chapter are to investigate membrane mechanical durability and develop a
membrane health diagnostic method based on the correlation between OCV and hydrogen crossing rate
through the degraded membrane. In order to achieve these objectives, a Nafion membrane NRE211 (25 um
thickness) in the catalyst-coated membrane (CCM) is first subjected to an RH cycling test using nitrogen
for both sides of the cell. Without flowing H, and air to the cell during the RH cycling test, the formation
of H,O2, which is a precursor of free radicals, will be excluded. Hence, the membrane will only experience
the mechanical degradation mechanism in the RH cycling test using nitrogen gas. Secondly, membrane
integrity is evaluated through two indicators after every 500 RH cycles, including the hydrogen crossover
rate and OCV. Thirdly, a mathematical model is applied to translate the OCV drop rate into the hydrogen
crossover rate through the degraded membrane induced by the RH cycling test. And finally, FIB-SEM is
employed to investigate the morphology change from the degraded CCM induced by the mechanical

durability test.
2.2. Experimental
2.2.1. Experimental apparatus

Fig. 2.1 presents the flow diagram of the experimental system, which is designed to conduct both
accelerated stress tests and periodic electrochemical evaluations for the visualization cell. A catalyst ink is
spray-printed on an NRE211 (DuPont) membrane with a normal thickness of 25 pm and an overall area of
80 x 80 mm with a spray-printing system (Nordson). The ink is composed of Pt/C powder (46.6%wt Pt in
Pt/C, TEC10E50E, Tanaka), Nafion perfluorinated resin solution (1100 EW, 5%wt, Aldrich), ethanol

(99.5%vol), and deionized water. As the result, a rectangular CCM with a 10-mm width and a 34-mm
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length was formed in the center of the membrane with a platinum loading of 0.5 mg cm™ at both electrodes.
Subsequently, the CCM was hot-compressed at 130 °C for 180 s at a pressure of 7.5 kN m?. The CCM was
then sandwiched between two carbon paper GDLs (Sigracet 34BC, thickness of 315 mm), two co-current
serpentine flow fields with 2-mm-wide channels and 3-mm lands, and two SS316 clamp plates. The
preparation of the testing cell is shown in Fig.2.2.
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Fig. 2. 1. Flow diagram of the experimental device.
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Fig. 2. 2. Anillustration for the testing cell preparation.
2.2.2. The RH cycling protocol and experimental procedure

The membrane in a PEFC is partially constrained by the electrodes, gas diffusion layers, and flow
fields. Meanwhile, the dimension of the membrane reacts sensitively to the variation of temperature and
humidity of the reactant gases [9]. Thus, the cyclic change of temperature and water content of the
membrane during the operation of the FCVs can cause contraction and expansion, consequently forming
residual stresses in the membrane. The influences of temperature and the water content on the membrane's
dimensional change are based on the thermal expansion coefficient and the hygral expansion coefficient,
respectively. In the operation of the FCVs, the dimensional change of the membrane caused by the water

content fluctuation is dominant due to the high hygral expansion coefficient. In engineering materials,
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residual stresses induced by the repeated dimensional change behave like the fatigue load which is largely
responsible for the mechanical damages. Therefore, the membrane becomes deteriorated gradually with the
appearance of dangerous damages like micro-cracks and pinholes, ultimately the membrane failure [10].

The purpose of the RH cycling durability test is to accelerate the mechanical degradation of the
membrane by applying a cyclic variation of the relative humidity of the gas streams. In the present chapter,
a testing protocol has been built, which is partially based on the mechanical membrane stress test protocol
of DOE [11]. Particularly, nitrogen gas at atmospheric pressure is supplied into the anode and cathode at a
constant flow rate of 500 Nccm (Normal cm®min™), at the cell temperature of 80 °C. The durations for
keeping the cell in the dry portion (dry gas) and wet portion (L00%RH) are 3 min and 2 min, respectively.
The wet and dry transition of the nitrogen gas streams at both compartments of the cell was achieved by
controlling the series of air-compressed valves (HAV-1, HAV-2, HAV-3, AAV-1, AAV-2, and AAV-3) in
Fig. 2.1.

The experimental procedure is shown in Fig. 2.3. First of all, the Beginning-of-Life (BOL) check
will be proceeded after incubating the cell at the fully hydrated condition in a day. In this stage, some
important parameters e.g. the electrochemical active surface (ECSA), crossover rate, and OCV will be
evaluated. Next, after every 500 RH cycles, there will be a periodic evaluation. Once again, the above
indicators will be checked and compared with the result from the BOL. In order to eliminate the influence
of the hydration level of the membrane on the electrochemical measurements, e.g., the hydrogen crossover
rate, cyclic voltammetry, and OCV, and to secure the consistency with the measurements carried out at
BOL, the membrane was fully hydrated before all periodic checks. Finally, there will be the End of Life
(EOL) evaluation after finishing 20,000 cycles.
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Fig. 2. 3. Experimental procedure.

2.2.3. Electrochemical testing and the OCV checking condition
2.2.3.1. Electrochemical surface area (ECSA) and hydrogen crossover rate measurements
Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) are widely used to measure the
ECSA and hydrogen crossing the membrane, correspondingly. Herein, a voltammetry system which is the

so-called BioLogic Science Instruments - SP300, was utilized to conduct these techniques. Fully-hydrated
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hydrogen and nitrogen at atmospheric pressure were fed into the anode and cathode at the flow rates of 150
Nccm and 200 Nccm, respectively. In order to achieve a 50-kPa anode backpressure, the hydrogen flow
rate was chosen at least over 150 Nccm to overcome the pressure losses in the cell and the exhausted pipe.
The cell temperature was kept at Teen = 80 °C and nitrogen gas was stopped right before starting CV
measurement. The hydrogen desorption area at the cathode electrode is so called as ECSA. The voltage
applied to the cathode ranges from 0.05 V to 0.9 V vs. NHE (Normal Hydrogen Electrode (H2/H")) with a
scan rate of 50 mVs™. In general, in the RH cycling test using N, catalyst degradation is not a concern.
However, during measuring OCV, hydrogen gas and air were used, and carbon oxidation can occur at the
cathode, leading to the reduction of ECSA. Besides checking the catalyst degradation based on ECSA, the
CV technique can also indicate when the fatal defects appear in the membrane. In particular, the CV curves
tend to shift upward when the hydrogen crossover rate increases appreciably through the deteriorated

membrane.

Meanwhile, the LSV technique can reveal the hydrogen crossover rate, expressed in units of the
current density. The applied potential is swept from 0.05 to 0.5 V versus NHE, with a scan rate of 0.5 mV
s™\. The crossover current density is then calculated at an applied potential of 0.4 V versus NHE, at which
the leaked hydrogen gas from the anode gets completely oxidized on the cathode catalyst [8]. When fatal
defects appear in the membrane, the hydrogen crossover rate increases, and the voltammetry curves
fluctuate vigorously. It is difficult to obtain correctly the hydrogen crossover current. The author
recommended obtaining the maximum current density in the potential range of 0.4 to 0.5 V as the hydrogen
crossover rate. This recommendation might not be perfect, but at least the obtained values can indicate the
maximum hydrogen crossover rates through the degraded membrane. Two different pressure cases were
used to measure the hydrogen crossover rate: (a) atmospheric pressure in the anode and cathode
compartments and (b) the introduction of 50-kPa backpressure alone in the anode compartment. The "50-
kPa anode backpressure,” despite having a differential pressure of only 50-kPa, facilitates the early
detection of serious membrane defects, such as pinholes and through-thickness cracks.

2.2.3.2. OCV checking condition

In order to measure the OCV, atmospheric, humidified hydrogen and air flowed into the anode and
cathode at flow rates of 90 Nccm and 200 Nccm, respectively. These flow rates correspond to the anode
stoichiometry of 2.92 and the cathode stoichiometry of 3.24 at the current density of 1 Acm™. This condition
was maintained at the cell temperature of 80°C within 10 min during the OCV measurement to obtain the
data.

2.2.3.3. FIB-SEM

The Focused lon Beam Scanning Electron Microscope (FIB-SEM, Helios Nanolab 600i) is

employed to confirm the appearance of mechanical defects on the degraded CCM after finishing the

durability test. Three samples from the deteriorated CCM will be cut and observed.
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2.3. Results and discussion
2.3.1. Mechanical degradation on the membrane

In Fig. 2.4a, b, and c are the snapshots of 10 RH cycles (50 min) which depict the cyclic change of
the membrane resistance (highlighted by the green lines), which is induced by the RH cycling test, from 3
testing periods: (i) at the beginning of the test (500—1,000), (ii) at the middle (10,000-10,500), and (iii) at
the end (19,500-20,000). These diagrams indicate that the water content of the membrane synchronizes
with the repeated variation of the RH of the nitrogen streams. Thus, the constrained membrane in the cell
must expand and shrink repeatedly during the durability test. As a result, the stress, which is dominated by
the in-plane stress, is formed and accumulated in the membrane, leading to the formation of mechanical
defects like cracks and tears in the membrane. It’s well-known that the amplitude and frequency of the
stress induced by the RH cycling test are the key factors in the formation speed and degree of damage of
the defects in the membrane. However, it is quite difficult to directly measure the amplitude and frequency
of the stress. Therefore, in the literature, many authors have tried to simulate and extract the stress fatigue

as well as the frequency during the RH cycling test [12,13].
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Fig. 2. 4. Snapshots of 10 RH cycles (a) in the testing period from 500 t01000 cycles, (b) in the testing
period from 10,000 to 10,500 cycles, and (c) in the testing period from 19,500 to 20,000 cycles. Cyclic
changes in membrane resistance (highlighted by the green lines) lead to the repeated change of water
content (highlighted by the blue lines) and in-plane stress (highlighted by the red lines) formation during
the RH cycling test.

In this chapter, the in-plane stresses (tensile and compressive stresses), which are induced by the

repeated dimensional change in the constrained membrane as the water content changes during the
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durability test, are quantified based on the membrane resistance data. The alternation of the tensile and
compressive stresses acts as a fatigue load, causing the membrane to mechanically degrade over time. It is
noticed that the water absorption and water desorption processes of the membrane are different. In
particular, the Nafion membranes require less time to be fully humidified than they do to be fully
dehumidified. Thus, the membrane can be fully hydrated in the wet portion in 2 min. Conversely, the
membrane may not be dried fully in the dry portion (in 3 min) of the RH cycling test. Therefore, if equation
(2.1) [12] is used to calculate the water content in the dry state (0% RH), the results will definitely be
overestimated, especially given that the dry phase only lasts for 3 min. In light of the above considerations,
an additional experiment was conducted to establish the correlation between membrane resistance and the
relative humidity. In this experiment, the membrane resistance was measured at different relative humidity
levels at the constant cell temperature of 80 °C by feeding 450 Nccm of nitrogen gas to the cell. As a result,
the actual correlation between membrane resistance and the RH was established and shown in Fig. 2.5.
Then, the actual relative humidity of the nitrogen gas stream can be determined at any resistance during the

RH cycling test by interpolating the experimental data shown in Fig. 2.4. Next, the water content of the
membrane (A (moleomol'Slo3H)) as a function of gas stream relative humidity at 80°C was derived by
applying an empirical equation (Eq. (2.1)) [12].

A=[140.1913x (RH)z(mo) 14.15% (RH)3 18.97x (RH)2+13 41x(RH) (2.1)
g ' 100/ \ 30 ' 100/ 100 ‘ 100 '

where RH (%) is relative humidity, and T (°C) is gas stream temperature.
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Fig. 2. 5. The correlation between membrane resistance and RH. The cell temperature is 80 °C. 450

Nccm of nitrogen gas at atmospheric pressure is fed into the cathode and anode compartments.

During the RH cycling test, the water content of the membrane changes repeatedly around an average
value (Zaverage), @S illustrated in Fig. 2.6. The membrane contracts, and tensile stress (o> 0) is created when

the water content of the membrane is lower than the average. In contrast, when the membrane's water
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content is higher than average, compressive stress (o< 0) is formed as a result of membrane expansion.
There is an approximate equation that represents the correlation between the hygral strain and water content
of the membrane (Eq. (2.2) [14]).

AL
€= L_o :ﬁswe(/li - /laverage) (22)

where B =0.009 is an experimental hygral expansion coefficient. 4; is the water content of the

membrane at time t. Because the cell temperature was maintained at 80 °C and no load was applied to the
cell during the RH cycling test and the thermal expansion coefficient of the PFSA membrane is much

smaller than the hygral expansion coefficient, thermal strain can be negligible in the current calculation.
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Fig. 2. 6. Schematic illustration of the water content variation during the RH cycling test.
Therefore, the in-plane stresses on the membrane can be estimated by Eq. (2.3) as follows
o=c¢E (2.3)

where E is the average Young’s modulus of the membrane. At 25 °C, and 50%RH the Young’s modulus
of the NRE211 membrane is 233.5 MPa (244 MPa in the transverse direction, 223 MPa in the machine
direction) [15]. Because Young's modulus decreases with temperature, it was obtained by interpolating at

80 °C from the experimental data in reference 15, approximately 100 MPa.

The results of water content change (highlighted by the blue lines) of the membrane and the
corresponding in-plane stress (highlighted by the red lines), which is based on the resistance data, is shown
in Fig. 2.4. And, Table 2.1 summarizes the average of water content changes and the corresponding stresses
in the three testing periods. It is clear that the cyclic change of the RH of gas stream induces the water

content of the membrane, eventually causing the repeated variation of the stress. The stress amplitude
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(Ac/2), which influences predominantly the mechanical degradation, is approximately 2 MPa in all three
periods. The results indicate that the current RH cycling test only targets membrane mechanical degradation.
Hence, the side chain of the membrane, which determines its water absorption and desorption capability,
was not decomposed by the free radicals. Therefore, the water content changes are almost the same, leading
to the marginal difference in the stress amplitude in three periods, as shown in Table 2.1.

Table 2. 1. The summary from the in-plane stress calculation based on the membrane resistance data of
10 RH cycles at three testing periods

Average
Testing Membrane resistance | membrane water | \Water content Stress amplitude
periods change AR (mQcm?) | content Aaverage change A4 (-) Aof2 (MPa)
()
500-1,000 57.7 9.90 4.20 1.90
10,000-10,500 53.2 10.3 4.39 1.98
19,500-20,000 60.4 9.60 4.23 1.87

2.3.2. The appearance of cracks/pinholes in the membrane

As shown in Figs. 2.7b and 2.8b, the hydrogen crossover rates, which were measured at atmospheric
pressure and 50-kPa anode backpressure, respectively, vary slightly around 4.4 and 5.7 mAcm™ from the
BOL until after 10,000 cycles. These crossover rates correspond to the rate estimated by H, permeability
through the intact membrane. After the membrane experienced 10,500 RH cycles (875 h of testing), there
was a sudden increase and a cyclic change in the detected current density in the voltammograms, as shown
in Figs. 2.7a and 2.8a. But, apparently, the hydrogen crossover rate increased faster and at a higher
magnitude at 50-kPa anode backpressure. The phenomenon implies serious damage to the membrane
microstructure. When the membrane is subjected to the RH cycling test, cracks initiate on its surface and
gradually propagate in depth. Thus, the cracks might have been fully developed through the membrane
after 10,500 cycles, resulting in the formation of the micro-leaked paths in the membrane. As shown in Fig.
2.8b, the membrane completely failed after experiencing 12,500 RH cycles when the crossover rate reached
27.4 Acm?, and exceeded the membrane failure threshold of 15 mAcm™ [5]. This crossover rate is about
4.4 times higher than the crossover rate measured at atmospheric pressure (approximately 6.23 mAcm™ in
Fig. 2.7b). Gas convection is clearly dominant over molecular diffusion when fatal cracks appear in the
membrane. Thereafter, due to the enlargement of the cracks and the increased number of cracks, hydrogen
crossover rates continuously increased and reached 256.2 mAcm™ after 19,000 RH cycles, which are far

beyond the membrane failure threshold of 15 mAcm™. After 19,500 RH cycles, the author was unable to
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measure the crossover rate using the LSV technique because the responded current was too high and

exceeded the measured limitation of the BioLogic Science Instruments SP300.
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Fig. 2. 7. The (a) LSV and (b) variation of hydrogen crossover rate after the different numbers of RH

cycles at atmospheric pressure.

Noticeably, the cyclic change of CVs in the LSV in Figs. 2.7a and 2.8a occurred after 10,500 RH

cycles to the end of the durability test. This is an important signal indicating the formation of the fatal

cracks in the membrane. However, it is more challenging to accurately obtain the hydrogen crossover rate

due to the CVs' strong fluctuations.
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Fig.2. 8. The (a) LSV and (b) variation of hydrogen crossover rate after different number of RH cycles at

50-kPa anode backpressure.

The water blockage in the flow channel and its drainage can explain the significant increase and

large fluctuation of crossover current shown in the LSV curves (Figs. 2.7a and 2.8a). During measuring

hydrogen crossover, the water vapor in the hydrogen and nitrogen streams condenses and gradually blocks

the channels of the flow fields and the drainage. As a result, the temporary pressure gradient formed at both

the cathode and anode, as described in Fig. 2.9. The short-lived pressure rise disappears when water droplets
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in the channel of flow fields and in the drainage are rejected to the condensers (Fig.2.1). When the pressure
is increased only at the anode side (see Fig. 2.9a, c), there will be a pressure difference between the anode
and the cathode, causing an increase in hydrogen mole fraction at the anode, thus increasing the crossover
rate according to Fick’s law of diffusion. Prior to 10,500 cycles, the membrane may be crack/pinhole free.
Thus, the crossover rate depends mainly on the gas diffusion mechanism, with the diffusion coefficient
through the Nafion membrane in the order of 10° cm?s™ [1]. Meanwhile, the convective gas diffusion had
a marginal effect, even though there was a pressure gradient between the anode and cathode. Conversely,
the effect of temporary pressure build-up is much more tremendous, because the hydrogen crossover is
dominated by the convective mechanism with the appearance of pinholes or cracks on the membrane after
10,500 cycles (875 h of testing). According to Vengatesan et.al [16], they also observed an abrupt increase
in crossover rate after the membrane subjecting to 350 h of the RH cycling test due to the formation of fatal
defects in the membrane [17]. This explains the gradual increase of the hydrogen oxidized current in the
voltammogram (see Fig. 2.8b). Right after pressure rise is released at the anode and alternatively, the
pressure built up at the cathode (see Figs. 2.9b, d), the oxidized current drops. The gradual pressure increase
caused by water blockage in the channels of the anode flow field and its drainage created a resonant effect
with the anode backpressure that led to the magnificent variation of hydrogen oxidized current, as shown
in Fig.2.8a.

H, N, H, N, H, N, H, N,
l CcCM l l CCM l l CCM l l CCM l
Y A
pinhole
¥ (a) (b) () (d)
dWBt‘l?rt Intact PEM Intact PEM Degraded PEM Degraded PEM
rople Pressure build-up Pressure build-up Pressure build-up at the Pressure build-up at the
at the anode at the cathode anode cathode

Fig. 2. 9. The schematic illustration for the pressure build-up due to water condensation. PEM is the
NRE211 membrane.

2.3.3. The evolution of ECSA

Fig.2.10a displays the cyclic voltammograms (CVs) of the CCM during the durability test.
Coincidently, the detected current curve starts shifting in the CVs after 10,500 cycles due to an appreciable
increase of hydrogen through the membrane. This indicates that the membrane has deteriorated, and the
appearance of cracks or pinholes [16]. The shift of the CVs consolidates the above-aforementioned
explanation about the cyclic, sudden increase of hydrogen crossing through the deteriorated membrane. In
particular, the hydrogen crossover rate through the membrane follows its permeability when the membrane

is intact (or at the BOL). In the CV measurement in this situation, a small amount of hydrogen gas crossing
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through the membrane to the cathode is absorbed on the platinum particles in the cathode catalyst layer,
and the hydrogen is oxidized and reduced repeatedly during the CV measurements. However, the hydrogen
crossover rate increases when the membrane is degraded by catastrophic defects such as cracks or pinholes.
In the CV measurement with a large hydrogen crossover rate, the electrochemical hydrogen pumping
current increased when the potential at the cathode was swept to a high value. The electrochemical
hydrogen-pumping current corresponds to the upper shift of the CV curve. It is obvious that the current
curves continue to move upward to the end of the durability test after 11,000 cycles, suggesting a more
serious deterioration of the membrane. Conventionally, CV technique is used to evaluate the catalytic
activity of the catalyst layer, in the study, the morphological change of the CVs (the shift of CVs) also
contributes to the diagnosis of the membrane integrity during the durability test.

Figure 2.10b depicts the evolution of the cathode's ECSA, which is derived from the CVs, after a
variety of RH cycles. The ECSA decreases and fluctuates marginally from the BOL up to 14,000 cycles.
The slight reduction of the ECSA is caused by Pt particle agglomeration and Ostwald ripening induced,
respectively, by carbon oxidation (during OCV measurements) and the variation of the cathode’s potential
(during electromechanical measurements). However, Ostwald ripening appears to be dominant because the
electrochemical (LSV and CV) measurements' duration is much longer than the OCV measurements. After
15,000 RH cycles to the end of the durability test, the ECSA dropped sharply due to the delamination
between the electrodes and the membrane induced by the RH cycling condition. The same findings have
also been reported by Vengatesan et al. [16] and Uribe [18]. In particular, the hygral coefficient of the
membrane is much higher than that of the catalyst layers. Therefore, after a specific number of RH cycles,
delamination of the membrane/catalyst interfaces occurs. The separation between the membrane and the
catalyst layers increases the ohmic resistance, resulting in the reduction of the ECSA [19]. On the other
hand, the significant reduction in ECSA does not relate to the catalyst degradation but the mechanical
degradation of the CCM induced by the RH cycling test.
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Fig. 2. 10. (a) Cyclic voltammograms of the CCM, and (b) ECSA loss after the different numbers of RH

cycles.
2.3.4. The correlation between OCV decay rate and the hydrogen crossover rate

As shown in Fig. 2.11, the measured OCV at the BOL is 0.948 V, which deviates approximately
18.3% from the theoretical value of 1.16 V (computed via Nernst equation (2.4) [20] at 80 °C and
atmospheric pressure). This deviation is mainly due to the crossover of hydrogen from the anode to the

cathode.

- RT
Vo=1.229-8.46x10* (T-298)+ - Inp, p,,. (2.4)

where the temperature T =353 K (80 °C); szand P, are the partial pressure of hydrogen gas and oxygen

gas at the anode and cathode, respectively; R is the universal gas constant; F is Faraday’s constant.
Furthermore, it can be seen that the OCV decreased with increasing RH cycles which is reversed with the
increase of hydrogen crossover rate. That is why OCV also has been widely considered as an important
indicator for checking membrane health [21-23]. More specifically, OCV dropped slightly from 0.94 V at
the BOL to 0.92 V until 12,500 cycles. Afterward, the OCV dropped significantly from 0.92 V to the
minimum value of 0.87 V after 16,000 cycles. Therefore, once again after 12,500 cycles is a milestone
indicating the failure of the membrane. Furthermore, after membrane failure, the OCV has a strong
fluctuation, which is possibly due to the variation of the hydrogen crossover rate as indicated in Section

2.3.2 and the cathode degradation as shown in Fig. 2.10.
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Fig. 2. 11. The correlation between OCV decay and the hydrogen crossover rate during the durability test

at atmospheric pressure and the cell temperature of 80 °C.

Despite the fact that the hydrogen crossing rate, which is determined using the LSV method, is a
powerful and reliable indicator of the health of the membrane, using nitrogen gas at the cathode for
electrochemical measurement appears to be challenging to carry out in actual vehicle operation. Checking
OCV is more practical in the interim. As a result, a lot of effort has been devoted to establishing a link
between OCV and the hydrogen crossover rate in PEMFCs. From this point of view, the author made an
effort to convert the OCV decay to the hydrogen crossover rate through a degraded membrane in this study.

The measured OCV departs from the theoretical value (Vo) due to the anode (7, ) and cathode (7. y)

activation overpotentials, as well as the other potentials (» ., ) by the Pt/PtO anode reaction, carbon-

others

support corrosion, and fuel impurities. Hence, the measured OCV can be predicted using Eg. (2.5).
OCVmeasured = VO - 7]C,X— 7]A,X— N others (25)

S.A. Vilekar et al. [7] have proposed a model presented by Eq. (2.6) based on the Butler-Volmer equation

that indicates the cathode overpotential caused by hydrogen crossover (iy, c,) and electrical short-circuit

(ism) currents.
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’ GoRRVORRF 2ioRR,0

where iogrp o IS the oxygen reduction reaction (ORR) exchange current density, which is calculated as

below

. Po Egy (1 1Y) »
O P S ) @7)
re

Oy, ref’
where y,, . is the roughness factor of the cathode’s catalyst which is extracted from the ECSA data in

section 2.3.3; iz’ref is the exchange current density at reference condition; Eq, orr is the activation energy
for Pt/C at the cathode (Oxygen reduction reaction); R is the universal gas constant. Po, and Po, et 818 the

partial pressure of oxygen at 80 °C and at the reference temperature, respectively. In the RH cycling test
using N2, because catalyst degradation can be negligible, iorg o is assumed to be constant. This
assumption was confirmed to be reasonable because the catalyst thickness in the SEM images of the
degraded CCM in Section 2.3.5 did not change. Furthermore, as stated in Section 2.3.3, the mechanical
degradation of the CCM caused by the RH cycling test caused only a 30% drop in ECSA compared to the
BOL value in Fig. 2.10b after 15,000 RH cycles. The electrical short-circuit (igy;) current at OCV
condition is calculated using Eq. (2.8)

O-M,e'
Ly

ism~ Vo (2.8)

At the BOL, the membrane is still intact, the hydrogen crossover current corresponding to the flux of

hydrogen crossing through the membrane can be calculated using Fick’s law as follow:

(F VHOR,e-)kH2 (FVHOR ek}, P50

T(pﬂz,o_pHZ,Ca) I (2.9)

Iy o™

where vyogr e IS the electron transfer number in the rate-determining-step for anodic hydrogen oxidation

reaction; F is Faraday’s constant; ky,is hydrogen permeability; Pr,0 and Py, ca 2T€ the hydrogen partial
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pressure at the anode and cathode compartments, respectively. With the assumption that hydrogen crossing

through the membrane is completely oxidized at the cathode’s electrode, or Py, ca™ 0.

Cell voltage
V, (Nernst potential)
L 7Nothers = constant
nexpor = f Cn,por, iSM)‘[ l
- Nex = f(y,n,)

OCVMeasured |

|

l

BOL N;

Number of RH cycles

Fig. 2. 12. A proposed approach for predicting the hydrogen crossover rate based on OCV data.

As shown in Fig. 2.12, an approach was proposed to convert the OCV decay to the hydrogen

crossover rate during the durability test. The # in this figure only has an impact on fresh cells and can

others

be supposed to remain constant during the RH cycling test; that can be extracted by using Eq. (2.10) at the

BOL. The n can be estimated by combining Egs. (2.4-2.9).

others

M others ﬂothers BOL: VO - OCVmeasured,BOL - ’7A,X, BOL VO - OCVmeasured,BOL -

(FvioR ety Py o+ VOUM,e’} (2.10)

1l
——sinh -
GORR VORRY” 2LMiORR,0

In addition, the anode activation overpotential was also confirmed to have a minor contribution to the
reduction of OCV [7]. Thus, in the durability test, the overpotential caused by H, crossover is primarily
responsible for the drop of OCV from the theoretical value in Eqg. (2.4). In particular, the hydrogen

crossover rate (iy, ;) after any number of RH cycles (Ni) can be predicted based on the measured OCV

(OCVeasured, N;) @nd 7 using Eqg. (2.11) as follows:

others, BOL

RT Loy
VO - ﬂothers’ BOL”™ OCVmeasured, N; T (—) sinh : {M} (211)

GORR VORRY” 2i0RR,0

A specific form for estimating the hydrogen crossover current density during the durability was devised

by rearranging Eqg. (2.11) as follows:

N aoRR VORRF
sinh =

2iORR,0 RT (VO B ”others, BOL" OCVmeasured, Ni)

And, all of the parameters used for calculation are shown in Table 2.2.

Doctoral dissertation presented by NGO PHI MANH 36
January, 2023



Chapter 2: Investigation of membrane mechanical durability in the polymer | Department of Hydrogen Energy Systems
electrolyte membrane fuel cells Kyushu University

Table 2. 2. Calculated parameters

Parameter Symbol Value Unit

Activation energy for Pt/C at the cathode (Oxygen

. . Eo, 0rR 67 kJmol*
reduction reaction) [24] '
Exchange current density at reference condition . )
io ref 1 x 10710 Acm’
[ 25]
Roughness factor (Measured at the BOL in the 183 CMpCMGe,
Y™,
current study) Me
Partial pressure of oxygen at the cathode side (Dry
. Po,,0 21 kPa
air)
Partial pressure of oxygen at the cathode side at
. Po,,ref 21 kPa
reference condition
Partial pressure of hydrogen at the anode side at 80
PH,,0 53.6 kPa
°C and 100%RH
Cell temperature Teen 353 K
Reference temperature Tref 293 K
Hydrogen permeability [26] ky 5.1 x 10713 | molkPa’tcm?s?

2

Charge transfer coefficient [27] AORR 0.593 -

The electron transfer number in the rate-
determining-step for the cathodic O reduction VORR 2 -

reaction [28]

Faraday’s constant F 96485 Cmol*

The electron transfer number in the rate-
determining-step for anodic H. oxidation reaction
[28]

VHOR,e— 2 -
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The electronic conductivity of the membrane [1] OMe- 10° Scm™
Membrane thickness Lm 0.0025 cm

It can be seen in Fig. 2.13 that the hydrogen crossover rate from the model proposed above shows a
quantitative agreement with experimental results. This indicates that the hydrogen crossover is mostly
responsible for the OCV drop in the degraded membrane. In addition, the model can predict membrane
failure after 12,500 RH cycles in the same way that the LSV technique can. Therefore, the existing model
proposed by S.A. Vilekar et al. [7] combined with the author’s approach can be a reliable tool to diagnose
membrane integrity based on the practical parameter, the OCV. However, there is a slight overestimation
of the current model with experimental results in the range of 5,500 to 11,000 RH cycles in the durability
test. Noticeably, the model overestimated the hydrogen crossover rate corresponding to the drastic drop of
OCV after 16000, 17000, 17500 and 19500 RH cycles. The author doesn’t have a clear answer for the
deviations because the decrease in OCV can derive from other reasons, like an ECSA drop, for instance.
Therefore, further study is necessary to confirm the validity of the current model in predicting the hydrogen
crossover rate based on the OCV data. Finally, the current model is applicable when the catalyst degradation
is minor. If the cell experiences a durability test that can lead to serious catalyst degradation (the voltage
cycle test, for instance), the oxygen reduction reaction (ORR) exchange current density iorg o in EQ. (2.7)

must be modified.
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Fig. 2. 13. The hydrogen crossover rate comparison between calculation and measurement.
2.3.5. Postmortem morphological analysis

The changes in the degraded CCM’s morphology have been investigated using FIB-SEM after
finishing 20,000 RH cycles. In order to identify the occurrence of the cracks and their distribution in the
degraded CCM, the author cut three samples located at the inlet regions (anode and cathode) and in the
middle of the degraded CCM. Each sample has dimensions of 10 mm in length and 3 mm in width. Fig.
2.14 illustrates the positions of samples which are cut from the degraded CCM. Degraded SEM images
from the degraded samples compared with the CCM morphology at the BOL as shown in Fig. 2.15. During
the observation, firstly, the SEM will be employed to scan the overall surface of the sample. Then, after
addressing the location of cracks, the focused ion beam was applied to obtain the cross-sectional images of
the selected positions.
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Fig. 2. 14. Three samples from the degraded CCM were cut and investigated with FIB-SEM.

The SEM images displayed in Figs. 2.16a, 2.17a, and 2.18 show that cracks formed in the three
examined positions of the CCM as a result of the mechanical stress induced by the current RH cycling test.
In more detail, cracks have a variety of sizes, grow perpendicularly to the applied in-plane stress direction,
and distribute mainly at the inlets of the cell and on the edges of the channels and the land, as displayed in
Figs. 2.16 and 2.17. According to the stress calculation in Section 2.3.1, mechanical stress depends
predominantly on the magnitude of the membrane water content oscillation. Owing to the co-current
serpentine pattern of the flow fields, the membrane experiences a significant change in water content at the
inlets of the CCM compared to the middle part during the RH cycling test. Thus, the membrane endures a
higher stress range at these locations, enabling the formation and propagation of cracks throughout the

membrane.

Moreover, the edges in the channels and the land (or ribs) tend to have cracks. Because the water
content variation of the membrane under land is much narrower than that under the channel regions during
the RH cycling test due to the limitation of water transportation, the in-plane tensile stress in the channel
regions is expected to have a higher amplitude. The in-plane stress formed in the channel regions is
interrupted near the land edge. As a result, the stress concentration in the membrane under the edge between
the channel and land is particularly high in comparison to that under the channel and land [29], facilitating

the formation and development of cracks.
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Fig. 2. 15. (a) surface and (b) a cross-section of the fresh CCM. PEM is the Nafion NRE211 membrane.

Based on the cross-sectional images in Fig. 2.16b and Fig. 2.18b, the cracks that have been found in
the inlet cathode’s sample and in the middle sample, respectively, have propagated through the membrane,
thus creating a micro gas leak in the CCM. Therefore, the hydrogen crossover rate increased dramatically.
The appearance of these cracks validated the hypothesis of the sudden and cyclic change of the oxidized
current during measuring the hydrogen crossover rate that was aforementioned in section 2.3.2. In contrast,
no membrane-through crack has been found among these cracks in the inlet anode’s sample, as shown in
Fig. 2.17. That means the cracks have just initiated on the surface of the anode catalyst, yet have might not
propagated deep through enough of the membrane to form the micro-gas leaked paths. Because the stress
amplitude at the inlet anode’s sample could be smaller than that at the inlet cathode’s sample, cracks take

a longer time to propagate through the membrane thickness.

Cathode
side

. 1

Membrane

(a) (b)

Fig. 2. 16. SEM images of the surface (a) and cross-section of a crack (b) in the inlet cathode sample

which were observed from the cathode side. CL is the catalyst layer.

In addition, according to the cross-sectional SEM images in Figs. 2.16b and 2.18b, the membrane
thickness does not change in comparison with the fresh membrane in Fig. 2.15b, indicating the absence of
chemical stress on the membrane in the current durability test. Moreover, the catalyst thickness remained
unchanged, revealing that catalyst degradation is negligible and that the model's assumption regarding the
constant value of ECSA is reasonable.
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Fig. 2. 17. Cracks distribute in the boundary between the rib and channel of the inlet anode sample which

were observed from the anode side.

-
O |
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Fig. 2. 18. SEM images of (a) a crack, and (b)a corresponding cross-section from the middle sample

which were observed from the cathode side. CL denotes the catalyst layer.
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2.4. Conclusions

In this chapter, with an aim to investigate the mechanical durability of the membrane, the author
applied the RH cycling test using nitrogen gas to a cell that embedded membrane NRE211. Two indicators
including the hydrogen crossover rate and OCV have been used to diagnose the integrity of the membrane
subjected to the relative humidity cycling test. These electrochemical measurements at every 500 RH cycles
and the postmortem analysis with SEM-FIB suggest followings:

(1) Both the hydrogen crossover rate and OCV have shown the ability to predict the existence of

serious damages e.g., cracks, and tears in the membrane.

(2) Comparing with OCV, the hydrogen crossover is more sensitive and possible to indicate the early
occurrence of through-membrane cracks after 10,500 cycles via the sudden and cyclical change of the
hydrogen oxidized current on the LSV curves. After 12,500 cycles, the membrane completely failed when
the hydrogen crossover rate exceeded the threshold of 15 mAcm™, which is consistent with a precipitous
decrease in OCV.

(3) The appearance of the through-membrane cracks has been confirmed in the SEM images of
degraded CCM.

(4) In addition, even though the hydrogen crossover is a sensitive and reliable pointer for checking
membrane health, OCV is more feasible and realistic in the fuel cell vehicle. In order to combine the
advantages of these two methods, an empirical model with a novel approach was applied to clarify the
correlation between OCV drop and the hydrogen crossover rate. As a result, the model's prediction agrees
guantitatively with the experimental results, indicating that this model can be used as a practical diagnostic
tool for checking the integrity of membranes in PEMFC applications, such as FCVs. However, the

validation of the current model needs to be consolidated by further study.
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Chapter 3

Investigation of in-situ catalytic combustion in PEMFCs during a

combined chemical and mechanical stress test

Abstract

This chapter 3 is focused on elucidating the catalytic combustion phenomenon in proton- exchange
membrane fuel cells. A visualization cell and an infrared (IR) camera are used to capture the thermal
behavior in situ under combined chemical and mechanical accelerated stress conditions. A catalyst-coated
membrane (CCM) embedded in the cell is subjected to a relative humidity (RH) cycling test under the
open-circuit voltage (OCV) condition. In the current durability test, hydrogen gas and air are fed into the
anode and cathode compartments, respectively, which differ from the durability test in Chapter 2, where
nitrogen gas is supplied into both sides of the cell. Whereas, operation pressure and cell temperature in
Chapter 3 are same with those in Chapter 2 (atmospheric pressure and 80 °C). The temperature distribution
on the gas diffusion layer surface at the cathode is captured through a high-transmittance glass window (ZnS
window). Continuous IR imaging revealed a hot spot at ca. 1,600 RH cycles, suggesting the existence of
pinholes and cracks in the degraded CCM and the occurrence of catalytic combustion there. The
occurrence of the hot spot coincides with the time at which the electrochemical indicators (i.e., hydrogen
crossover rate and OCV) detect membrane failure. Furthermore, a post-mortem analysis revealed several
pinholes, the position of which matched that of the hot spot. These pinholes are responsible for the rapid
increase inthe hydrogen crossover rate as well as the significant decrease in the OCV at 1,600 RH cycles
until the end of the durability test. A one-dimensional heat transfer model has been developed to predict
the temperature rise of the cathode’s GDL induced by combustion. The model estimates fairly well the
change in GDL temperature according to the hydrogen crossover rate, thus being able to track the
transition of the combustion process from a moderate to accidental scale of combustion. Additionally,
according to this model, the membrane decomposes thermally during the durability test when the

combustion heat flux exceeds the maximum dissipated heat flux of the cell (approximately 2.0 Wem).
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3.1. Introduction

Hydrogen fuel cell vehicles (HFCVs) are a promising substitute for internal combustion engine
vehicles (ICEVs) in the near future owing to their advantages, such as highenergy conversion efficiency,
no harmful gas emission during operation, and sustainability. Although HFCVs have been commercialized by
several automakers, the number of HFCVs manufactured is far behind that of ICEVs. In 2020, there were
only 25,926 light-passenger fuel-cell cars in stock [1]. Inaddition to the lack of hydrogen refueling stations,
the production costs and longevity of the fuel cell stack are the two main obstacles to the popularity of
HFCVs. Inorder toreplacetraditional vehicles, HFCVs mustsatisfy certain price (30-40 $kW?) and lifespan
targets (5,000 h equivalent to 150,000 miles of driving by 2020, and the ultimate goal is 8,000 h) [2].

Perfluorinated sulfonic acid (PFSA) membranes, which have been widely used in fuel cell vehicles,
must be super thin to satisfy the power density demand. The trend of membrane development is to reduce
their thickness to reduce costs and increase the power density while ensuring a durability target [3].
Therefore, improving the membrane durability is one of the top priorities for proton-exchange-membrane
fuel-cell (PEMFC) vehicles.

Under the actual operating conditions of fuel cell vehicles, the membrane suffers under various
harsh conditions, such as load variation, start/shutdown cycles, sub-zero- temperature start-up, and idling
conditions at a high open-circuit voltage (OCV). Detrimental effects due to the above conditions over
time result in the performance loss of the vehicle as well as shorten the durability of the components in the
fuel cell assembly in general and especially the electrolyte membrane. The factors affecting the durability
of the membrane can be widely divided into two main mechanisms: chemical and mechanical degradation.

Chemical degradation is the main cause of membrane thinning and pinhole formation. Reactive
chemical species, including «OH and eOOH [4,5], and carbon radicals (-COOH) [6] chemically attack
and decompose PFSA membranes [7,8]. A high operating temperature and pressure and low humidity
can intensify the chemical membrane degradation [9]. To investigate the chemical stability of
membranes, Fenton’s test is widely applied as ex-situ accelerated stress test [10-13], while holding
PEMFCs under OCV conditions is an in situ chemical durability test [14-16]. Under OCV conditions,
the concentration gradients of the reactant gases are the highest, thus resulting in a large amount of fuel
and air crossing through the membrane, which facilitates the generation of hydrogen peroxide (H2O>) at
both electrodes via the two-electron oxygen reduction reaction (O, + 2H" + 2" — H20,, Eo = 0.695 V
versus standard hydrogen electrode (75 °C)). Although H.O. is a weak oxidizer, it promotes the
formation of stronger free radicals, i.e., #OH and «OOH [5, 17], in the presence of metal cations (Fe**
or Fe** and Cu?"), thus resulting in the decomposition of the membrane. This is an example of how
chemical degradation begins and occurs. Furthermore, the high voltage at the OCV results in the
dissolution of platinum particles from the catalyst layers, and the dissolved platinum particles diffuse
into the membrane, resulting in the formation of a platinum band. This platinum band could trigger the

generation of H,O, [18-20]. Although this is thought to be as the second example of how the chemical
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degradation starts, other researchers reported that dispersed platinum particles in the membrane could
not only act as radical scavengers [21,22], but also help to decrease gas reactant crossover from one
electrode to the other electrode [23], thereby mitigating the formation of H,O- at electrodes, resulting in
the suppression of chemical degradation. Thus, the chemical degradation mechanism in the PEMFCs is
thought to be rather complicated. This issue will be discussed again in Chapter 4 of this dissertation.

In the case of mechanical membrane degradation, common defects were reported, such as cracks in
the membrane and delamination between the membrane and catalyst layers. The dimensional change in
the constrained membrane in the fuel cell owing to water content and temperature variations results in
the development of residual stresses. However, the impact of the former is more dominant. These stresses
behave like fatigue loads and accelerate the deterioration of the membrane over time. The relative
humidity (RH) cycling test is the most popular accelerated stress test (AST) that has been applied
extensively to investigate the mechanical durability of membranes. In the RH cycling test, inert gases
(N2 or Ar) or air [3,24,25] are fed into both the cathode and anode to eliminate the chemical effect. The
mechanical membrane degradation mechanism was investigated in Chapter 2 of this dissertation.

In practical PEMFCs where hydrogen and air are fed to the anode and cathode channels,
respectively, hydrogen inevitably crosses through the membrane and causes moderate combustion with
oxygen in the air stream owing to the presence of platinum in the cathode catalyst. In the intact
membrane, the heat released from moderate combustion is sufficiently dissipated through the gas
diffusion layer (GDL) and coolant medium and does not cause any significant increase in cell
temperature. Over the long operation period of FCVs, serious defects such as micro-cracks and thinning
may appear in the degraded membrane owing to the simultaneous impacts of mechanical and chemical
stresses. As a result, the amount of hydrogen crossing through the membrane increases significantly. The
higher the hydrogen crossover rate, the greater the amount of heat that is released from combustion. In
the worst case or in an accidental combustion, wherein the released heat rate is much higher than the
maximum heat dissipation flux of the cell, hot spots are formed, possibly resulting in a pinhole formation
in the membrane at these hot spots owing to thermal polymer decomposition [5,26]. The formation of
pinholes in the membrane can cause the entire cell stack to collapse, resulting in the instant death of the
fuel cell [27]. Thermal polymer decomposition is a dangerous degradation process. However, it is
difficult to clarify when, where, and how hydrogen combustion in fuel cells changes from a moderate to
an accidental scale. Therefore, measuring and understanding the transient process from a moderate to
accidental scale of combustion is extremely important for developing practical tools for diagnosing the
cell state and for developing durable membranes.

Till date, few studies have been focused on investigating catalytic combustion in PEMFCs. Lu et
al. [28] estimated a 4 °C temperature rise at the center of a 140-pum-diameter artificial pinhole owing to
combustion by modelling the thermal behavior in a PEMFC. Kreitmeier et al. [26] employed
thermochromic pigments as temperature indicators after perforating a membrane with artificial pinholes.

The greatest temperature escalation in the center of a 300-um-diameter pinhole was approximately
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140 °C according to the researchers. The accuracy of the outcome, however, is primarily determined by
the size of the color pigments and the relative humidity of the reactant gases. Other researchers using
dumb cells have investigated the temperature distribution on damaged membranes obtained from
accelerated stress testing. The hotspots in these deteriorated cells reached temperatures of 2.1 °C [29]
and 50 °C [30], respectively, which are greater than the working temperature. This difference in the
temperature rise could be due to the different degrees of membrane degradation that originated from
different experimental conditions. Although several researchers figured out the combustion in PEMFC,
they relied on some artificial pinholes and utilized some ex-situ techniques.

The main objective of this chapter is to elucidate the transient process of catalytic combustion from
moderate to accidental levels in an in-situ manner. As indicated above, accidental combustion is
supposed to occur in the presence of fatal defects in the membrane, such as micro-crack formation and
membrane thinning. In this study, the anode RH cycling test is employed under the OCV condition for a
single PEMFC with embedded high-transmittance glass (ZnS glass) at the cathode side. This harsh
endurance test, which can impose chemical and mechanical stresses on the membrane simultaneously is
expected to accelerate the degradation of the membrane and the consequent formation of serious defects.
Simultaneously, an infrared (IR) camera captures the temperature distribution on the surface of the
cathode GDL at every 200 RH cycles and is expected to detect hot spots due to large-scale combustion.
In addition, electrochemical measurements, such as the hydrogen crossover rate and OCV, which
indicate the degree of membrane degradation, are also performed. Thus, a correlation between the
membrane integrity and temperature change due to catalytic combustion can be obtained. Moreover, a
post mortem analysis is also conducted to investigate the morphological changes in the degraded catalyst
coated membrane (CCM). Finally, the discussion on the obtained correlation then contributes to
elucidating the transient process and proposing diagnostic methods to detect the signs of accidental

combustion.
3.2. Experimental
3.2.1. Experimental apparatus and durability testing protocol

Fig. 3.1a presents the flow diagram of the experimental system, which is designed to conduct both
accelerated stress tests and periodic electrochemical evaluations for the visualization cell. A rectangular
CCM with a 10-mm width and a 34-mm length was formed in the center of the membrane with a platinum
loading of 0.5 mg cm™ at both electrodes. The CCM fabrication procedure has been indicated in section
2.2 in Chapter 2. As be seen in Fig. 3.1b, a square window of 52 x 52 mm is perforated in the clamp
plate of the cathode. Then, a high-transmissivity glass (ZnS glass) of 40 mm diameter and 2 mm
thickness is installed on a composite frame placed between the clamp plate and flow field. This structure

allows the IR camera to accurately observe the temperature distribution on the surface of the GDL.
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Fig. 3. 1. (a) Experimental apparatus, (b) schematic cross-sectional cell structure, and (c) experimental

procedure.

Fig. 3.1c illustrates the durability testing procedure. Prior to the durability test, the cell was
incubated with 100% RH nitrogen gas (only on the anode side) for 24 h at a cell temperature (T cn) of 80
°C to ensure that the membrane could be hydrated completely. During the RH cycling test, the cell was
maintained under OCV conditions at Te = 80°C and at atmospheric pressure. For the anode
compartment, hydrogen gas was fed at a flow rate of 200-Nccm (normal cm?® min'), and the humidity
was alternately changed between the dry (2 min) and wet portions (100% RH in 3 min) by switching
three valves (HAV-1, HAV-2, and HAV-3), as shown in Fig. 3.1a. Meanwhile, dry air at a flow rate of
100-Ncem was continuously fed into the cathode compartment. The dry air helps prevent water droplets
from attaching to the ZnS glass. Because water absorbs IR rays, the temperature measurement would
thus be inaccurate. The membrane resistance and OCV were measured using a high-frequency resistance
device (Tsuruga, 3566) and then recorded using a data logger (Graphtec Corporation, GL840) every 1 s
during the durability test. The electrochemical active surface area (ECSA), hydrogen crossover rate, and
OCV were measured every 200 RH cycles. Besides, the temperature distribution on the surface of the
cathode’s GDL was captured with an IR camera during OCV measurements to investigate catalytic

combustion of the leaked gases.
3.2.2. Details of electrochemical and thermal imaging measurements

In the evaluation period presented in Fig. 3.1c, electrochemical (including the ECSA, hydrogen

crossover rate, OCVs) and thermal imaging measurements are conducted. Cyclic voltammetry (CV) and
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linear sweep voltammetry (LSV) are performed to measure the cathode’s ECSA and hydrogen crossover
rate through the membrane, respectively, using a voltammetry system (SP300, BioLogic Science
Instruments). The crossover rate and ECSA are the important indicators for evaluating membrane
degradation and catalyst decay, correspondingly. A flow rate of 150-Nccm of fully humidified hydrogen
is fed into the anode side, which serves as both the counter and reference electrode, and 200-Nccm of
dry nitrogen gas is fed into the cathode side, which is operated as the working electrode. The cell
temperature is kept at 80°C and nitrogen gas is stopped right before starting CV measurements. Hydrogen
desorption area at the cathode electrode is a measure of ECSA. The applied potential ranges from 0.05
V t0 0.9 V vs. NHE (Normal Hydrogen Electrode (H2/H") with a scan rate of 50 mVs™.

Meanwhile, the LSV technique can reveal the hydrogen crossover rate, which is represented in the
units of current density. The applied potential is swept from 0.05 to 0.5 V versus NHE, with a scan rate
of 0.5 mV s™. The crossover current density is then obtained at an applied potential of 0.4 V versus NHE,
at which the leaked hydrogen gas from the anode is oxidized completely on the cathode’s catalyst [5].
When the fatal defects appear in the membrane, the hydrogen crossover rate increases and fluctuates
vigorously as confirmed in Chapter 2, and the current density saturation in the potential from 0.4 to 0.5
V corresponds to the crossover current density. The hydrogen crossover rate is measured under two
pressure conditions:

(a) Atmospheric pressure for both anode and cathode compartments, and
(b) Application of 20-kPa backpressure only in the anode compartment.
In the following, conditions (a) and (b) are denoted as “atmospheric pressure” and “20-kPa anode

backpressure,” respectively.

2201
Inlet H, h:g'!: 3
stream

=
@
B
1 =
=3
=4
ZnS glass o

Plastic frame "

= . Gaske H, stream
Land of the 20, == |50, |

flow field

Gasket

480 pixels

Catalyst layers

Fig. 3. 2. Schematic figure showing how to capture the cathode’s GDL IR images.

Similar to the case of the hydrogen crossover rate, the OCV is measured under the same and
differential pressure conditions between the anode and cathode. Although the differential pressure

condition, as noted above, comprises a differential pressure of only 20-kPa, it helps to highlight the
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existence of severe defects in the membrane, such as pinholes or through-membrane cracks.

Thermographs (IR images) of the GDL surface are captured via an IR camera (NEC Avio, R450)
through a high-transmittance glass (ZnS) window embedded at the cathode under the OCV state at Teen
= 80 °C, as shown in Fig.3.2. The spectral range of the IR camera is from 8 to 14 um, and measuring
range from -40 to 650 °C with the accuracy of + 1 °C (when the environment temperature is from 20 to
30 °C). In order to accurately measure the GDL surface temperature, camera emissivity is calibrated
according to the cell temperature on the cathode side. It is noted that a thermocouple is embedded in the
cathode separator to confirm the cell temperature on the cathode side and to make this calibration. As a
result, a substantial emissivity was determined to be 0.68 under the condition that the cell temperature is
80 °C while N2 was fed to both the cathode and anode sides. Each IR image has a standard size of 480
pixels in width and 360 pixels in height. The (standard) space and time resolution are 330 pixels per inch
(PPI) and 5 frames per second (or 5 Hertz), respectively. The GDL temperature was obtained from the
IR images by using the InfreC Analyzer (NS9500 standard).

In the postmortem analysis, a scanning electron microscope (Helios Nanolab 600i) is employed to
examine the microstructural changes in the degraded CCM. Any specific damage is compared with the

hotspots observed in the IR imaging.
3.3. Results and discussion
3.3.1. Membrane degradation evaluation
3.3.1.1. Changes in OCV and membrane resistance during the durability test

Fig. 3.3a presents variations of membrane resistance and OCV during the durability test. The
membrane resistance fluctuated repeatedly during the test, ranging from 60 to 196 mQcm?, revealing the
change in membrane water content indirectly. In-plane stresses will be formed by the repeated
dimensional change in the constrained membrane as the water content changes. These stresses act as a
fatigue load, causing the membrane to mechanically degrade over time.

To calculate the in-plane stresses, the hygral strain based on the membrane water content needs to
be calculated. An extra experiment was performed to determine the relationship between the membrane
resistance and the RH of the reactant gases. Moreover, an empirical equation exists showing the
correlation between RH and the water content of the Nafion membrane [31]. Hence, the membrane water
content can be estimated using the membrane resistance. Consequently, the cyclic variation in the
membrane water content can be estimated to be between 5.61 and 13.1 (Fig. 3.3b), corresponding to

membrane resistances of 60 and 196 mQcm?, respectively. There is an approximate equation that

represents the correlation between the hygral strain () and water content change ((4; — 2_,,,. ge) of the
membrane (Eg. (3.1) [31]).

€ = Bswe(di — ﬂ’average) (3.1
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where Sqe = 0.009 is is an experimental hygral expansion coefficient; A; and A,yerage are the
water content of the membrane at time t and average membrane water content during the RH cycling
test, respectively.

The in-plane stresses generated in the membrane can then be estimated using Eq. (3.2):

g=c¢cE (3.2)

where E is the average Young’s modulus. The average Young's modulus of NRE211 at 80 °C is
approximately 100 MPa [32]. Consequently, variations of water content and the in-plane stress have
been calculated and shown in Fig. 3.3b and Table 3.1. The average fatigue stress induced by the durability
test is predicted to be 6.74 MPa or the stress amplitude (Ac/2) of 3.37 MPa.

Table 3. 1 Prediction of water content and the stress range induced by the durability test

Testing Average water | Minimum water | Maximum water Average stress
conditions | content, Ad,eqn | CONtENt, Apyin content, A, qx range, Ao (MPa)
RH cycling
at OCVv 9.2 5.61 13.1 6.74
condition
400 18
—— Water content 48
Tog ocv Jaso 16 b — In-plane stress 1
M,. e E {40
o8} W- 300 & 4% =
—_ , E = 2o
= Membrane resistance © = =
by e q250 o E 428
206t e s £ {24 8
s 2008 8 10 %
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Fig.3. 3. (a) Variations of membrane resistance and cell voltage and (b) the prediction of water content

and in-plane stresses formed in the membrane during the RH cycling test.

Membrane has an important role in separating react gases from forming the combustible mixture.
However, non-desired electrochemical reactions of the leaked hydrogen at the cathode and the leaked
oxygen at the anode occur at the electrodes during the durability tests, causing an increase potential at
anode side and a reduction potential in the cathode side, resulting in the OCV reduction. Furthermore,
leaking of reactant gases can initiate to the formation of hydrogen peroxide (H205), then triggering the

formation of free radicals, leading to chemical membrane decomposition, as mentioned in Section 3.1.
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Although the H,O, formation mechanism is still controversial, three possible formation mechanisms for
H-0, can be proposed. As for the first one, H.O formation at the cathode is suggested, where a 2-electron
oxygen reduction reaction (Eqg. (3.3) [33]) takes place.

0, +2H +2¢ > H,0,  E’=0.695V vs SHE (3.3)

As for the second mechanism, H>O- can be formed at the Pt band inside the membrane through the
reaction in Eq. (3.3). Oxygen gas permeated from cathode meets the proton conducted from anode at the
Pt band and forms H,O,. Pt band is often yielded under some degradation processes as follows. The Pt
band formed close to the cathode is another source of H>O, production inside the membrane. The Pt
particles are dissolved from the cathode catalyst and repositioned in the membrane when the cell
experiences a potential cycle [34] or is held in the OCV condition [18], resulting in the formation of the
Pt band. The generation rate of H,O, depends on the potential at the Pt band location in the membrane
[18]. Regarding the third mechanism, the anode's low potential makes it simple for H.O, to be produced
via Eq. (3.3).

Fluoride generated through reactions related to H.O> is an important indicator to determine the
place where H,0, is formed. The presence of fluoride was detected in the cathode and anode drainage
[5, 30], indicating H-O, formation on both sides of the cell. In addition, the H,O formation rate depends
on several factors, such as the potential, catalytic activity, RH, temperature, and crossover rate of reactant
gases.

Sethuraman et al. [35] expressed the H,O, formation rate at the anode side (QHZOZ,AH) using an

empirical relation.

QHZOZ,An = XHZOZQOZ (3.4)

where yi,0, is the fraction of O that is converted to H-O- and is dependent on the water activity of the
membrane, a,,, as follows:

Xu,0, = 0.2081 — 0.1208 X a,, — 0.072 X a,,> — 2.132 x 10~ *q,,* (3.5)
It can be seen that xy,0, increases with a decrease in water activity in the membrane (or decreased RH).
Thus, during the RH cycling tests, 4,0, in the dry portion is higher than that in the wet portion. 002 is the
oxygen crossing rate from the cathode to the anode through the membrane (mols™cm), which is calculated
using Fick’s law of diffusion in Eq. (3.6) as follows

! !
p OZ,Ca - pOZ,An p OZ,Ca

Qo, = Do,-pEMm Ho, ~ Do,-pEM Ho, (3.6)

—PEMLPEM —PEMLPEM

where Dy, pem (cm?s™) and Ho, pgu (atmem’mol™) are diffusion coefficients and Henry’s constants of
oxygen diffusion through Nafion membrane, respectively (cm?s™1); Lpgy is thickness of the membrane

(cm); and p'o, ,and po, ,, are the actual partial pressure of oxygen at the cathode and anode, respectively
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(atm). Assuming that oxygen will react completely at the anode, the concentration of oxygen at the cathode
is considered negligible (or po, ,,~ 0).

In addition, Sethuraman et al. [35] derived the H,O, formation rate at the cathode-membrane

interface (Qu,0,,ca), as follows:

Qu,0,.ca = kf(Coz)l(Cm)z (3.7)
where £; is the rate constant for H,O, formation (mol® cm™ s™) and Co, and Cy;+ are the dissolved oxygen
concentration in the bulk of the electrolyte and proton concentration, respectively (molcm). It should be
noted that Eq. (3.7) is valid for H.O, formation at the cathode-membrane interface when the potential is
lower than 0.695 V, which is the equilibrium potential of Eq. (3.3).

Although several mechanisms of H,O, formation have been proposed to date, H.O, formation only
at the anode side has been discussed as for the main mechanism in this study. The H,O, formation
mechanism initiated by the Pt band seems improbable at the beginning of life (BOL) because the Pt band
was not observed in the FIB-SEM analysis (in sector post- mortem analysis). In addition, because the
cathode potentials in the three testing conditions at the BOL are higher than 0.695 V, H,0O. formation at
the cathode side is less likely. Thus, the formation of H.O; at the anode was the most plausible
mechanism in this study. This assumption is consistent with the findings of Liu and Zuckerbrod [36] that
HO; is predominantly produced on the anode side by oxygen reduction. The estimated formation rates
of H20,, based on Eq. (3.4), under the RH cycling test in wet and dry conditions are summarized at the

last column in Table 3.2. The formation rate of H,O; at the anode depends on the oxygen crossover rate.

Table 3. 2. H,O, formation rate at the anode electrode

Properties Value
Current density, i (Acm?) 0
Cell voltage, Ve (V) 0.96
Inlet oxygen partial pressure, Po, . (atm) 0.2099
The fraction of O, reducing to H.O, [35], - Under wet
2 g 202 [ ]XHzoz() A 0.0153
condition
Under dry
- 0.2081
condition
Diffusion coefficients of oxygen through Nafion membrane [35], Under wet L0110
. X
condition
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— - - - 21
Do, pem = 9.78 X 1078 + 3.5 X 10™°T + 10~%a,, (cm’s™) Under dry .
- 1.33x10
where T =353 K, and a,, is water activity of the membrane. condition
Henry’s constants of oxygen diffusing into the Nafion membrane
[37], 20,1615
Ho,pem= exp( % +14.1) (atm cm? mol™! )
Membrane thickness, Lpgy (€M) 0.0025
Under wet
N 4.22x10°®
The oxygen crossing rate through the membrane from the cathode to | condition
; 2a-1
anode (Eq. (3.6)), Q02 (molcm™s™) Under dry .
. 5.55x10°
condition
] . Under wet
The H,O- generation rate at the anode (Eq. (3.4)), QH202, Ay (Mol cm’® N 6.45x 1010
condition
25—1)
Under dr
N Y 1.16x10%°
condition

As shown in Fig. 3.3, the average OCV decay rate during the test is quite high, at 1.43 mVh™ or
0.11 mVcycle™, which is approximately 72 times faster than the purely chemical stress test [3], in which
the cell was kept under OCV conditions at 80 °C for 2,000 hours. The OCV in PEMFCs is determined
by the Nernst equation and by the crossover rate of hydrogen through the membrane. Under the durability
test, the membrane is degraded with the increase in RH cycling numbers, resulting in an increase in the
hydrogen crossover rate and, eventually, a decrease in the OCV. In Chapter 2, it was mentioned that
there was a correlation between OCV and the hydrogen crossover rate. Thus the OCV decrease indirectly
indicates a decay in the integrity of the membrane. Furthermore, catalyst degradation is responsible for
the OCV decline when the cell voltage varies repeatedly at a high value.

According to Fig. 3.3a, the OCV decays at the different rates during the durability test. Due to
ECSA reduction caused on by carbon oxidation and variations in cell voltage, OCV rapidly declines
during the first three testing periods from BOL to after 600 RH cycles (50 h of testing time), follows by
a slight decline in the middle of the durability test and a sharp decline in the final two testing periods as
a result of increased gas leakage through the failed membrane. The OCV begins to drop significantly
and varies with a larger amplitude at the last testing periods, indicating the existence of catastrophic
defects in the membrane. This is because these defects not only greatly increase the amount of hydrogen
gas that leaks through the membrane, but also vary the leakage rate significantly owing to the change in

the hydrogen partial pressure at the anode during the durability test, resulting in a vigorous fluctuation
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in the OCV. The abrupt decrease in the OCV could be an early important signal for transient hydrogen
combustion from a moderate to an accidental scale, thus resulting in the formation of a pinhole due to
thermal polymer degradation.

3.3.1.2. The changes of hydrogen crossover rate and OCV during the durability test

Figs. 3.4a and 3.4b present the LSVs at atmospheric pressure and a 20-kPa anode backpressure,
respectively, after different numbers of RH cycles. The current density obtained in the figures
corresponds to the hydrogen crossover rate. In the case of the 1,600, 1,800 and 2,000 RH cycles in Fig.
3.4a and b, the LSVs (crossover current density) significantly fluctuate. The water blockage in the flow
channel and its drainage as through-membrane cracks emerge in the deteriorated membrane have been
explained as the cause of this phenomena, which first appeared in Chapter 2. Once again, the fluctuation
of the LSVs is a signal indicating the formation of serious defects in the membrane induced by the
durability test. Furthermore, it poses a difficulty in obtaining an accurate hydrogen crossover rate through
the degraded membrane. Although the LSV profiles exhibit fluctuation as the RH cycle progresses, they
suggest that increase in the number of RH cycles increased the hydrogen crossover rate. Furthermore,
according to the y-axis range, the hydrogen crossover rate under the 20-kPa anode backpressure
condition presented in Fig. 3.4b is much higher than that under atmospheric pressure conditions (in
Fig. 3.4a) after the LSVs fluctuate strongly. This result agrees with a physical intuition, wherein a higher
pressure at the anode (20-kPa anode backpressure) increases the crossover rate for the same degraded
membrane.

The variations with increasing the number of RH cycles in the crossover rates obtained from the
LSVs are summarized in Fig. 3.4c. After enduring 1,600 RH cycles, the crossover rate increases
significantly and exceeds the membrane failure criterion of 15 mAcm™ [4]. With a 20-kPa anode
backpressure, this is more apparent as the crossover current density increases sharply to 62.4 mAcm™
when the number of RH cycles reaches 1,600 (or 134 h). This abrupt increase in the crossover rate
suggests the appearance of serious physical defects in the membrane, such as pinholes or through-
membrane cracks.

After 1,600 RH cycles, until the end of the durability test, the crossover rate continues to increase,
possibly owing to the increase in the size of the pinholes and cracks or an increase in the number of these
defects. The crossover current density increases precipitously in the case of a 20-kPa anode backpressure
and is approximately 5.6-8.8 fold higher than in the same case at atmospheric pressure. This indicates
that hydrogen gas leakage through the degraded membrane is dominated by the gas convection
mechanism in the presence of pinholes or through-membrane cracks. It should be noted that, if no
pinholes and cracks exist, the hydrogen crossover progresses in a diffusion manner, and the crossover
rate in the case of the 20-kPa anode backpressure (120-kPa hydrogen pressure) is estimated to be 1.2

fold higher than that in the case of atmospheric pressure (100-kPa hydrogen pressure).

Doctoral dissertation presented by NGO PHI MANH 58
January, 2023



Chapter 3: Investigation of in-situ catalytic combustion in PEMFCs during a

combined chemical and mechanical stress test

Department of Hydrogen Energy Systems
Kyushu University

-
o

= BOL
- After 1000 cycles
—~ After 1200 cycles
= After 1400 cycles
— After 1600 cycles
-+ After 1800 cycles
—~ After 2000 cycles

v

@
o

e
[=

=
=

304

204

Crossover rate current density (mAcm™?)

\

0.2 0.3
Applied potential (V vs NHE)

(@)

s
@
o

0.4

- BOL

-+ After 1000 cycles
« After 1200 cycles

+After 1400 cycles

-+ After 1600 cycles

- After 1800 cycles

- After 2000 cycles

A

=
o
=]

©
@
=}

300+

250

200+

150

100+

Crossover rate current density (mAcm?)

o
=]

;/4\4\.

e

Applied potenhal (V vs NHE)
(b)

600

04

—=— atmospheric pressure
—e— 20-kPa anode backpressure

w

o

o
T

400

300

200

100

Crossover rate current density (mAcm2)

o
o
o

0 200 400 600
Number of RH cycles (-)

(c)

800 1000 1200 1400 1600 1800 2000

Fig. 3. 4. Linear sweep voltammograms for Ha/N> cell after different numbers of RH cycles (a) at

atmospheric pressure, (b) at 20-kPa anode backpressure, and (c) variation of the hydrogen crossover

current density through the membrane after different numbers of RH cycles.

The OCV is an important parameter of PEMFCs. It is well known that there is a correlation between
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the OCV and hydrogen crossover rates. Particularly, a mixed potential is created by the oxidation of
leaky hydrogen at the cathode and the reduction of oxygen at the anode, which lowers the OCV [5,38,39].
Hence, the OCV has also been considered as a practical and reliable diagnostic indicator for verifying
the integrity of polymer membranes [40].

Figure 3.5 presents the decline of OCVs at atmospheric pressure and 20-kPa anode pressure at
different numbers of RH cycles, which is in correlation with the ECSA change. The OCV shows two
drastic drops under both pressure conditions. The first decline in OCV appeared from the beginning of
life (BOL) to about 800 RH cycles which is thought to be caused by the reduction of ECSA. During the
RH cycle test, the cell voltage fluctuates (Fig. 3.3a), even for the OCV condition, when the hydrogen
stream at the anode is switched from a dry to humidified state and vice versa. This unfavorable situation
is thought to lead to the oxidation of the carbon-black support and the dissolution of Pt in the cathode
catalyst [41-43]. This results in the drop of ECSA, and consequently the gradual decrease in OCV. The
second sharp decline in OCV appeared just after 1,600 RH cycles, especially under a 20-kPa anode
backpressure. The second decline of OCV agrees with the detection of the hydrogen crossover rate in
Fig.3.4c. From this point to the end of the durability test, the increase in hydrogen crossover rate
dominates the decrease in OCV. The reducing tendency of the OCV in Fig. 3.5 is consistent with the
continuous decline of OCV that is measured during the durability test, as shown in Fig. 3.3a. After 1,600
RH cycles until the end of the durability test, the OCVs continued to decrease with a higher decay rate
owing to the increase in the hydrogen crossover rate through the degraded membrane, which is caused
by the increase in the number as well as defect’s size. In particular, with an anode backpressure of 20-
kPa, the OCV exhibits a precipitous decrease and eventually reaches a very low value of 0.61 V,

corresponding to the hydrogen crossover rate of 0.406 Acm™at the end of the durability test.
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Fig. 3. 5. The correlation between cathode’s ECSA and OCVs after different numbers of RH cycles.

The electrochemical measurement results and the discussion presented in the above sections
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indicate that the membrane completely fails after enduring 1,600 RH cycles, which is equivalent to
approximately 134 h of testing. Other membrane mechanical durability tests reveal a similar tendency,
but the membrane fails more slowly. A Nafion membrane of thickness 25 um, which is subjected to the
RH cycling test using air for both compartment of the cell, fails after thousands of RH cycles depending
on the testing conditions, e.g., 4,000 RH cycles (or 267 h of testing) [3] and 4,500 RH cycles (or 300 h
of testing) [25]. In Chapter 2, the membrane, which was experienced the purely mechanical stress, failed
after 12,500 RH cycles (or over 1,041 h of testing). The membrane under the combined chemical and
mechanical stress test in this chapter failed approximately 7.8 times faster than of in the mechanical
stress only (see in Fig.3.6). The faster failure of the membrane in this study is a result of the simultaneous
impact of chemical and mechanical degradation. Specifically, the OCV conditions and the formation of
cracks triggered by mechanical stresses intensify the generation of H,O,, which is a chemical precursor
that promotes the formation of free radicals, such as HO-and HOO-. These radicals are primarily
responsible for the mechanical and chemical stability deterioration of the PFSA membranes. Sadeghi
Alavijeh et al. [44] reported that chemical degradation could result in a reduction in the tensile strength
and consequent toughness fracture, as well as a decrease in the crack propagation resistance of PFSA
membranes. Chemical degradation, in turn, accelerates mechanical degradation. Moreover, the OCV and
low humidity conditions in the current study can facilitate the attack of radicals on the PSFA membrane

structure, in both the backbone main chain and side groups [9].
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Fig. 3. 6. The hydrogen crossover rate vs. number of RH cycles under purely mechanical stress (result
from Chapter 2) and in the current chapter's combined chemical and mechanical stress test. The red,

horizontal line represents the membrane failure criterion of the hydrogen crossover rate of 15 mAcm™
3.3.2. Temperature change during durability test

Figs. 3.7a and 3.7b present the IR images of the cathode compartment at the beginning — of — life
(BOL) and after different RH cycles under the OCV condition, at atmospheric pressure and at 20-kPa
anode backpressure, respectively. The regions denoted by seven black rectangles at BOL, wherein the
GDL surface is visible, are the subject of the investigation into the temperature change caused by
catalytic combustion during OCV measurement. The obtained crossover current and simple calculation
can estimate the volumetric concentration of hydrogen gas at the cathode side, and it is summarized in

Table 3.3 to specifically consider the thermal behavior captured by the IR camera.

Table 3. 3. Hydrogen crossover rates and the volumetric hydrogen concentration on cathode side at

different numbers of RH cycles

Number of RH cycles  [BOL {200 |400 | 600 | 800 |1000 |1200 [1400 (1600 (1800 [2000

At atmospheric
Crossover 4.2414.39|14.29|4.38|4.59|4.48|4.46|4.52|8.41|18.6|46.3
pressure
current
) At 20-kPa
density,
anode 4.76 | 4.86|4.97 | 5.14 | 5.25|5.33 | 5.35|5.37 | 62.4 | 104 | 406
mAcm
backpressure
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At atmospheric
0.07|0.07{0.07|0.07|0.07|0.07|0.07|0.07|0.130.29 | 0.71
Hydrogen pressure

concentration, At 20-kPa
vol% anode 0.07|0.07{0.080.08|0.08|0.08|0.08|0.08|0.95|1.57|5.86
backpressure

Under OCV conditions, as no load is applied to the cell, the temperature elevation of the surface of
the GDL must originate from the combustion of the leakage hydrogen from the anode with oxygen gas
in the cathode. Although, in the BOL (intact CCM) case, hydrogen permeates the membrane marginally,
and the concentration of hydrogen gas on the cathode side is low (0.07-0.08 vol%), catalytic combustion
occurred due to the presence of platinum. Thus, even at the BOL, the temperature increases as compared
to the case wherein nitrogen gas is supplied to both the anode and cathode. According to Fig. 3.8, the
average temperature increments vary between 5 °C and 6 °C at both pressure conditions. After 1,600 RH
cycles (or after 134 h of testing), several hot spots are observed only during measuring OCV at 20-kPa
anode backpressure (highlighted by the red circles) in channels 1, 2, and 7, as shown in Fig. 3.7b.
Hotspots in channels 1 and 7 can reach maximum temperature increases of 9.3 and 10.4 °C, respectively,
which is higher than the 8.5 °C in channel 2. The appearance of the hot area after 1,600 RH cycles is
consistent with the development of fatal flaws (pinholes or through-membrane cracks), which are
indicated by the aforementioned hydrogen crossover rate and OCV data. As some hydrogen gas flows
through a pinhole, a hydrogen gas mixture with air is formed, and catalytic combustion occurs in a large
scale, thus resulting in the appearance of a hot spot. Because of the presence of a pinhole after 1,600 RH
cycles, the hot-spot temperature continues to increase with the increase in the number of RH cycles
owing to the appreciable increase in the hydrogen crossover rate. With a 20-kPa anode backpressure, the
hydrogen crossover rate increases owing to the dominance of gas convection, thus resulting in a dramatic
increase in the GDL temperature, as shown in Fig. 3.8b. At atmospheric pressure, the hotspot with a
temperature of 90.3 °C appears at channel 1 until after 2,000 RH cycles when the hydrogen crossover
rate reaches 46.3 mAcm (corresponding to the hydrogen concentration of 0.71 vol% as shown in Table
3.3).
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(b)

Fig. 3. 7. IR images of the cathode’s GDL surface (a) at the atmospheric pressure and (b) at 20-kPa anode
backpressure after different numbers of RH cycles. The red circles represent the initial position of the
hotspot. The seven black rectangles, which are numbered from 1 to 7, are the GDL surface under the
channel region of the flow field. And, the red circles indicate the hotspot locations. The temperature

range is from 20.1 to 150.1 °C.
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Fig. 3. 8. Correlation between maximum temperature rise and hydrogen crossover rate (a) at atmospheric

pressure and (b) at 20-kPa anode backpressure.

Furthermore, despite the abnormally high hydrogen crossover rate and hydrogen concentration on
the cathode side at the end of the durability test, the temperature increase is not on an accidental scale.
As shown in Table 3.3, the hydrogen crossover current density at the end of the durability test reaches
approximately 406 mAcm?, which is 27 times beyond that of the membrane failure criterion (15 mA cm
2 [4]). This high crossover and simple mass balance calculation in the cathode channel suggest a
volumetric hydrogen concentration of 5.86 vol%, which is beyond the lowest concentration (4 vol%)
that could possibly induce an explosion. However, the highest temperature of 96 °C (a 16 °C temperature
increase) is recorded in channel 1 in the case of a 20-kPa anode backpressure (see Fig. 3.8b). This
temperature increase is less than that when accidental combustion occurs.

The small temperature increase is possible because the heat released from the catalytic combustion
with the hydrogen gas mixture generated quickly dissipates into the environment through the cell
components as shown in Fig. 3.9. The hydrogen gas crossover rate in the worst case, which is shown at
the end of the durability test in Fig. 3.8b, is approximately 406 mAcm™ owing to the presence of pinholes
and cracks in the membrane. Assuming that the crossover hydrogen gas burns completely, the maximum
heat formation (¢" ) can be calculated as follows.

_ leross*AHp _ 0.406x241x10°

"o _ 2 (3.8)
9 com 2F 2x96485 0.507 Wem

where AH; = 241 kJmol ™! is the heat of hydrogen combustion at 25 °C (water vapor); F = 96,485 Cmol
! is Faraday’s constant; and icess = 0.406 Acm? is the hydrogen crossover current density. If this

combustion heatof ¢”, = 0.507 Wcem 2 is applied to the Nafion membrane, it can ignite the membrane
within 15s [45]. However, the CCM in this study is surrounded by the GDL, separator channel, and
visualization window, and the gas flows in the channel. Thus, the heat released from hydrogen
combustion at the cathode’s catalyst layer can be dissipated efficiently to the environment through

convection and conduction through the gas stream and visualization window. Therefore, a maximum
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temperature increase of 16 °C (or hotspot temperature of 96 °C), as shown in Fig. 3.8b, is plausible. In
the case of the fuel cell stack, owning to the cooling system, the heat produced in the cell is dissipated
in a more efficient manner than that in this study.
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Fig. 3. 9. Combustion heat is dissipated via anode and cathode sides.

A one-dimensional heat transfer model was proposed to predict the cathode’s GDL surface induced
by combustion, which is based on the hydrogen crossover rate data with 20-kPa anode backpressure. The

heat released from combustion of ¢”,  will be transferred in two directions: anode (¢", ) and
> H2
cathode (¢", ,;,) sides, as described in Fig. 3.9. This calculation has some assumptions as follows: (i)

Combustion of the gas mixture (Hz and air) occurs on the cathode’s catalyst layer; (ii) A stable heat
transfer progress in the through-plane direction; (iii) Thermal radiation heat from the anode GDL to the
hydrogen stream is negligible; (iv) The emissivity (g) of the cathode’s GDL is 1; (V) the thermal contact
resistances between cell components are negligible. The calculation procedure is shown in Fig. 3.10. The

details of the seven-step iteration calculation will be indicated in Appendix A of this dissertation.
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Fig. 3. 10. Calculation procedure for prediction the GDL temperature rise due to combustion.

As can be seen in Fig. 3.11, even though the current heat transfer calculation is simplified with
many assumptions, it can predict fairly well the change in GDL temperature induced by combustion in
comparison with experimental results. The calculation is slightly underestimated compared to the
experimental results prior to membrane failure (1,600 RH cycles). Considering the accuracy of the IR
camera is =1 °C, the small deviation between calculation and experiment is minor, and the current
calculation show good agreement with the measurement. Then, after 1,600 RH cycles to the end of the
durability test, the calculation can follow the increasing temperature trend with the experimental data but
with a relatively larger deviation. This is probably because, in the calculation, the hydrogen crossover
rate is assumed to be uniform so that heat dissipation progresses in a one-dimensional manner (through
plane direction). In contrast, the defects appeared locally in the degraded membrane, where hotspots
appear. In this case, the heat from the combustion will be dissipated efficiently in three dimensions,
resulting in a lower GDL temperature in the experiment.

According to the calculation, in addition, the heat dissipates mainly through the anode side, at which
the heat transfer resistance is much smaller than that of the cathode path. For instance, in the case after

2,000 RH cycles, the heat flux from the combustion spot was transferred via the anode and cathode sides,
which were ¢", .. =0.096 W cm™ and q" s, = 0.410 Wem'2, respectively. Due to the higher thermal
conductivity of hydrogen gas than air at the same temperature (e.g., over 7 times at 80 °C), the convective

heat transfer coefficient from GDL to the hydrogen stream is greater than that of its counterpart to the

air stream, as shown in Table 3.4. Thus, the heat transfer resistance from the GDL to the air stream is
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over 5 times greater than the convection heat resistance from the GDL to the hydrogen stream.
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Fig. 3. 11. Comparison between the calculation and experiment of the average GDL temperature rise due

to combustion at the case 20-kPa anode backpressure.

The maximum dissipated heat flux (¢" ) is defined that the maximum heat flux released

dissipated,max
from combustion can be transferred by the cell structure corresponding to the auto-ignition temperature
of the membrane, as calculated via Eq.(3.9). When the combustion heat flux exceeds this threshold,

membrane will burn and be thermally decomposed, resulting in the formation of pinholes.

q”dissipated,max = KC@H(Tig - TCell) (3.9

where the cell temperature (Tcen) is 80 °C; The auto-ignition temperature (7;,) of the NRE211 membrane
is 300 °C [45]; Keen is the overall heat transfer coefficient of the cell (Wem2K™!) and can be calculated via
Eq.(3.10).

1 1
= +
RgpLtRair 2R tRpemtRGDLTRY,

Keen =KcatKy, (3.10)

where Rep, Rppwms RopLs Rair, and Ry, are the thermal conduction resistances of the CL, the membrane,

the GDL and the convection heat resistances from the GDL to the air and hydrogen streams, respectively.
It can be seen that the maximum dissipated heat flux or the self-cooling heat flux depends mainly on the
overall heat transfer coefficient of the cell (Kei) and the cell temperature (Tce) according to Eg. (3.9).
The K is a function of the cell components (or the cell structure), the reactant gas flow condition, and

is almost constant. Based on Eq. (3.9), the maximum dissipated heat flux is estimated to be around 2.0
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wem? (¢g" =2.0 Wem™®). This value is recognized as a maximum allowable heat flux. Within

dissipated,max

the testing conditions and cell geometry in this study, the combustion heat of ¢” = 0.507 Wem

shown above is lower than the maximum allowable heat flux. Therefore, the emergence of hotspots in
the IR images indicates that the combustion process is on the transition scale, where the combustion heat

H 1 H H " "
is lower than the maximum dissipated heat flux (¢"__<q dissipate dmax)"

At hotspot locations, the membrane not only experiences the combined effect of the chemical and
mechanical mechanisms but also the thermal stress induced by combustion. This is because the
combustion occurs at the catalyst-GDL interface, and the thermal conductivity of the membrane and
catalyst layer is lower than that of the GDL. When the GDL temperature at hot spots is in the 90-100 °C
range, the membrane temperature will be higher due to thermal resistance and reach close to its glass
transient temperature (100-150 °C) [46]. For instance, based on the above heat transfer calculation, when
the cathode’s GDL surface temperature is 98.4 °C after the membrane endures 2,000 RH cycles, the
average temperature of the membrane is predicted to be 98.8 °C. As a result, Nafion membranes would
creep and thin under mechanical stress, particularly in dry conditions, hence accelerating membrane

deterioration faster.
3.3.3 Post mortem analysis

In order to investigate the morphology of the deteriorated membrane after finishing the durability
test, a specimen from the degraded CCMs in channel 1, where a hot spot was visible in Fig. 3.7, is cut
and examined under high magnification. The specimen has a width of 3 mm and length of 11 mm, which
allow it to cover the entire active area of channel 1. The observation results are then compared to the
morphology of the fresh CCM, as shown in Fig. 3.12a and 3.12b.

Apparently, three large pinholes have been found in the selected specimen, with diameters ranging
from 12 to 16.4 um (see Fig. 3.12c). These pinholes are located in the outlet region of channel 1 (outlet
of the air stream and inlet of the hydrogen stream), where the mechanical stress concentration and
hydrogen concentration gradient are the highest. Owing to the combined impact of the mechanical and
chemical stresses that are induced by the RH cycling test in the OCV condition, membrane is thinned
locally or deteriorated mechanically leading to the formation of cracks. The hydrogen crossover rate
through these locations is high as compared to the rate regulated by membrane permeability. The leaked
hydrogen gas combusts with oxygen at the cathode’s catalyst, releasing heat flux at a rate greater than

the maximum dissipated heat flux of the cell of approximately 2.0 Wem™? (¢”

com” q”dissipated,max) during
the durability test, and then burning, instantly and temporarily, the membrane and ionomer component
in the catalyst layer, eventually resulting in the pinhole formation. Noticeably, three pinholes line up in
a groove without the catalyst. The catalyst material might have been blown up due to the flashback of
hydrogen combustion at the cathode and re-located on both sides of this groove, exposing the membrane

(highlighted by the dark colored area in Fig. 3.12c). The formation of these pinholes is thought to be
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responsible for the abrupt increase in the hydrogen crossover rate as well as the sudden drop of OCV
after 1,600 RH cycles.

According to the cross-sectional image in Fig. 3.12d, the membrane thickness in the region close
to these pinholes has also drastically decreased from 23 um at BOL to roughly 13.7 um at the end of life
(EOL). This observation confirms the impact of chemical stress on the membrane in the current
combined chemical and mechanical degradation stress test. The reduction in membrane thickness is
caused by the attack of free radicals, which are formed during the test. Therefore, this location is
favorable for the formation of pinholes due to the increase in the hydrogen crossover rate through the

thin membrane.

L

Cathode
catalyst

16.4 um

Fig. 3. 12. High-magnification images of (a) surface, and (b) cross section of the fresh CCM, (c) three
pinholes, and (d) a cross section around the pinholes on the degraded CCM in channel 1 observed from

the anode side.
3.4. Conclusions

Thermal imaging and electrochemical analyses clarified the cell degradation process and catalytic

combustion in an in situ manner during a combined chemical and mechanical stress test as follows
(1) Even in the BOL, the temperature of the surface of the GDL under OCV conditions is
increased by several degrees Celsius owing to catalytic combustion at the cathode catalyst

Doctoral dissertation presented by NGO PHI MANH 70
January, 2023



Chapter 3: Investigation of in-situ catalytic combustion in PEMFCs during a | Department of Hydrogen Energy Systems
combined chemical and mechanical stress test Kyushu University

layer with a low hydrogen-gas leakage-rate-regulated membrane permeability.

(2) The harsh accelerated stress test with RH cycling under the OCV condition results in a
synergistic effect of both chemical and mechanical degradation on the membrane.
Consequently, membrane failure occurs over 7.8 times earlier compared to the case of
mechanical stress test, wherein the RH cycle is imposed under nitrogen gas conditions in
Chapter 2.

(3) The IR imaging technique comprising the use of a visualization cell embedded with a ZnS
glass window can be a powerful diagnostic tool for detecting the formation of pinholes in
accelerated stress tests of PEMFCs. The hot spot(s) captured via the imaging indicates
pinhole formation in a straightforward manner. In addition, IR imaging can capture
degradation processes, such as increases in the number of pinholes and/or accidental
situations, by capturing many hot spots and/or wider hot regions.

(4) Every sign of membrane degradation captured via imaging is synchronized with the changes
in the hydrogen crossover rate, OCV, and membrane resistance measured via the
electrochemical method. This suggests that OCV measurement, which is possible in
practical PEMFCs, is a good tool for determining the state of the membrane.

(5) In the current combined chemical and mechanical durability test, each degradation
mechanism enhances the other, resulting in rapid membrane degradation and the formation
of fatal defects. Once fatal defects, including pinholes and cracks, form, the degradation
progresses in an accelerated manner, wherein both the hydrogen crossover rate and catalyst
layer temperature abruptly increase as the number of RH cycles increases. However, even
in worse-case scenario, the temperature increase is limited to 10-16 °C higher than the
operating temperature of 80 °C, at most. Heat conduction and convection effectively transfer
the heat from catalytic combustion to the surrounding environment.

(6) Furthermore, the heat transfer model has been developed to predict the GDL temperature
rise based on the hydrogen crossover rate data. The model can track the combustion process
as it transitions from a moderate to an accidental scale. Besides, combustion heat at the
cathode is predominantly transferred to the hydrogen stream. Based on the model, the
formation of pinholes clearly indicates that, during the durability test, the combustion heat

flux exceeded the maximum dissipated heat flux of the cell locally.
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Chapter 4

Effect of current density on membrane degradation under the combined

chemical and mechanical stress test in the PEMFCs

Abstract

This chapter elucidates the effects of current density on membrane degradation under combined
mechanical and chemical stress tests. Relative humidity (RH) cycling tests using hydrogen gas and air are
conducted on a polymer electrolyte membrane fuel cell based membrane NRE211 at the open circuit
voltage (OCV), 0.05 and 0.3 Acm™ conditions. The different current density conditions result in different
in-plane membrane stresses and H,0O, formation rates during the test. After every 200 RH cycles,
membrane integrity is assessed via the hydrogen crossover rate and OCV. Furthermore, catalytic
combustion is analyzed during OCV measurement using the thermal imaging method employing a high-
transmittance glass at the cathode side. The membrane fails after 1,600, 1,800, and 2,200 RH cycles under
the OCV condition, 0.05 and 0.3 Acm, respectively. The vigorous membrane degradation under OCV
conditions can be attributed to the higher mechanical stress and H,O, formation rate. Hotspots created due
to the combustion between the crossover hydrogen and air are successfully captured, with a maximum
temperature rise ranging from 15 to 16 °C compared with a given cell temperature of 80 °C. A one-
dimensional heat transfer model can fairly well predict the change in gas diffusion layer (GDL) temperature
induced by catalytic combustion. The combustion heat is transferred predominantly to the hydrogen stream
owing to the high convective heat transfer coefficient from GDL to hydrogen stream. Moreover, a post-
mortem analysis (SEM imaging) revealed the presence of pinholes, through-membrane cracks, and

membrane thinning at the hotspot locations.
4.1. Introduction

Green hydrogen generated from renewable sources and fuel cell technology can serve as the
foundation for achieving net-zero emissions by the year 2050 [1, 2]. Presently, internal combustion engines
(ICEs) are being employed in the transportation sector (including rail, road, aviation, and shipping),
accounting for 60% of the global oil demand [3]. In addition, the burning of oil-derived fuels in ICEs
releases CO,, SO, NOy, and particulate matter, which cause serious environmental problems, such as
global warming, climate change, acid rain, and local air pollution. According to the International Energy
Agency (IEA), CO, emissions from the transport sector comprise 24% of total global emissions [4]. The
use of green hydrogen in polymer electrolyte membrane fuel cell-driven vehicles is an appropriate solution

for reducing emissions and the dependence on oil-derived fuels in transportation. Polymer electrolyte
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membrane fuel cell-driven vehicles offer distinct advantages [5, 6], including no emissions (only water is
produced during operation), quick start-up at sub-zero temperature (-30 °C), high power density, high

energy conversion efficiency, long cruising range, short refueling duration (< 3 min), and quiet operation.

Membrane durability is the key to the success of polymer electrolyte membrane fuel cell (PEMFC)
applications, especially in the transportation sector, where higher durability, such as 150,000 miles (light
duty vehicles), 500,000 miles (bus), and 1 million miles (heavy duty vehicles), is expected for PEMFC [7].
In the PEMFC applications on the transportation sector, the membrane is ultra-thin (for example, a 10.5
um membrane in the Toyota Mirai fuel cell vehicle [7]) to get higher output and easier water management.
Moreover, the membrane experiences harsh operating conditions such as load cycles [8], idle conditions

[9], shutdown/start-up cycles [10 ,11], and freezing starts [12].

These impacts are categorized into two membrane degradation mechanisms: chemical and
mechanical. Mechanical stresses on the constrained membrane in PEMFCs result from dimensional
changes in the membrane due to the dynamic fluctuations in its temperature and water content [13 -16],
leading to the formation of cracks on the membrane and delamination between the membrane and catalyst
layers. Meanwhile, chemical stress decomposes perfluorosulfonic acid (PFSA) membranes. A small
amount of hydrogen peroxide (H20,) is formed, and the presence of contaminant cations (Fe?*, Fe**, Cu?*,
Ti**, Mg?*, Na*) yields free radicals, such as «OH, eeOOH, and eH. These radicals, then, are responsible
for the chemical decomposition of the PFSA membrane structure e.g., scissoring the main chain of the
structure, unzipping the side chain, and terminating groups, which reduce the membrane thickness and
increase the proton conducting resistance [17-19]. Many strategies have been proposed to mitigate these
stresses (mechanical and chemical) for prolonged membrane lifetimes. Two viable approaches for
improving the chemical and mechanical durability of the membrane include doping radical scavengers,
such as Ce** or Mn?*, into the ionomer to prevent radical generation [20,21] and reinforcing the membrane
with an e-PTEE layer [22, 23].

To understand each mechanism, membranes have often been investigated separately using
accelerated stress tests. However, in the actual operation of fuel cell vehicles, both chemical and mechanical
mechanisms have a simultaneous synergistic effect on the membrane. In particular, the increase in leakage
of reactant gases through cracks caused by mechanical stress promotes the generation of hydrogen peroxide,
consequently enhancing chemical degradation. Reactive species decompose the membrane, reducing its
tensile strength [24,25] and hastening mechanical membrane degradation. Therefore, to fully understand
membrane degradation and establish appropriate mitigation strategies for extending membrane lifetime, it
is essential to investigate the degradation process using a relevant combined mechanical and chemical stress

test that resembles fuel cell operation.

In addition to the mechanical and chemical degradation mentioned above, thermal degradation

should also be considered to increase the durability of PEMFCs. Although the membrane's function as a
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gas separator in PEMFCs, unavoidable crossover through the mechanically and chemically degraded
membrane leads to the formation of a combustible mixture at the electrodes. The mixture then combusts in
the presence of platinum in the catalyst layers, which results in exothermic heat release, consequently
heating up the membrane and resulting in a thermal decomposition on the membrane. The increase in the
membrane temperature is determined by the correlation between the heat generation rate (due to
combustion) and heat transfer characteristics in the cell. The self-cooling capability primarily depends on
the cell structure (components) and coolant flowing next to each cell. For instance, the GDL overlapping
catalyst is regarded as a high-heat conductor [26]. The crossover rate and catalytic activity determine the

amount of heat emitted during the combustion.

When the membrane is intact, the crossover rate is low for an intact membrane, and the amount of
combustible mixture and combustion heat rate are minimal. In a previous study, the combustion heat rate
was estimated to be 7.4 mWcm™, corresponding to a hydrogen crossover rate of approximately 5 mAcm™
through a fresh 25 um membrane [27]. The estimated combustion heat was less than that in a conventional
fuel cell operation (electricity generation). Thus, when the membrane is intact, the combustion heat
originating from the low crossover rate can be released to the outside and does not cause an abnormal

temperature increase.

In contrast, problems arise when the membrane degrades (chemically and/or mechanically), and
thinning and localized cracks are formed. In this case, a higher hydrogen crossover rate causes a
considerable increase in hydrogen concentration in the mixture with air at the cathode. The heat production
rate from the catalytic combustion of the gas mixture can be significantly higher than the cell's capacity for
cooling or the self-dissipation of the cell, ultimately increasing the membrane temperature. In an accidental
scenario, when the combustion heat flux exceeds the maximum dissipated heat flux of the cell, the
membrane could thermally decompose, eventually leading to an abrupt collapse of the cell. Few reports
have been published about fatal membrane damage caused by accidental combustion in PEMFCs [26, 28,
29] and polymer electrolyte membrane water electrolyzers (PEMWES) [30]. Thermal decomposition of the
membrane, owing to accidental combustion, is a secondary and dangerous degradation mechanism. The
previous chapter (Chapter 3) showed some thermal decomposition due to accidental combustion when the
mechanical and chemical degradation progressed. However, the current density in Chapter 3 was adjusted
to zero to simplify the phenomena in the cell when mechanical, chemical, and thermal degradation progress.
It is noted that, once the current is applied, the cell voltage decreases and water forms as a product of an
electrochemical reaction in the cell. The decreased cell voltage changes the production rate of hydrogen

peroxide. The produced water and its phase change (latent heat) influence the heat balance in the cell.

Therefore, this Chapter 4 aims to investigate the effects of current density on membrane durability
and elucidate the catalytic combustion phenomenon in PEMFCs under combined mechanical and chemical
stress tests. At a worse case, some thermal decomposition is superimposed. RH cycling durability tests

using hydrogen gas and air were carried out under the open circuit voltage (OCV) condition and at current
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densities of 0.05 and 0.3 Acm™ Comparing the results under the three testing conditions figures out the
effect of different current densities on the degree of mechanical, chemical, and thermal degradation
processes. In particular, this chapter is dedicated to answering the following questions:

(1) Does the large amount of water produced by higher current density operation moderate the wet
and dry situation established by the RH cycle and mitigate the in-plane stresses, resulting in the
suppression of mechanical degradation?

(2) Does lowering the cell voltage by higher current density operation moderate the formation rate
of hydrogen peroxide (H2O2) at the anode side [31], resulting in the suppression of chemical
degradation?

After every 200 RH cycles, the membrane integrity is evaluated and compared for the above
experimental conditions via important indicators, including the hydrogen crossover rate and OCVs.
Moreover, IR imaging with a visualization cell is used to capture the temperature rise of the GDL induced
by the catalytic combustion of leaked hydrogen gas through the membrane in the cathode compartment. In
the postmortem analysis, SEM, assisted by the thermal imaging results, helps to reveal the distribution of
defects forming in the degraded membrane. Cracking and membrane thinning are mainly caused by the
simultaneous impacts of chemical and mechanical degradation. Meanwhile, the thermal decomposition of
the membrane causes pinhole formation when the combustion heat reaches the maximum dissipated heat
flux of the cell structure or the combustion process transitions to the accidental scale. As a result, the SEM
observation also aids in the detection of pinholes in the degraded membrane, confirming the occurrence of

thermal decomposition caused by accidental combustion.
4.2. Experimental
4.2.1. Experimental apparatus

Figure 4.1a shows the flow diagram of the experimental system, designed to conduct accelerated
stress tests and periodic electrochemical evaluations for the visualization cell. Dry or humidified hydrogen
gas was supplied to the anode side of the cell at a regulated flow rate. Meanwhile, dry air or nitrogen gas
was introduced to the cathode side to prevent water from changing the ZnS glass characteristics. An IR
camera was placed next to the cell to capture the temperature change in the cathode GDL caused by

combustion.

Figure 4.1b shows a schematic cross-section of the cell where the catalyst-coated membrane
(CCM) is sandwiched between two GDLs (Sigracet 34BC, thickness of 315 mm), two co-current serpentine
(stainless steel gold-plated) flow fields with 2 mm-wide channels and 3 mm lands, and two SS316 clamping
plates. The CCM was fabricated using the method described in chapter 3 and a prior paper [27]. A 52 mm
x 52 mm square window was perforated in the cathode’s clamping plate. A high-transmissivity glass (ZnS

glass), 40 mm in diameter and 2 mm thick, was installed on a composite frame placed between the clamp
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plate and the flow field. This structure allowed the IR camera to accurately observe the temperature

distribution on the surface of the GDL.
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Fig. 4. 1. (a) Experimental apparatus, (b) schematic of cross-sectional cell structure.

Figure 4.2 illustrates the durability-testing procedure. To ensure the complete hydration of the
membrane prior to the durability test, the cells were incubated with 100%RH nitrogen gas (just on the
anode side) for a day at a cell temperature of 80 °C. During the RH cycling test, hydrogen gas was fed to
the anode side at a flow rate of 200 Nccm (normal cm® min™), and the humidity was alternately changed
between the dry (2 min) and wet portions (100%RH for 3 min) by controlling valves HAV-1, HAV-2, and
HAV-3, as shown in Fig.4a. Meanwhile, 100 Nccm of dry air was continuously fed into the cathode
compartment. Dry air prevented the formation of water droplets. It should be noted that water droplets
absorb IR rays and degrade ZnS glass color, leading to inaccurate temperature measurements. During the
RH cycling test, the membrane resistance and cell voltage were measured using a high-frequency resistance
device (Tsuruga, 3566) and then recorded using a data logger (Graphtec Corporation, GL840) every 1 s.
For every 200 RH cycles, there was a periodic evaluation in which electrochemical parameters, including
the electrochemical surface area (ECSA), hydrogen crossover rate, and OCVs, were measured. In addition,
the IR camera captured the temperature distribution on the surface of the GDL through the ZnS-glass
window during OCV measurements. When the hydrogen crossover rate exceeded the lowest explosion

level (4vol. % in the mixture with 100 Nccm air at the cathode side), the RH cycling test was stopped for
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safety. Before the periodic evaluation, the cell was stabilized with 100%RH nitrogen gas on the anode side
and dry nitrogen gas on the cathode side for 30 min at a cell temperature of 80 °C.

RH (%)

RH CYCLING EXPERIMENT PERIODIC EVALUATION RH CYCLING EXPERIMENT
(200 RH cycles) (200 RH cycles)
| ] J

| [ \ [ 1
» ECSA

100

> H, crossover rate
2 3 (YY) (L1 ] (XY}
» Open-circuit voltage

» Temperature profile

Dry gas

Time (min)

Fig. 4. 2. Experimental procedure for durability testing.

The three experimental conditions for different current densities are listed in Table 4.1. As
mentioned in the introduction section, these conditions provide insight into the effect of different current
densities on mechanical and chemical stresses on the membrane. The current densities were selected based
on the actual operation of the FCVs. OCV and 0.05 Acm™ represent the idle condition, while 0.3 Acm™

may stand for the running mode.

Table 4. 1. Experimental conditions

Current | Anode/Cathode

A?g;jcet/;etlth;)sde Relative humidity density gas flow rate ?l?t?gtelcitsgz?'g
g (Acm?) (Ncem) b
Anode: 2 min dry/3 min .
Ha/ Air 100%RH 0 200/100 Atmospheric

Cathode: Dry air pressure

Anode: 2 min dry/3 min
Ho/ Air 100%RH 0.05 200/100
Cathode: Dry air

Anode: 2 min dry/3 min
Ho/ Air 100%RH 0.3 200/100
Cathode: Dry air

Atmospheric
pressure

Atmospheric
pressure

4.2.2. Electrochemical and thermal imaging measurements

A periodic evaluation was conducted for every 200 RH cycles, as shown in Fig. 4.2.
Electrochemical (including ECSA, hydrogen crossover rate, and OCVs) and thermal imaging
measurements were conducted. Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) were
performed using a voltammetry system (SP300, BioLogic Science Instruments) to measure the ECSA of
the cathode and hydrogen crossover rate through the membrane, respectively. The crossover rate and ECSA
are important indicators for evaluating membrane degradation and catalyst decay. During the crossover rate
and ECSA measurements, fully humidified hydrogen gas (150 Nccm) was fed into the anode side (counter

and reference electrode), and dry nitrogen gas (200 Nccm) was fed into the cathode side (working electrode).
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The cell temperature was maintained at 80°C, and nitrogen gas was stopped immediately before starting
the CV measurements. The hydrogen desorption area at the cathode electrode is a measure of the ECSA.
The applied potential ranges from 0.05 V to 0.9 V vs. NHE (Normal Hydrogen Electrode (H2/H") with a
scan rate of 50 mVs™. Meanwhile, the LSV technique can reveal the hydrogen crossover rate, expressed in
units of the current density. The applied potential is swept from 0.05 to 0.5 V versus NHE, with a scan rate
of 0.5 mV s*. The crossover current density is then calculated at an applied potential of 0.4 V versus NHE,
at which the leaked hydrogen gas from the anode gets completely oxidized on the cathode catalyst [32].
When the fatal defects appear in the membrane, the hydrogen crossover rate increases, and the current
density saturation in the potential from 0.4 to 0.5 V corresponds to the crossover current density. Two
different pressure cases were used to measure the hydrogen crossover rate: (a) atmospheric pressure in the
anode and cathode compartments and (b) the introduction of 20-kPa backpressure alone in the anode
compartment. The "20-kPa anode backpressure,” despite having a differential pressure of only 20-kPa,

facilitates the early detection of serious membrane defects, such as pinholes and through-thickness cracks.

During the periodic evaluation, OCV measurements were also performed after measuring the
hydrogen crossover rate. The operating conditions in the OCV state were as follows: fully humidified H-
at a flow rate of 150 Nccm and dry air at a flow rate of 200 Nccm fed into the anode and cathode
compartments, respectively. The cell temperature was maintained at 80 °C. The OCVs were measured at
atmospheric pressure and anode backpressure of 20-kPa, which are similar to the pressure conditions used
for the measurements of the hydrogen crossover rate. During OCV measurement, thermographs (IR
images) of the GDL surface were captured using an IR camera (NEC Avio, R450) through a high-
transmittance glass (ZnS) window embedded at the cathode at a cell temperature of 80 °C. The IR camera's
spectral range is 8 to 14 um, and the measuring range is -40 to 650 °C with an accuracy of +1 °C (when the
ambient temperature is in the range from 20 to 30 °C). In order to accurately measure the GDL surface
temperature, camera emissivity is calibrated according to the cell temperature on the cathode side. As a
result, a substantial emissivity was determined to be 0.68 under the condition that the cell temperature is
80 °C while N2 was fed to both the cathode and anode sides. Each IR image has a standard size of 480
pixels in width and 360 pixels in height. The (standard) space and time resolution are 330 pixels per inch
(PPI) and 5 frames per second (or 5 Hertz), respectively. The GDL temperature was obtained from the IR

images by using the InfreC Analyzer (NS9500 standard).
4.2.3. Postmortem analysis

The microstructural changes in the degraded CCMs were examined using a focused ion beam-
scanning electron microscope (FIB-SEM; Helios Nanolab 600i, FEI) once the durability tests were
complete. The samples were selected from the deteriorated CCMs where the hotspots appeared clearly in

the IR images.
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4.3. Results and discussion
4.3.1. Changes in membrane resistance and cell voltage during durability tests

Figure 4.3a, b, and ¢ describe the changes in membrane resistance and cell voltage during the RH
cycling tests at OCV and current densities of 0.05, and 0.3 Acm, respectively. Cell voltage (red-colored
line) follows a general characteristic, where higher current density decreases cell voltage. The cell voltage
synchronizes with the RH cycle (the alternative change of dry and wet states in the hydrogen stream at the
anode). It is because the RH cycle changes the membrane resistance (blue-colored line) and ohmic

overvoltage, resulting in the change in cell voltage.

As shown in Fig. 4.3a, b, and ¢, the membrane resistance synchronizes with the RH cycle.
Resistance oscillates within different ranges depending on the testing conditions, for example, 136 mQcm?
(in the OCV condition), 137 mQcm? (in the condition of 0.05 Acm™) and 87 mQcm? (in the condition of
0.3 Acm™). Resistances at OCV and 0.05 Acm are similar because the amount of water generated at low
current density was considerably small. In contrast, higher water production at 0.3 Acm™ considerably
narrows the resistance change compared to other conditions. Because the resistance of the membrane
depends mainly on its water content, the variation in the resistance during the RH cycling test indicates a
change in the membrane water content. In a PEMFC, the change in water content leads to expansion and
shrinkage of the constrained membrane, resulting in the formation of in-plane stresses. These stresses act
as fatigue loads, causing the mechanical degradation of the membrane over time. However, a wider
membrane resistance range induced by a durability test results in a greater variance in water content,

ultimately leading to a higher membrane fatigue stress.

To investigate the effect of mechanical stress on membrane durability, the in-plane stresses formed
in the membrane under three different testing conditions were calculated. The details of the in-plane stress
computation were indicated in Chapters 2 and 3 of this dissertation. Figures 4.4a, b, and ¢ are the estimated
value of water content and corresponding in-plane stress formed in the membrane during the durability
tests at three testing conditions. For quantitative analysis, the average values of the membrane water content
and stress range were calculated (from Figs. 4.4a, b, and ¢) and summarized in Table 4.2. During the RH

cycling test, membrane water content fluctuates around the average value (1 ) inarange (AA). Under

average

the average (Aayerage - AM/2 <4 < /Iavemge), the membrane shrinks, and tensile stress is induced. Contrarily,

the membrane expands, and compressed stress is induced when the water content is higher than the average
(Zaverage< 4i < Aaverage ™ A4/2). The stress range (Ao) is one of the most important indicators of mechanical
stress in a membrane. With a higher stress range, mechanical membrane deterioration is more severe. Based
on data in Table 4.2, the stress range is highest at 6.74 MPa in the RH cycling at OCV condition and reduces
with increasing applied current density due to water generation at the cathode and hydration of membrane.
The magnitude of the stress range indicates faster membrane deterioration with the RH cycling at the OCV

condition.
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Fig. 4. 3. Variations in membrane resistance and cell voltage during the RH cycling tests at (a) OCV

condition, (b) 0.05 Acm™, and (c) at 0.3 Acm™.
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Fig. 4. 4. Predictions of the water content and in-plane stress formation in the membrane during the RH
cycling tests at (a) OCV condition, (b) 0.05 Acm™, and (c) at 0.3 Acm™.
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Table 4. 2. Summary of the prediction of water content variation and corresponding stress range at
different testing conditions based on the membrane resistance data.

Average membrane
) - . Average water Average stress
Testing conditions resistance change,

) content change, A4 range, Ac (MPa)
ARpry (MQCM?)

RH cycling at OCV

. 136 7.49 6.74
condition
RH cycling at 0.05
137 5.72 5.13
Acm?
RH cycling at 0.3
87 5.06 4.67

Acm?

The hydrogen peroxide (H20,) formed in a cell can trigger the formation of free radicals, leading
to chemical membrane decomposition, as mentioned in Section 4.1. In order to evaluate the chemical stress
on the membrane, the formation rate of H20- is calculated according to the procedure mentioned in Chapter
3. Theoretically, H.O, can be formed at the cathode (when the potential is under 0.695 V), inside the
membrane where the Pt band exists and at the anode. However, the cathode potentials in the three testing
conditions at the BOL are higher than 0.695 V, H,O, formation at the cathode side is less likely. In addition,
the H,O, formation mechanism initiated by the Pt band seems improbable at the beginning of life (BOL)
because the Pt band is only formed under some degradation processes. Thus, the formation of H,O; at the
anode is the most plausible mechanism. This assumption is consistent with the findings of Liu and
Zuckerbrod [33] that H.O- is predominantly produced on the anode side by oxygen reduction. The
estimated formation rates of H,O, under the three testing conditions in wet and dry conditions (the number
indicated inside the round brackets), were calculated via the empirical Equation (4.1) [31] and summarized
in Table 4.3.

The H,0, formation rate at the anode-membrane interface (QHZOZ,An) using an empirical relation

as follows:

QH2O2,An:XH202Q02' (4.1)

where Xi1,0 is the fraction of O that is converted to H»O, and is dependent on the water activity of the
2
membrane, a,,, as follows:

XHzOZ = 02081 - 0.1208><aw - 0.072><aW2 - 2132x 10'14aw3 (42)
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It can be seen Fig.4.5a that X150 increases with a decrease in water activity in the membrane (or
2
decreased RH). Thus, during the RH cycling tests, Xi1,0 in the dry portion is higher than that in the wet
2

portion. Qo2 is the oxygen crossing rate from the cathode to the anode through the membrane (molcm?s”

1), which is calculated using Fick’s law of diffusion in Eq. (4.3) as follows

,
. p 02 Ca pOZ,An

Po a
Qo,= Do, =D —2& (4.3)

-PEM Ho,-pEMLPEM 02-PEM Ho,-pEMLPEM

where Do, ppyv and Ho, ppy are diffusion coefficients and Henry’s constants of oxygen diffusion through

Nafion membrane, respectively (cm?s™); Lpgy is thickness of the membrane (cm); and P, andp,  are

the actual partial pressure of oxygen at the cathode and anode, respectively (atm). Assuming that oxygen
will react completely at the anode, the concentration of oxygen at the cathode is considered negligible (or

Po, .~ 0). As a result, Q02 increases linearly with increasing RH and is higher with lower applied current

2,

density due to higher actual oxygen partial pressure (pOZC ), as shown in Fig. 4.5a.

Table 4. 3. H,O, formation rate at the anode-membrane interface

Properties Value
Current density, i (Acm™) 0 0.05 0.3
Cell voltage at BOL, Veen (V) 0.96 0.86 0.74
Inlet oxygen partial pressure (in the dry air stream),
0.2099
Po, e (atm)
Actual partial pressure of oxygen at the cathode,
, 0.2099 0.2023 0.1640
P 02,Ca(atm)
Diffusion coefficients of oxygen through Nafion
membrane [31], 1.01x10*
Do,-ppm = 9.78 x 1078 + 3.5 x 107°T + 10~ %a,, (1.33x10%)
(cm??)
where T =353 K, a,, is water activity of the membrane.
Henry’s constants of oxygen diffusing through the
Nafion membrane [34],
ees 201615
Ho,.pem = exp(—— + 14.1) (atm cm3mol™1)
where T =353 K.
Membrane thickness, Lpgys (€M) 0.0025
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Oxygen crossing rate through the membrane from the | 4.22x10® 4.07x10°® 3.3x10°

cathode to anode (Eq. (4.3)), Qoz (molecm?s™) (5.55x107) | (5.35%10%) | (4.34x10"%)

O fraction reducing to H20 (Eq. (4.2)) [31], xu,0, (-)
0.0153 (0.2081)

H.02 generation rate (Qy, 0, an) at the anode (Eq. (4.1)), 6.46x10"° | 6.22x107° 5.04x10%°

(molem™s™) (1.16x10™%) | (1.11x107%) | (0.90x10°)

Table 4.3 and Fig. 4.5b suggest that a lower current density promote H,O, formation at the anode.
The H,0, formation rate at OCV condition is 1.04 and 1.28 times higher than that at 0.05 and 0.3 Acm™,
respectively. Furthermore, as can be seen in Fig.4.5b, the formation rate of H,O; increases with RH until
reaching a peak at around 60% RH and then decreases with RH. Because the dry and wet portions are kept
at 2 and 3 min, respectively, in the RH cycling tests, the difference in H.O, formation rates between the
dry and wet portions is compared and shown in Table 4.3. Apparently, the formation rate of H.O; at the
anode is primarily determined by the oxygen crossing rate, and it is approximately six times higher in the
wet portion than in the dry portion. The chemical stress on the membrane induced by the RH cycling test
was harsher at lower current densities and wet operating conditions, which accelerated the chemical
deterioration of the membrane. Furthermore, the above calculation was conducted using the BOL CCM.
However, under the RH cycling tests, the crossover rate of oxygen increased owing to membrane
degradation, resulting in an increase in the H,O, formation rate at the anode. Additionally, the cathode
potential in the condition of 0.3 Acm™ tended to fall below 0.695 V after 68 h of testing (see Fig. 4.3c),
indicating H»O; generation on the cathode side [35].
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-~ 4o
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L i I - 5x10 ~ .
o 020 \ 7:7200(?:%"‘-2 o "o 3.0x10° F *—@0.05 Acnlz
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:c':) \ R ] L 4x10® E o S
= 0154 N / 2 g 2 X
2 § . £ =
€ L ax10t @ S 2ox10° F
] », © =
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% . L 2x10% @ 2
o] ¥ ., o [
S 9
N o c 1.0x10° |
S 0.05- A c &
c v - F1x10° g T
£ / = E 5.0x10™ |
%‘3 / * © '-‘0-
0.004
s o ro 0o
0 26 4|0 slo SID 160 0 20 40 60 80 100
RH (%) RH (%)
(a) (b)

Fig. 4. 5. The dependence of (a) the fraction of O, converting to H.O, and the oxygen crossing rate, and

(b) the H,0O, formation rate on the relative humidity at three testing conditions.

Furthermore, Figs. 4.3a, b, and ¢ show the decrement in the cell voltage during the RH cycling

tests at three conditions. By fitting the voltage data, the decay rates of the voltage are 1.43 (0.11), 0.87
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(0.07), and 0.60 (0.05) mVh™* (mVcycle™) in the RH cycling tests at OCV, 0.05, and 0.3 Acm™, respectively.
Apparently, the voltage drop rate is the lowest at the applied current density of 0.3 Acm™. The relatively
high current density of 0.3 Acm™ can mitigate catalyst layer deterioration. In particular, the cell voltage is
relatively low (less than 0.74 V according to the data in Table 3), leading to less carbon oxidation, less Pt
dissolution, and a smaller reduction in ECSA. Therefore, the case with a current density of 0.3 Acm™ has
the lowest voltage drop rate.

In addition, the voltage decay tendency is consistent with the results from the above residual stress
prediction and H>O formation rate calculations, where lower current densities intensify the mechanical
and chemical stresses on the membrane. Due to the synergistic effects of the chemical and mechanical
stresses on the membrane in the current durability tests, the voltages decay at a significant rate of mvh™.
In particular, mechanical stress initiates the formation of cracks in the membrane, leading to an increase in
reactant gases crossing through the membrane and promoting the formation of H,O; and free radicals. The
free radicals are triggered by the H,O; formation, which in turn, makes the membrane thinner and weakens
the mechanical strength, shortens the time for cracks to propagate through the membrane and eventually
leads to the creation of micro-leaked path for reactant gases. The chemical decomposition with the radicals
reduces the mechanical strength of the membrane, resulting in crack initiation and propagation [25].
Whereas a more practical and long-term operation test of the PEMFC vehicles [36] shows an appreciably
slower voltage decay rate (on the order of puVh?). Although the membrane in the practical test also
experiences the combined effects of mechanical and chemical stress, the mechanical stress induced by the
load cycle is less severe than its counterpart in this study, wherein the membrane can endure the cyclic
variation of the RH. As a result, the voltage decay in the current study exhibits a higher rate than in the

practical case.
4.3.2. Degradation evaluation

The variations in the hydrogen crossover rate concerning the stress ranges in the three current
density conditions under atmospheric pressure and 20-kPa anode backpressure after every 200 RH cycles
are shown in Fig. 4.6a. A marginal difference in the hydrogen crossover rate was observed for the two
pressure conditions. For the OCV condition, after 1,600 cycles (or 134 h of testing), the hydrogen crossover
rate under the 20-kPa anode backpressure had a higher increment than that under atmospheric pressure,
exceeding the membrane failure threshold of 15 mAcm™ [37]. Similar trends were observed for 0.05 Acm’
2 after 1,800 cycles (or 150 h of testing) and 0.3 Acm after 2,200 cycles (or 184 h of testing). The abrupt
increase in the hydrogen crossover rates revealed fatal damage to the membrane structure, resulting in the
development of pinholes and membrane-through cracks. For the 0.3 Acm condition, the increase in
hydrogen crossover rate is at a lower rate compared with OCV and 0.05 Acm™ conditions, indicating the
gradual membrane degradation under this testing condition. When the membrane is exposed to higher
mechanical and chemical stresses, it fails in a shorter time with a faster rate of deterioration. This trend

agrees well with the calculated results of the formation rate of H,O and range of stress in Section 4.3.1.
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Fig. 4. 6. Variations in (a) hydrogen crossover rate, (b) OCVs, and (c) normalized ECSA after different

RH cycles in three testing conditions. Ao is the stress range.

The variations in the OCV under the three experimental conditions for both the pressure cases are
shown in Fig. 4.6b after every 200 RH cycles. It is well known that the oxidation of leaked hydrogen at the
cathode and the reduction of leaked oxygen at the anode lead to a drop in the OCV. Hence, OCV is
considered a practical and reliable indicator for examining membrane integrity [38-40]. Furthermore, the

reduction of the ECSA in the cathode catalyst layer also contributes to the decline in the OCV.

Fig. 4.6 shows that the membrane degradation process can be divided into two regions. In the first
region or prior to membrane failure, from the beginning to a specific number of RH cycles, because the
hydrogen crossover rate through the membrane follows the law of diffusion and is very small
(approximately 5 mAcm™) regardless of the anode backpressure, cathode catalyst degradation causes a
drop in ECSA and, as a result, a gradual decrease in OCV. During the RH cycle test, the cell voltage
fluctuates (Fig. 4.3), even for the given constant current density condition, when the hydrogen stream at
the anode is switched from a dry to humidified state and vice versa. This unfavorable situation, which is
particularly enhanced by the lower current density conditions (OCV and 0.05 Acm-2) is thought to lead to
the oxidation of the carbon-black support and the dissolution of Pt in the cathode catalyst [41-43], resulting
in ECSA reduction. Furthermore, the fluctuation of the cathode's potential (from 0.05 to 0.9 V) during the

electrochemical measurements can degrade the cathode's catalyst. However, carbon-black support
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oxidation caused by high cathode potential during the durability test appears to be more dominant because
the testing time is longer than the duration for electrochemical measurements and the variation of cell
voltage during the durability tests was small. In the second region, or after membrane failure, cracks and
pinholes are formed, the hydrogen crossover rate abruptly increases, and the mixture gas resulting from the
large amount of crossover significantly decreases the OCV. The transition point from the first to the second
region depends on the applied current density. The more unfavorable the testing conditions are (lower
applied current densities), the faster the membrane degradation. The transition point (hnumber of RH cycles)
is earliest under the OCV condition, followed by the RH cycling at 0.05 Acm™ and delayed much longer
under the 0.3 Acm condition.

The decrease in the OCV in Fig. 4.6b indicates the degradation level of the membrane. The average
OCV decay rates in the OCV condition are 2.09 and 1.11 mVh™ at 20-kPa anode backpressure and
atmospheric pressure, respectively. The decay rates are higher than those of the 0.05 Acm™ condition at
1.42 and 0.87 mVh* and the 0.3 Acm™ condition at 0.79 and 0.35 mVh™. In addition, the current results
depict the severity of the testing conditions in the order of OCV, 0.05 Acm™, and 0.3 Acm™.

In summary, some critical findings can be derived from the above discussion. Fig. 4.7 is a summary
of Chapters 2, 3, and 4. Firstly, the membranes in the cases exposed to mechanical and chemical
degradation have failed rapidly compared with those exposed to the purely mechanical durability test in
Chapter 2. The RH cycling test using Ha/air with lower applied current densities will accelerate membrane
degradation faster, leading to more early failure by approximately 5.7—7.8 times compared with that using
Hy/air. Secondly, the OCV can monitor the deterioration of the cathode catalyst and assess the membrane
integrity. The OCV exhibited a notable decline in the considerable rise of the hydrogen crossover rate (in
addition to the noticeable degradation of the ECSA).
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Fig. 4. 7. The hydrogen crossover rate versa number of RH cycles under purely mechanical stress (data
from Chapter 2), and in the combined chemical and mechanical stress tests at OCV, 0.05 and 0.3 Acm™
conditions. The red, horizontal line represents hydrogen crossover rate of 15 mAcm? which is defined as

the membrane failure threshold.
4.3.3. Investigation of in situ catalytic combustion of leaked hydrogen gas with air at the cathode

Figure 4.8 shows IR images of the cathode side recorded at 20-kPa anode backpressure during the
OCV measurements in the RH cycling tests. The possible imaging areas of the cathode GDL surface in the
channel region are highlighted using the seven black rectangles. When hydrogen leaks from the anode and
combusts catalytically with oxygen in the air on the cathode side, a temperature rise of the GDL surface
can be observed in the IR image. As evident in Fig.4.9, when the membrane is still intact, the temperature
increase due to catalytic combustion of the leaked hydrogen solely follows solely Fick’s law of diffusion

and varies approximately between 4 and 7 °C within the seven channels.

When the membrane has defects, hotspots (highlighted by the red circles in Fig. 4.8) appear on
some channels with an abrupt increase in the hydrogen crossover rate and abrupt decrease in OCVs. In
particular, hotspots started to emerge after 1,600 cycles in channels 2 and 7 under the OCV condition (Fig.
4.8a), resulting in an increase the GDL temperature (Fig. 4.9a). Consistently, the hydrogen crossover rate
and OCV change significantly after 1,600 cycles. For the 0.05 Acm™ condition, the appearance of hotspots
in channels 4, 5, and 7 (Fig. 4.8b and Fig. 4.9b) at 1,800 cycles is consistent with the hydrogen crossover
rate and OCV. In contrast, for 0.3 Acm™, a hotspot appears later at channel 4 at 2,400 cycles, as displayed
in Fig. 4.7c, after the crossover rate rises at 2,200 cycles, as shown in Fig. 4.9c. Further, the maximum

temperature rise in the condition of 0.3 Acm™ is relatively gradual compared with other conditions.
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Although there is a slight difference amongst the conditions, the appearance of hotspots synchronizes with
membrane failure, as indicated by the abrupt changes in the hydrogen crossover rate and OCV.

Figure 4.8 suggests that the hotspots reach the maximum temperature at the end of the durability
tests, when the crossover rate is the highest. As shown in Fig. 4.9, the highest temperature rise for the OCV
condition was 16 °C at the hotspot in Channel 1, 15 °C for 0.05 Acm condition in channel 7, and 16 °C
for 0.3 Acm?condition in channel 3. Given that the reference temperature (the temperature at which no gas
is supplied at BOL) is 80 °C, the maximum temperature at hotspots is 95 to 96 °C. Although a simple
calculation estimated a high hydrogen concentration on the cathode side (e.g., 5.86 vol% in the OCV case
in Table 4.3), the maximum temperature at the hotspots was not very high (less than 100 °C). The good
thermal conductivity of the GDL [26] helped in the transmission of the exothermal heat from hotspot
locations to the environment. However, in practical cases, the membrane temperature is possibly close to
the glass transient temperature (100-150 °C [44]) because of inadequate heat conduction, which would

significantly reduce the mechanical strength of the membrane and lead to premature membrane failure.
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Fig. 4. 8. IR images of the cathode side recorded under 20-kPa anode backpressure case during periodic
OCV measurements in the RH cycling test in (a) the OCV condition, (b) 0.05 Acm™ condition, and (c)
0.3 Acm condition. Red circles show hotspots caused by combustion. 150 Nccm of fully humidified
hydrogen gas and 200 Nccm of dry air were fed into the anode and cathode sides, respectively, at a cell

temperature of 80 °C. The temperature range is from 20.1 to 150.1 °C.

The appearance of hotspots depends predominantly on the magnitude of the hydrogen crossover
rate and hydrogen concentration in air on the cathode side. Table 4.3 shows an estimation of the volumetric
concentration of hydrogen crossing through the membrane in the mixture with 200 Nccm airflow during
periodic OCV measurements at a 20-kPa anode backpressure condition. In this calculation, the hydrogen
crossover rate data were obtained at anode backpressure of 20-kPa, as shown in Fig. 4.6a. A hotspot
emerged when the hydrogen concentration reached 0.34%, which corresponds to the crossover over rate of
22.4 mAcm in the condition of 0.3 Acm™. This is the lowest concentration among the three experimental
conditions at which the heat flux is released from catalytic combustion beyond the self-cooling flux of the
cell, resulting in the emergence of a hotspot in IR imaging. The hydrogen concentration calculation assumes

that hydrogen leaks uniformly through the membrane in all channels. However, the leakage of hydrogen
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gas through specific cracks in the degraded membrane can yield a locally high hydrogen concentration,
eventually forming local hotspots. Therefore, maintaining a high rate of airflow is recommended to dilute
hydrogen leakage across the membrane, consequently preventing thermal decomposition of the membrane.
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Fig. 4. 9. Correlation between the hydrogen crossover rate and average temperature in the region of each
channel during the durability tests under the (a) OCV, (b) 0.05 Acm, and (c) 0.3 Acm™ conditions. The

average temperature was extracted from IR imaging.

IR imaging reveals that hotspots tend to be located at (1) the entrance and exit regions of the CCM
and (2) the separator's channel and land boundary. The results contribute to the understanding of
distribution of defects (e.g., cracks, locally thinning membrane, and pinholes) in the degraded membrane.
According to the stress calculation in Section 4.3.1, mechanical stress depends predominantly on the
magnitude of the membrane water content oscillation. Owing to the co-current serpentine pattern of the
anode flow field, as displayed in Fig. 4.8a at BOL, the membrane experiences a significant change of water
content at the entrance and exit of the CCM compared to the middle part during the RH cycling test. Thus,
the membrane endures a higher stress range at these locations, enabling the formation and propagation of
cracks throughout the membrane. This tendency can be confirmed in the conditions of OCV and 0.05 Acm
%(Figs. 4.8a and b), where the defects appeared as hot spots in IR imaging concentrated at the inlet and
outlet. Meanwhile, higher amount of water production in the 0.3 Acm™ condition mitigated the water
content difference at the inlet and outlet of the CCM. Hence, the location of hotspots, which suggests

defects in Fig. 4.8c, differs from the other conditions. Furthermore, the formation rate of H-O- at the anode
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and membrane interface is proportional to the oxygen crossing rate. At the entrance of the airstream, the
air pressure is slightly higher than at the exit of the cell, so consequently more H>O, will be produced and
correspondingly more free radicals will be formed. Thus, the membrane at the entrance of the airstream
can deteriorate chemically more severely than other regions, leading to membrane thinning and an increase
in the hydrogen crossover rate. Therefore, hotspots were mainly distributed in entrance region of the
airstream, apparently at OCV and 0.05 Acm conditions. The distribution of hotspots is consistent with the
OCV holding test, which is indicated in the Appendix B of this dissertation.

In addition, the edges in the channels and under the land (or ribs) tend to have defects. Because the
water content variation of the membrane under land is much narrower than that under the channel regions
during the RH cycling test due to the limitation of water transportation, the in-plane tensile stress in the
channel regions is expected to have a higher amplitude. The in-plane stress formed in the channel regions
is interrupted near the land edge. As a result, the stress concentration in the membrane under the edge
between the channel and land is particularly high in comparison to that under the channel and land [45, 46],

facilitating the formation and development of cracks.

Subsequently, the synergistic effect of mechanical and chemical stresses can be identified. Once
cracks induced by mechanical stress appear, the crossover rate increases; chemical degradation, such as
membrane thinning is accelerated; and the mechanical strength of the membrane is weakened. Therefore,
under chemical and mechanical stress, lethal defects, for example, through-membrane cracks and pinholes,

are possibly formed at the edge and near the inlet and outlet of the channel.

Furthermore, the different conditions lead to different defect locations, resulting in varied locations
of the maximum temperature rise, as shown in Fig. 4.9. The maximum temperature is observed in channel

1 in the condition of OCV and channels 7 and 3 in the conditions of 0.05 and 0.3 Acm, respectively.

In addition, the number of hotspots indirectly indicated the extent of membrane deterioration for
all three testing conditions. The IR image of the OCV condition (Fig. 4.8a) suggests six hotspots at the end-
of-life (EOL) (at 2,000 RH cycles). On the other hand, the condition of 0.05 Acm™ (Fig. 4.8b) and 0.3 Acm’
2 (Fig. 4.8¢c) shows 3 and 2 hotspots, respectively. Thus, the number of hotspots can also reveal the
significance of the degradation. Thus, the IR imaging introduced in this study is useful for capturing the

heterogeneous defects in membranes.

Table 4. 4. Volumetric concentration of hydrogen in the mixture of 200 Nccm airflow in cathode side
during the periodic OCV measurements at 20-kPa anode backpressure condition
Number of RH

BOL | 1400 | 1600 | 1800 | 2000 | 2200 | 2400 | 2600 | 2800 | 3000
cycles

OCV | in,20kpa | 4.76 | 537 | 62.4 | 104 | 405
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(mAcm™?)
CHZ,ZOkPa
0.07 | 0.08 | 0.95 | 1.57 | 5.86
(%)
iHZ,ZOkPa

487 | 6.05 | 747 | 142
0.05 | (mAcm?)

Acm™ | Cy, 20kpa

0.07 | 0.09 | 0.11 | 2.13
(%)

iHZ,ZOkPa
431 | 459 | 458 | 537 | 834 | 195 | 224 | 421 | 524 | 170

03 | (MAcm?)

Acm’ Cy,,20kPa

0.07 | 0.07 | 0.07 | 0.08 | 0.13 | 0.30 | 0.34 | 0.64 | 0.80 | 2.55
(%)

The temperature rises of the cathode’s GDL surface during measuring OCVs caused by combustion
in three testing conditions are examined with numerical calculation using a one-dimensional heat transfer
model, as described in Section 3.3.2 of Chapter 3. The combustion heat flux in the calculation is based on
the hydrogen crossover rate data in the case of 20-kPa anode backpressure in Table 4.4. The measured GDL
temperature rise in Fig. 4.10 means the average temperature considering all seven channels (1, 2, 3, 4, 5, 6,
and 7). Fig. 4.10 shows the comparison between the calculation and measurement of the GDL temperature
rises in the three testing conditions. The calculation validates the increase in GDL temperature, which is
proportional to the hydrogen crossover rates, by showing a reasonably good agreement with the
experimental data. Prior to membrane failure, there is a slight under-prediction in the calculation; this
deviation is reasonable owing to the accuracy of the IR camera (1 °C). The calculation result shares the
same increasing trend of the GDL temperature as the experimental data from the beginning of the
membrane failure to the end of the durability test. Although the calculation qualitatively agrees with the
experiment, there is a large deviation after membrane failure due to the inhomogeneity of the hydrogen rate
crossing through the degraded membranes. The heat transfer calculation, in particular, assumes that the
hydrogen crossover rate is uniform. However, cracks and membrane thinning appear locally in degraded

membranes, and the combustion process occurs there, causing the temperature rise to be heterogeneous.

Both the calculation and the experimental results indicate that the GDL temperature increase is
under 100 °C, even though the hydrogen crossover rate was abnormally high at the end of the durability
test. Apparently, this temperature rise is quite lower than the melting point and auto-ignition temperatures

of the Nafion membrane (around 300 °C). The maximum dissipated heat flux of the cell of around 2 Wem'
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2 (maximum allowable heat flux shown at Section 3.3.2 of Chapter 3) is appreciably higher than the
combustion heat flux. Therefore, the combustion heat could be transferred efficiently to the environment,

preventing the membrane from melting or burning.
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Fig. 4. 10. Comparison of the calculation and measured GDL temperature rises induced by combustion in

three testing conditions.
4.3.4. Post mortem analysis

Hydrogen gas crossing through pinholes and fatal cracks in the membrane forms a combustible
mixture with air and is burned in the presence of Pt, resulting in the formation of hotspots, as suggested by
the IR images. Therefore, three samples from the hotspot containing deteriorated CCMs were cut at the end
of the durability tests, corresponding to three testing conditions. The cut samples enclosed the hotspot
location with a width of 3 mm and length of 11 mm. These samples were then observed from the anode
side using SEM to examine the presence of pinholes and cracks. The morphological changes in the
degraded CCM samples were compared with the surface and cross-sectional images of the fresh CCM, as
shown in Fig. 4.11a. Cracks, pinholes, and membrane thinning can be observed in the SEM images in Figs.
4.11b, c, and d.
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Figure 4.11b displays the SEM image of the anode surface of the sample from channel 1 after the
durability test under OCV condition, at which the hotspot emerged in the IR image (see Fig. 4.8a). Three
pinholes with an average diameter (¢) ranging from 12 to 16.4 um were noticed. At a specific time in the
durability test, there was noticeable hydrogen crossover via thinning or cracked membranes, which
combusted with oxygen at the cathode catalyst and produced heat at a rate higher than the self-cooling heat
flux of the cell (approximately 2.0 Wem). This results in burning of the membrane when the membrane
temperature exceeds the ignition temperature of approximately 300 °C [29], eventually creating pinholes.
Noticeably, the three pinholes were lined up in a groove without the catalyst. The catalyst material at the
anode might have blown up because of the flashback of hydrogen combustion at the cathode. Catalyst
material was, then, located on both sides of this groove, thereby exposing the membrane (highlighted by
the dark-colored area in Fig. 4.11b). The formation of these pinholes was responsible for the abrupt increase
in the hydrogen crossover rate, as well as the sudden drop in the OCV after 1,600 RH cycles. Furthermore,
compared to the BOL membrane, the membrane thickness in the cross-section around these pinholes (Fig.
4.11b) drastically reduced by 40% (from approximately 23 to 13.7 um). This membrane thinning is a clear
evidence of chemical degradation, where membrane decomposition progresses in the current combined

chemical and mechanical stress tests.

Figures 11c and 11d show two big cracks appearing at channels 7 and 3 in the RH cycling tests at
0.05 and 0.3 Acm, respectively. Based on the cross-sectional images obtained using the focused ion beam,
the cracks were fully developed through the membrane under both conditions, forming micro-gas leakage
paths between the cathode and anode sides. The development of these catastrophic cracks accounts for the
sudden change in hydrogen crossover and OCV, similar to pinholes in the OCV condition. Moreover,
membrane thickness also decreased slightly from approximately 23 pum in the BOL (Fig. 4.11a) to 17 um
(in the condition of 0.05 Acm in Fig. 4.11c) and 16 pm (in the condition of 0.3 Acm™ in Fig. 4.11d). The
emergence of through-membrane cracks at thin membrane locations indicates the synergistic effect of

mechanical and chemical stresses on the membrane.
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Fig. 4. 11. SEM images of (a) surface and cross section of the fresh CCM, (b) (c) and (d) surface and
cross section of the degraded CCMs in the RH cycling at OCV condition, at 0.05 Acm™, and at 0.3 Acm’
2 respectively. PEM is the Nafion NRE211 membrane.
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4.4, Conclusions

This chapter concentrated on the impact of current densities on membrane degradation. Combined
chemical and mechanical stress tests were performed on a PEMFC. The membrane was subjected to an RH
cycle by supplying air and hydrogen gas under different current densities. In addition to electrochemical
measurements (hydrogen crossover rate and OCV), IR imaging during the test and SEM observation after
the test clarified the following:

(1) A higher current density in the RH cycling tests causes higher amount of water production and
less H,O, formation, which mitigate mechanical stress and chemical stress on the membrane, respectively.
This finding is supported by the quantitative analysis of the H.O, formation rate and the residual stress

range at different applied current densities in the RH cycling tests.

(2) The first appearance of hotspots observed by IR imaging synchronizes with an abrupt increase

in hydrogen and a sudden decrease in OCV. This suggests the following:

e Repeated mechanical and continuous chemical stress, which gradually causes small cracks

and thinning of the membrane in the RH cycle test, eventually reaches a critical level,
e Moderate combustion shifts to accidental combustion.

e The heat from the burning of the combustible mixture at the cathode catalyst exceeds,
locally (at the positions where membrane thinning and cracks are formed), the self-cooling

capability of the cell.
e Fatal defects, such as large through-membrane cracks and pinholes, are formed.

(3) The fatal cracks and pinholes suggested in the degradation test were observed in post-mortem
analysis (SEM). The location of the fatal defects matches with that of the hotspots captured by IR imaging.
Thus, IR imaging acts as a powerful diagnostic tool for detecting the locations of defects and evaluating

the level of membrane degradation during accelerated stress tests.

(4) The rise in GDL temperature induced by combustion has been predicted using a one-
dimensional heat transfer model. The model can track the transition of the combustion process from a
moderate to accidental scale based on the hydrogen crossover rate data. Besides, combustion heat is
transferred predominantly from the cathode’s catalyst to the hydrogen stream. Despite that the high
dissipated heat flux (maximum allowable heat flux) of the cell is estimated to be approximately 2.0 Wem
2 (corresponding to a hydrogen crossover rate of 1.77 Acm™), the formation of pinholes in the OCV
condition indicated that the local combustion heat flux exceeded this dissipated heat flux, resulting in the
thermal decomposition of the membrane. It is worth mentioning that the thermal decomposition might have

occurred shortly during the durability test, when the IR imaging did not perform.
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(5) The maximum GDL temperature at the hotspots was observed to be under 100 °C during
measuring OCVs; thus, the membrane temperature at these points possibly exceeded 100 °C but was much
lower than the auto-ignition temperature (around 300 °C). This indicated that, even though pinholes
(induced locally by accidental combustion during the durability test) and cracks had been formed and the
hydrogen crossover rate through these defects was high, the corresponding combustion heat flux was still
below the maximum dissipated heat flux. On the other hand, the combustion process was on a transient
scale during the OCV measurement, and the membrane cannot be destroyed instantly by the thermal
decomposition process. However, when the membrane operated close to its glass transient temperature, it
became weaker, resulting in the enlargement of cracks and pinholes in the combined chemical and

mechanical stress test.
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Chapter 5

Overall conclusions, mitigation strategies and future prospects

This final chapter emphasizes important findings from the current study. Furthermore, based on these
findings and consultation from the literature, primary strategies have been proposed to diagnose and
mitigate mechanical, chemical, and thermal membrane degradation. The above strategies aim to improve
membrane durability, resulting in prolonging the lifetime of the membrane and the fuel cell. In addition,
some recommendations, such as tracking the transition of the combustion process in the PEMFCs

embedding reinforced membranes, are also proposed for expanding the current study.
5.1 Overall conclusions

The use of low-temperature polymer electrolyte membrane fuel cells (PEMFCs) as the powertrain
fueling green hydrogen is a viable solution for addressing today's pressing issues, such as the depletion of
fossil fuels and environmental concerns caused by the direct combustion of gasoline and diesel in internal
combustion engine vehicles. However, fuel cell stack durability in general and the durability of the
membrane in particular in the PEMFC is the bottleneck for the widespread commercialization of FCVs on
the market. Therefore, improving membrane durability in fuel cell vehicles is one of the top priorities,
especially in heavy duty vehicles where the membrane must experience much harsher operating conditions
than that in light duty vehicles. Understanding the mechanisms that accelerate membrane deterioration
(mechanical, chemical and thermal membrane degradation) is crucial for developing mitigation strategies
that will prolong membrane lifetime and help achieve the ultimate lifetime targets of 8,000 h for light-duty
vehicles and 30,000 h for heavy-duty vehicles [1]. Besides, developing practical and reliable diagnosis
methods is also crucial for shortening the maintenance duration, reducing the maintenance cost, and

increasing the reliability of the FCVs.

Chapter 2 of this dissertation elucidated purely mechanical degradation on membrane. Membrane
Nafion NRE211 experienced a mechanical stress induced by the relative humidity (RH) cycling test using

nitrogen gas on both sides of the cell at 80 °C and at atmospheric pressure.

® The author has succeeded in calculating the in-plane stresses formed in the membrane in the
current testing condition based on the membrane resistance data. The alternation of the
compressive and tensile stresses with an amplitude of approximately 2 MPa during the RH
cycling test accelerates membrane degradation.

® The fluctuation of the LSV curves during hydrogen crossover rate measurement due to water
blockage in the flow channel and its drainage after 10,500 RH cycles indicates the appearance

of small through-membrane cracks under mechanical stress.
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® Afterwards, membrane completely failed after the membrane experienced 12,500 RH cycles
that can be indicated by two indicators, including the hydrogen crossover rate and open-circuit
voltage (OCV).

® This decreasing the OCV comes from mixed potentials. The leaking of reactant gases through
the membrane leads to the oxygen reduction reaction at the anode and hydrogen oxidation
reaction at the cathode, yielding the mixed potentials at the electrodes.

® The membrane durability is the primary target of the RH cycling test using N, at both the
cathode and anode compartments; therefore, the catalyst layer's deterioration is negligible. As
a result, the rise in hydrogen crossing rate through the degraded membrane is what accounted
primarily to the decrease in OCV during the durability test. Namely, the negligible
deterioration at catalyst layer does not responds to the decrease in OCV.

® A novel diagnostic method has been developed based on an existing model for converting
OCV decay to anticipate the change in hydrogen crossover rate during the durability test. This
idea was proved through a quantitative agreement between the measured crossover rate and
crossover rate estimated through the OCV. Although the hydrogen crossover rate is the most
reliable indicator for checking the integrity of membrane, directly measuring the hydrogen
crossover rate requires Nitrogen gas (and so its cylinder) and electrochemical apparatus,
resulting in larger cost. Thus, direct measurement of hydrogen crossover rate, such as on a
light-duty fuel cell vehicle (around 400 cells in the stack of the Toyota Mirai 2022 version
[1]), is unrealistic to diagnose membrane integrity. Meanwhile, it is practical and easy to scan
OCV of each cell in the stack of a FCV. Therefore, this method could be very helpful in
diagnosing the membrane integrity via scanning OCV, thus saving time and reducing cost for

the maintenance.

Chapter 3 aims to investigate the combined effects of chemical and mechanical mechanisms on
membrane durability. Under actual operating conditions of the FCVs, the membrane experiences both
chemical and mechanical processes of deterioration. Thus, the chapter 3 supposes a more practical situation.
Additionally, because hydrogen and air were used in this durability test, catalytic combustion of the
hydrogen that leaked through the membrane and the air on the cathode side occurs and was investigated in-
situ manner by using the IR imaging method. A high IR transmittance glass window (ZnS-glass) installed
on the cathode side makes it possible to precisely measure a temperature rise at the surface of cathode’s
gas diffusion layer (GDL) brought by the catalytic combustion. The ZnS-glass is weak to water, thus the
hydrogen stream’'s RH was only alternated between wet and dry states at the OCV condition. During the
durability test and the electrochemical measurements, meanwhile, all supplied gases were maintained in a
dry state at 80 °C and at atmospheric pressure. The effects of the chemical and mechanical stresses on the

membrane were evaluated quantitatively based on the calculation of the in-plane stresses (tensile and
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compressive stresses) formed in the membrane and the H,O, formation rate at the anode-membrane

interface under the OCV condition, respectively.

At low RH and OCV mode, the tensile stress reaches its peak and the rate of H,O, is higher
than other conditions. In other words, both mechanisms have the most severe impact on the
membrane when the cell operates at low RH and at the OCV mode. The current finding calls
into question the tendency of PEM fuel cell vehicles to operate in low RH conditions.

Under the synergetic impact of the chemical and mechanical stresses, the membrane failed
quickly after enduring 1,600 RH cycles. This was suggested by the abrupt rise of the hydrogen
crossover rate and drop of OCV, around 7.8 times earlier than purely mechanical stress test
after 12,500 cycles that has been reported in Chapter 2. Because the free radicals can attack
on both the main chain and the side of the PFSA membrane structure, membranes change their
mechanical properties from ductile to more brittle, resulting in a reduction in crack
propagation resistance. In the meantime, the increase of reactant gases through the cracks
induced by the mechanical stress accelerates the formation of H,O,, eventually forming free
radicals. In sum up, chemical stress enhances the mechanical membrane degradation and vice
versa, so that the membrane in the combined stress test deteriorates quickly in comparison
with the purely mechanical stress test.

The appearance of a hotspot after 1,600 RH cycles on the IR image successfully indicates the
transition of the combustion process. The emergence of a hotspot is consistent with membrane
failure, which is indicated by the abrupt increase in the hydrogen crossover rate and drop in
OCV. In other words, the IR imaging technique is indeed able to track in-situ the transition of
the combustion process in the PEMFCs.

Furthermore, the maximum temperature rise of GDL at hotspots was under 100 °C, even
though the hydrogen crossover rate was extremely high, for example, approximately 0.41
Acm at the end of the durability test. The self-cooling capability of the cell helped to transfer
the combustion heat from the catalyst to the environment.

When the combustion heat flux exceeds the maximum dissipated heat flux, combustion
process transitions from the moderate to accidental scale, then burning the membrane and
eventually pinhole formation. The maximum dissipated heat flux of the cell was calculated
corresponding to the auto-ignition temperature of the Nafion membrane approximately at 2.0
Wcem2, During the post-mortem analysis, three pinholes discovered in SEM images provided
unequivocal proof that accidental combustion occurred instantly and temporarily during the
durability test.

The development of these pinholes was the primary factor in the membrane's abrupt failure
during the durability test. The current discovery raises another question about how to ensure

the reliability of FCVs with the probability of accidental combustion. Furthermore, when the
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hotspots appeared, the membrane in the durability test experienced not only the combined
chemical and mechanical stress but also the thermal stress, resulting in faster membrane
degradation. This is due to the fact that Nafion membranes would creep and reduce thickness
under mechanical stress at temperatures close to their glass transition temperature (100-
150 °C), particularly in dry conditions [2].

Chapter 4 investigates the effect of current density on membrane durability. In the operation of fuel
cell vehicles, the membrane in the stack experiences different modes, including braking, idling, low speed
coasting, cruise/acceleration, and moderate speed coasting. Power demand or the applied current density
on the stack will change to cope with these corresponding operation modes, leading to the changes in the
membrane temperature and water content. This harsh change in cell suggests a thermal-hygral dimensional
fluctuation of the constrained membrane and leads to the formation of residual stress, which then
deteriorates mechanically the membrane with time. Furthermore, the concentration of reactant gases is also
different at different applied current densities. Thus, the formation rate of H,O,, which is a precursor of
the hydroxyl radicals, is not the same at different current densities. Thus, the effect of current density on
membrane durability should be addressed. The membrane NRE211 was subjected to a RH cycling test
where the hydrogen stream was changed repeatedly between the dry and wet conditions at the OCV
condition, and at applied current densities of 0.05 and 0.3 Acm™ in a visualization cell. These testing
conditions were expected to partially mimic the operating modes in FC vehicles. Electrochemical indicators
and IR thermal imaging were used to evaluate membrane integrity and combustion of the combustible
mixture of leaked hydrogen and air in the presence of Pt at the cathode side. Similar to the previous chapter
4, effects of the chemical and mechanical stresses at three current densities were considered through the
residual stress on the membrane and the formation rate of H,O,. Furthermore, thermal stress induced by

combustion was also clarified based on the IR imaging analysis.

® The hydrogen crossover rate and OCV suggest that membrane failed quickly after 1,600, 1800
and 2,200 RH cycles in the durability tests at OCV, 0.05 and 0.3 Acm, respectively, which
is much earlier than purely mechanical stress test after 12,500 cycles in Chapter 2. It is
apparent that membrane experiences higher mechanical stress and H,O, is generated at higher
rate with the lower applied current density. Meanwhile, higher applied current densities
narrow the change in membrane water content during the RH cycling test, resulting in a lower
stress range (or stress amplitude). Therefore, the membrane is hydrated sufficiently at a higher
applied current density, which mitigates the effect of mechanical stress on the membrane. On
the other words, OCV and closed to OCV are not desired operating conditions in the fuel cell
vehicles.

@ Inthree durability tests with the different current densities, hotspots were observed on the IR

images, which was consistent with the points at which the membrane failed, as indicated by a
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dramatic rise in the hydrogen crossover rate and a sharp decline in OCV at 20-kPa anode
backpressure.

® Through-membrane cracks and pinholes have been found on the degraded catalyst coated
membranes (CCMs) in the SEM images at the same locations where hotspots were observed.

® The maximum GDL temperature at hotspots observed under 100 °C at the end of the durability
tests, despite the hydrogen crossover rates being much higher than the membrane failure
threshold of 15 mAcm™ [3]. Through the fatal defects in the failed membrane, the hydrogen
crossover rate increased appreciably, and combustion heat was released at a high rate, but it is
considered to be under the maximum dissipated heat flux of the cell structure of around 2.0
Wcem™, That explains why the GDL temperature rise is induced by combustion being under
100 °C, which is much lower than the membrane's auto-ignition temperature. Therefore, the
membrane won’t be destroyed instantly but instead will be subjected to thermal stress, which
can accelerate membrane deterioration.

® The rise in GDL temperature induced by combustion has been predicted using a one-
dimensional heat transfer model. The model can track the transition of the combustion process
from a moderate to accidental scale based on the hydrogen crossover rate data. Besides,
combustion heat is transferred predominantly from the cathode’s catalyst to the hydrogen
stream. Despite the high dissipated heat flux of the cell, approximately 2.0 Wcm™, the
formation of pinholes in the OCV condition implied that the local combustion heat flux
exceeded this maximum dissipated heat flux during the durability test when the IR imaging
did not perform, resulting in the thermal decomposition of the membrane.

® The IR imaging technique using in the visualization cell can provide more useful information
than post-mortem techniques and can provide information on how the membrane fails. The
advantages of the IR technique, indeed, in-situ IR technique, are summarized as follows: (i)
The in situ IR technique detects when and where a pinhole (or through-membrane crack)
forms; (ii) The recorded temperature (distribution) obtained through the in-situ IR technique
clearly suggests that catalytic combustion occurs at the pinhole formed; (iii) The severity of
the temperature increase triggered by combustion can be determined. It can be determined
whether the temperature increase owing to combustion causes fatal damage or understood that
the combustion does not cause fatal damage owing to the self-heat dissipation capability of
the cell. In other words, IR imaging is a powerful and in-situ diagnostic tool for capturing the
transient change of the combustion process from moderate when the membrane is intact to

transition and accidental scaling when the membrane is degraded and fatal defects appear.
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5.2. Mitigation strategies and future prospects
5.2.1. Mitigation strategies
5.2.1.1. Mitigation strategies for the mechanical membrane degradation

The constrained membrane in the PEMFC shrinks when it is dry and expands when it is hydrated,
inducing compressive stress and tensile stress, respectively. These stresses impact on the membrane in two
directions: the through-plane and the in-plane. The latter direction was confirmed to have the dominant
influence. The membrane is deteriorated mechanically depending on the stress amplitude (Ac/2) and
frequency of the water content change (AL/At) or the RH swing. Mechanical defects such cracks tend to
appear in the locations having high stress amplitude. In the current study, cracks were found in the channel
regions and the edge between land/channel in the CCM. Therefore, the possible strategies for mitigating
mechanical membrane degradation should be based on the principle of reducing the stress amplitude and
the stress frequency. There are two general strategies focusing on modification membrane and operation of

the fuel cell vehicles.

The membranes with low hygral expansion coefficient will reduce the residual stress formed in the
membranes when there are variations in water content and temperature. Nafion® N111-1P is an extruded
PFSA membrane that has an EW of 1100 and is likely to be NRE211, a solution-cast membrane. N111-1P
is fabricated using melt processes, which aim to reduce the in-plane expansion coefficient. It was proved
that N111-IP has no degradation after enduring 20,000 RH cycles using air as the testing gas [4]. Besides,
reinforced membranes, in which a porous PTFE layer is fabricated in the middle of the membrane, are
another alternative solution for improving the membrane's mechanical durability. The Gore™ Primea® and
Nafion XL (Dupont) are two typical reinforced membranes. Even though N111-IP and Gore™ Primea®
showed excellent mechanical durability, both membranes were degraded quickly after experiencing the
chemical stress test and/or the combined chemical and mechanical stress tests [4]. Noticeably, Nafion XL
has been reinforced with e-PTFE in the middle of the membrane and also chemically stabilized with cerium.
Thus, Nafion XL membrane showed the good mechanical and chemical durability when it experienced the
OCV holding test and the combined chemical and mechanical stress test (RH cycling at the OCV condition)
[5]. Tosum up, it is evident that the chemical degradation process is more constrained than the mechanical
degradation process. The membrane's mechanical strength was significantly reduced by chemical
deterioration, particularly via the increased crystallinity and hydrophilic domain spacing of the ionomer.

Therefore, it is necessary to employ both mechanical and chemical mitigation techniques at the same time.

Flattening the load demand imposed on the cell is another operational strategy to reduce the
mechanical stress on the membrane. The variation of load is inevitable in during operation of the FCVs
which can cause changes in the temperature and water content, leading to dimensional oscillation of the
membrane eventually resulting in the formation of stress. According to reports, load changing cycles

account for 56% of all fuel cell deterioration in the actual operation of the FCVs [6]. Furthermore,
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increasing the length of the loading change and decreasing the load changing speed are the desired actions.
But, stable operation as for a countermeasure against the mechanical degradation seems not to be feasible
and practical in the actual operation of a FCV if the cell stack is the only powertrain. Therefore, an assisted
battery system, which is an axillary power system, works together with the main fuel cell stack. This
combination has been applied to the commercialized FCVs on the market. With the support from an
additional battery, the load range can be smaller, resulting in a smaller hydro-thermal dimensional change
of the membrane. However, there are two drawbacks from this solution: shortening the lifetime of the

battery due to burden of load variation given on the battery and the increase in FCV’s cost.
5.2.2.2. Mitigation strategies for the chemical membrane degradation

Hydroxyl radicals (¢OH, «OOH) are responsible for the chemical decomposition of the membrane.
The appearance of these radicals relies mainly on the appearance of H,O, and the metal ions impurities
(Fe*, Fe**, Cu?"). These cations impurities can derive from the water in bubblers, supplied gases, corrosion
materials, during MEA preparation and other sources. They accumulate in the membrane, resulting in
initiation of free radicals. H,O, has a negligible effect on membrane degradation, however, it triggers the
formation of free radicals. As mentioned in Chapter 4 of this dissertation, the formation rate of H,O, tends
to be high when the fuel cell operates at low current density and low RH. Therefore, all chemical mitigation
strategies must be developed based on the above considerations. In the current study, the author will select
and propose some typical MEA modifications and operational solutions for suppressing chemical

membrane degradation, as listed in (1) and (2) below
(1) Modification MEA

In the case of heavy-duty fuel cell vehicles, a scavenger that is more durable and does not degrade
fuel cell performance is required to suppress chemical degradation. The free radical scavengers,
which are usually dispersed into the membrane matrix in the form of nanocrystals or in the form
of additives, will react with the free radicals, thus protecting the membrane from chemical
decomposition. The free radical scavengers introduced into the membrane must be long-lasting,
difficult to wash away by the produced water, and do not degrade fuel cell performance. Ceria,
with two common valence states: Ce** and Ce*', are notable free radical scavengers that are

successfully used to mitigate chemical degradation. Ce** ion decomposes eOH to Ce*" ion

(Ce*" +OH+H"—Ce*"+H,0), in turn, Ce* ion is reduced to Ce** ion (Ce* + 1/2H,— Ce** + HY).
Nafion/CeO, composite membranes have been confirmed to mitigate chemical degradation in the
real operation of the PEMFCs [6]. The efficacy of the cerium scavengers relies on the amount of
them in the membrane, so at a higher concentration of Ce** and Ce**, the membrane is protected
better from chemical degradation [7]. However, the appearance of cations in the membrane
decreases the proton conductivity, thus increasing performance loss. Furthermore, ceria free radical

scavengers migrated from the membrane to the cathode and then to drain water at the outlet of the
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cell, especially at low cell voltage [8]. The necessary actions are to reduce the content of ceria in
the membrane but still satisfy the high surface area; then secure a high scavenging efficiency; and
stop the scavengers from leaching out the membrane. A possible solution is N-doped ceria, which
can reduce the amount of cerium while still securing the active surface area of cerium in the
reaction with radicals. Another solution is to add ceria to both the cathode and anode catalyst layers.
Cerium ions tend to move from catalyst layers into the membrane. Thus, this can be a ceria make-
up source for scavenging free radicals formed in the membrane. Besides, organic free radical
scavengers like terephthalic acid is another approach to decompose ¢OH radical, mitigating the

chemical degradation [9].

As mentioned in the previous chapters, H2O: is formed at the electrode-membrane interfaces and
then immigrate into the membrane where it will trigger to formation of hydroxyl free radicals in the
presence of metal cations. Therefore, suppression formation of H.O> is a second strategy to suppress the
formation eOH radical. The hybrid catalyst Pt/C/MnO, was applied in both electrodes to decompose the
H.O, [10]. With the presence of MnQ; in the catalyst layer, the activation energy of the decomposition
reaction of H,0, into water and oxygen (H,0,—H,O + 1/20,) is reduced approximately from 75 kJmol™*
to around 58 kJmol™, resulting in a reduction of H,O, formation. Besides, Shi Guoyu et al. proposed a
hybrid anode catalyst, called Ptsin-PtCo [11]. This hybrid catalyst has suppressed the formation rate of
HO; at the anode electrode by 50% compared with the conventional Pt/C catalyst. As a result, the cell with
the hybrid catalyst Ptsin-PtCo showed much greater chemical durability than the cell with the Pt/C catalyst
in the OCV holding test.

Thirdly, dispersing Nano Pt particles into the membrane is another approach to mitigate the chemical
degradation. The effect of Pt band is still a controversial topic among researchers. In the positive aspect, Pt
band has been reported to mitigate the chemical degradation on the PFSA membranes. In particular, Pt ions
after detaching from the cathode’s catalyst will migrate into the membrane. Under operation, hydrogen
diffuses into the membrane and is oxidized on the surface of Pt particles in the membrane, proton will then
react oxygen diffusing from the cathode side, generating water [12]. In the other words, Pt particles in the
membrane prevents the formation of H,O; in the electrodes by consuming hydrogen and oxygen. Macauley
et al. reported that the Pt band suppressed membrane degradation under the synergetic impact of chemical
and mechanical degradation processes [13]. However, this method also has drawbacks in decreasing proton

conductivity with the presence of Pt ion and increasing amount of Pt in the fuel cell.

The last but not least, minimizing the accumulation of cations impurities in the membrane can
suppress the formation of free radicals. In the PEMFC, the metal-based flow field plates must work under
the hot, humid and acidic environment, so that corrosion is an apparent issue, leading to the release of metal
cations. The foreign metal cations may, also, intrude to the membrane from MEA preparation processes.
The graphite flow filed plate is a good conductor, corrosion resistance and low density. However, the total

price is high due to difficulty in machinery and increase the weight of the cell due to its thickness. The
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composite flow field plates (for instance, polymer/carbon flow field plates) and the metal-based flow field
plates with improved coating methods are the most promising ways to minimize the release of metal cations.
Meanwhile, establishing high quality control in the manufacture processes of the FCVs will curtail the

infiltration of cations into the membrane.
(2) Optimizing FCV operation

OCV and closed OCV are two states that can accelerate the formation of H,O,, and thus free
radicals. These dangerous states of the cell can appear when the FCVs work in the idling and braking modes.
One possible solution is fuel cell hybrid vehicles. In particular, a (lithium) battery, as an auxiliary power
source, is installed and works in tandem with the stack to power the vehicle's powertrain. Electricity
generated from the stack during braking by the FCVs will be stored in a battery and supplied to the motor
again during acceleration. In fact, this solution has been applying in the commercialized FCVs like Mirai,

Toyota. However, the drawbacks of using an auxiliary battery are its durability and price.
5.2.1.3. Mitigation strategies for the thermal decomposition

Thermal stress caused by combustion can be considered secondary membrane degradation after
mechanical and chemical degradation. In a fresh membrane, the rising temperature of the membrane
induced by combustion is marginal due to the low crossover rate. In the deteriorated membrane, defects
such as cracks and membrane thinning induced by mechanical and chemical stress, respectively, lead to an
increase in the hydrogen crossover rate, resulting in direct combustion of hydrogen and air at the catalyst-
GDL interface. Depending on the correlation between the combustion heat and the self-cooling capability
of the cell, represented by the self-dissipated heat flux, the membrane temperature goes up more or less.
On the accidental scale, the membrane can be decomposed thermally when the combustion heat flux locally
and temporary exceeds the self-dissipated heat flux, leading to the formation of pinholes. The appearance

of pinholes is apparently responsible for the instant collapse of the fuel cell.

According to the aforementioned perspective, there are two solutions to prevent accidental
combustion in the PEMFC: (i) lowering the crossover rate of the reactant gases and (ii) increasing the self-
dissipated heat flux of the cell. With the former solution, this can be accomplished by combining all
strategies for mitigating the chemical and mechanical degradation on the membrane, as indicated in the
previous sections. The crossing rate through the membrane is reduced because the membrane is less
degraded, which reduces the heat flux from combustion. With the latter solution, the cell must be designed
and fabricated so that the GDLs cover or overlap the CCM. Because the GDL is primarily made of carbon,
a good thermal conductor, it aids in the transfer of combustion heat to the cooling water in the fuel cell
stack [14]. Furthermore, the cooling system must operate efficiently, preventing local temperature rise

because higher cell temperature decreases the dissipated heat flux.

Kreitmeier Stefan et al. [15] have researched the combustion in the artificially degraded membrane

under OCV condition. They found that accidental combustion occurs on the cathode side with a small anode
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backpressure, eventually leading to the sudden expansion of the artificial pinholes on the membrane.
Whereas, the artificial pinhole size didn’t change much when there was a small cathode backpressure,
proving that accidental combustion had not occurred in this condition. This is because oxygen crossing
through the membrane was consumed predominantly in the reaction to form H,O- at the anode side (with
low potential). This formation mechanism of H2O- has been described in detail in Chapters 3 and 4 of this
dissertation. As a result, the hydrogen concentration in the combustible mixture with air may be too high
(> 75 vol%) and thus may not initiate combustion. Besides, based on the heat transfer calculation, the
combustion heat is mostly dissipated through the anode side to the hydrogen stream due to the high heat
transfer of coefficient (from 5 to 7 times higher than the air side). Thus, the combustion heat of the leaking
air with hydrogen at the anode is quickly transferred to the hydrogen stream, resulting in marginal
membrane temperature rise. When the FCVs are in breaking and idling modes, the hydrogen concentration
at the anode compartment is highest among the operational conditions due to the low load demand, leading
to the large crossover rate of hydrogen through the membrane. In addition, anode pressure is generally
higher than that of the cathode compartments in the FCVs. All of the aforementioned factors demonstrate
the high possibility of accidental combustion at the cathode of the fuel cell in FCVs. Therefore, in order to
prevent the occurrence of accidental combustion in the FCVs, the hydrogen gas pressure must be reduced
to equal the air pressure at the cathode side during the breaking and idling modes, resulting in decrease of

the hydrogen crossover rate, lowering the risk of accidental combustion occurrence.

It is apparent that there will be not a single mitigating solution for all membrane degradation
mechanisms. In the scope of the current study, the author proposed some fundamental strategies based on
important findings from the membrane degradation investigation. However, these strategies obviously
should work together to achieve desire target of prolonging membrane durability and reliability under

actual operation conditions of FC vehicles.
5.2.2. Future prospects

The model that can convert the OCV decay into the rate of hydrogen crossing through the membrane
is described in Chapter 2 as a promising and practical diagnostic tool for membrane degradation. In this
study, because the RH cycling test using nitrogen gas at both sides of the cell was conducted in 20,000 RH
cycles (around 69 days continuously), the author just conducted one RH cycling test in the limited time of

the doctoral program. Therefore, the validation of the current model should be confirmed by further tests.

IR imaging and SEM images confirmed that the combustion process was transitioning from a
moderate to an accidental scale with the formation of pinholes. These pinholes are responsible for the
sudden failure of the PFSA membrane, reducing the reliability of PEMFCs in their applications. The current
durability tests were applied to the commercial, non-reinforced membrane (Nafion NRE211). Recently,

modified membranes with high chemical and mechanical stability have been applied in the FCVs. Thus,
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the transition of the combustion process should be checked on the PEMFC using state-of-the-art
membranes like Nafion XL and Gore.

The RH cycling tests conducted at the OCV, 0.05 and 0.3 Acm just partially mimic the operating
conditions of the FCVs. Apparently, these testing conditions are too harsh compared with the real operation
of the FCVs. Meanwhile, the demanding load variation was reported as having a dominant impact, leading
to fuel cell failure in the FCVs. Therefore, load cycle testing combined with the IR imaging method using
state-of-the-art membranes will be more practical to conduct.

A visualization cell embedded in ZnS glass was used to track the transition of the combustion process
in this study. Even though ZnS has a high IR emissivity, its drawback is that the air stream must be kept
dry to prevent the impact of water on the ZnS glass. Thus, during the chemical and combined chemical and
mechanical stress tests and checking of the OCV, the dry air feeding to the cathode side was not close to
the real operating conditions of the fuel cell. Infrared-transparent insulation protection cover (GAT) is also
a high transmitting emissivity, and neutral with the condensate. However, GAT deforms when the cell
temperature exceeds 80 °C. Therefore, durability tests using GAT at lower cell temperatures will be

appropriate.
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Appendix A

One-dimensional heat transfer model

A one-dimensional heat transfer model was proposed to predict the cathode’s GDL surface induced
by combustion, which is based on the hydrogen crossover rate data with 20-kPa anode backpressure. The

heat released from combustion of ", will be transferred in two directions: anode (q" An, H2) and cathode
(q"Ca’ .ir) Sides, as described in Fig.A.1. This calculation has some assumptions as follows: (i) Combustion
of the gas mixture (H. and air) occurs on the cathode’s catalyst layer; (ii) A stable heat transfer progress in
the through-plane direction; (iii) Thermal radiation heat from the anode GDL to the hydrogen stream is
negligible; (iv) The emissivity (&) of the cathode’s GDL is 1; (v) the thermal contact resistances between
cell components are negligible. The calculation procedure is shown in Fig.A.2.

Assuming that the crossover hydrogen gas burns completely, the maximum heat formation (q" )
can be calculated as follows.

" — ‘CYOSSXAH -
Qoo = ‘Z—Ff (Wem?) (A1)

where AH; = 241 kJmol ™ is the heat of hydrogen combustion at 25 °C (water vapor); F = 96,485 Cmol™

is Faraday’s constant; and icross ( Acm™) is the hydrogen crossover current density.

Air channel Teenl

" "
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Fig.A. 1. Combustion heat is dissipated via anode and cathode sides.
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Fig.A. 2. Calculation procedure for prediction the GDL temperature rise due to combustion.
(1) Choose the GDL temperature.

(2) Calculating the heat transfer coefficient at the air side (hair) and the thermal radiation heat flux

from the GDL surface to the air stream (q", ... 1.4)-

+ The convection heat transfer coefficient of the air side hair
e Reynold number of the air stream:

_ VairXD _ 4XQair (A 2)

Re =
Vair nxD *Vair

where v,;, is the kinematic viscosity of the air at the mean temperature (T,,= W);

Q,;,,= 200 Nccm is the air flow rate; D = 0.267 cm is the equivalent diameter of the
channel (axb =0.4x0.2 cm).
e Nusselt number:
% Re < 3000: Laminar flow
air

=3.61 (A.3)

air

where k,;, is the thermal conductivity of the air at the mean temperature (T,,).

®

%+ Re > 10000: Fully developed turbulent flow [1]
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hair xD

Nu= =0.023Re"*pr* (A.4)
kair
o Heat transfer coefficient of the air side hy;,
Nuxkair
hyir = 5 (A.5)

+ The thermal radiation heat flux from the GDL surface to the air stream is calculated via below
equation

q"Ca, air, rad " 86(T‘(‘}DL_T‘&611) (AG)

(3) Calculate the heat flux from GDL to the cell, q", ...

9"ca. air= 9"Ca, air. con T 9"Ca, air. rad = Nair (TGpL-Teem) + 3e(TépL-Téan) (A7)
Y TopL-Teen TopL-Tee
A ca,air = 1 = 1
hai + €8(Tapr + Tceu) Tepy + Toey)  Mair + Praa
_ TopL-Teen
~ Rar

where R,;, (cm*KW™) is the heat resistance from the cathode’s GDL to the air
stream.

(4) Calculate the catalyst temperature, T
Ter =q"¢,, i *RaptTone (A.8)

(5) Calculating the heat flux dissipated via the anode side, q", | Hy"

) _ Ter-Teen (A.9)
Can, 1, 2R tRpeMTRGpL TR H, '

where Rep ,Rppwm, Rgprand Ry, are thermal conduction resistance of the CL, the

membrane, the anode’s GDL and the convection heat resistance from the GDL to the
hydrogen stream, respectively.

The convection heat resistance from the GDL to the hydrogen stream Ry,

1
2

¢ Reynold number of the H; stream:
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VH2 xD 4XQH2

Re= =
VH, xXDXvy,

(A.11)

where vy, is the kinematic viscosity of the H: at the cell temperature; QH2: 100 Neem

is the hydrogen flow rate.
e Nusselt number:

«» Re < 3000: Laminar flow

where kyy, is the thermal conductivity of H at the cell temperature.

<+ Re > 10000: Fully developed turbulent flow [1]

hy, xD
Nu=—2—=0.023Re**pr**
Hy
(6) Calculating the total heat flux, Y q"'
z 9" =q"an 1, T 9ca air (A12)

(7) If the deviation (Aq") between ¥ q” and the combustion heat flux (q", ) is less than 5%, the

iteration is stopped.

|9" - 24

"
com

Aq' = x100 <5 (A.13)

Table A. 1. Summary of all the related heat transfer resistances

Components Equation Value Unit
L
RGDL = kGDL (A 14)
GDL
Thermal conduction where Lgp; = 0.031 cm is the GDL thickness,

10.16 | cm*KwW

resistance of the GDL and kgp = 0.0031 Wem™ ' K is the thermal

conductivity of the GDL [2].

L
Rep = (A.15)

where L = 0.0012 cm is the CL thickness
(obtained from the SEM image in chapter 2) and | 0.444 cm* KW+
kep = 0.0027 Wem™ 'K lis the thermal
conductivity of the CL [2].

Thermal conduction

resistance of the CL
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) Rppm = I:EM (A.16)
Thermal conduction PEM

where Lpgy = 0.0025 c¢cm is the membrane

resistance of the 1.563 | cm?KW!

membrane thickness, and kpgy = 0.0016 Wem 'K s the

thermal conductivity of the membrane [2].

Reference
Al Incropera, Frank P, and David P DeWitt. Fundamentals of Heat and Mass Transfer. 3"
ed., Wiley, New York, 1990.

A2 Khandelwal, Manish, and M.M. Mench. “Direct Measurement of Through-Plane
Thermal Conductivity and Contact Resistance in Fuel Cell Materials.” Journal of Power Sources, vol.
161, no. 2, Oct. 2006, pp. 1106-1115, 10.1016/j.jpowsour.2006.06.092
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Appendix B

Investigation of chemical durability of the membrane in PEMFCs

Abstract

The aim of this appendix is to investigate membrane durability under purely chemical degradation
in polymer electrolyte membrane fuel cells. The catalyst-coated membrane using NRE211 membrane is
subjected to the holding Open-Circuit voltage (OCV) test at the cell temperature of 80 °C and at
atmospheric pressure in the visualization cell. Membrane integrity is evaluated during the test by two
indicators, including the hydrogen crossover rate and the OCV. Furthermore, the infrared (IR) imaging
method is applied to capture in-situ the rise in gas diffusion layer temperature induced by catalytic
combustion of the leaking hydrogen at the cathode side. The membrane failed after only 25 hours of testing
(or 300 equivalent 5-min relative humidity cycles), as indicated by a significant increase in the hydrogen
crossover rate and a sudden drop in the OCV. The formation of pinholes induced by accidental combustion
could be largely responsible for the early failure of the membrane. The emergence of hotspots in IR images
reveals that pinholes have formed at the entrance of the air stream. To overcome the pressure loss in the
serpentine flow field, the pressure of the air stream at the entrance of the cell is slightly higher than in the
outlet. Thus, the oxygen crossover rate is highest at the entrance of the cathode, resulting in the faster
formation of H,O,. Therefore, membrane chemical decomposition induced by free radicals is more severe
at entrance of the airstream during the holding OCV test, leading to membrane thinning. The rate of
hydrogen crossover through the locally thin membrane will be high enough to cause combustion with a

heat flux greater than the maximum heat dissipated flux, eventually resulting in the formation of pinholes.
B.1 Experimental
B1.1. Experimental apparatus and the cell characteristics

In order to carry out the current test, the experimental apparatus, which has been described in
chapters 3 and 4 (see Fig. Bla), was utilized. Furthermore, CCM fabrication, the cell assembly procedure,

and the cell characteristics have been indicated in chapters 3 and 4 (see Fig. B1b).
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Fig. B. 1. (a) Experimental apparatus, (b) schematic cross-sectional cell structure, and (c) experimental

procedure.

Fig. Blc illustrates the durability testing procedure. Prior to the durability test, the cell was incubated with
100% RH nitrogen gas (only on the anode side) for 24 h at a cell temperature (T ) of 80 °C to ensure that
the membrane could be hydrated completely. During the durability test, the cell was maintained under OCV
conditions at Ten = 80 °C and at atmospheric pressure. For the anode compartment, fully-humidified
hydrogen gas was fed at a flow rate of 100-Nccm (normal cm® min™). Meanwhile, dry air at a flow rate of
200-Ncem was continuously fed into the cathode compartment. The dry air helps prevent water droplets
from attaching to the ZnS glass. Because water absorbs IR rays, the temperature measurement would thus
be inaccurate. The membrane resistance and OCV were measured using a high-frequency resistance device
(Tsuruga, 3566) and then recorded using a data logger (Graphtec Corporation, GL840) every 1 s during the
durability test. Electrochemical measurements (crossover rate and OCV) were conducted every 100
equivalent RH cycles (or 500 min). The IR camera captured the temperature distribution on the surface of

the GDL through the ZnS-glass window during OCV measurements.
B.1.2 Details of thermal imaging and electrochemical measurements

In the evaluation period presented in Fig. Blc, thermographs (IR images) of the GDL surface are
captured via an IR camera (NEC Avio, R300) through a high-transmittance glass (ZnS) window embedded
at the cathode under the OCV state at Te = 80 °C. In order to accurately measure the GDL surface
temperature, we calibrated the camera emissivity according to the cell temperature on the cathode side. As
a result, a substantial emissivity was determined to be 0.63 under the condition that the cell temperature is

80 °C while N2 was fed to both the cathode and anode sides.
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The operation conditions at the OCV state are as follows. Fully-humidified H at a flow rate of 100-
Nccm and dry air at a flow rate of 200-Nccm are fed into the anode and cathode compartments, respectively.

The cell temperature is maintained at 80 °C. The OCV is checked under two pressure conditions:
(a) Atmospheric pressure for both anode and cathode compartments, and
(b) Application of 20-kPa backpressure only in the anode compartment.

In the following, conditions (a) and (b) are denoted as “atmospheric pressure” and “20-kPa anode

backpressure,” respectively.

Linear sweep voltammetry (LSV) and cyclic voltammetry (CV) are performed to measure the
hydrogen crossover rate through the membrane and the ECSA of the cathode catalyst using a voltammetry
system (SP300, BioLogic Science Instruments). A flow rate of 100-Nccm of fully humidified hydrogen is
fed into the anode side, which serves as both the counter and reference electrode, whereas 200-Nccm of
dry nitrogen gas is fed into the cathode side, which is operated as the working electrode. The cell
temperature is maintained at 80°C, and nitrogen gas is stopped immediately before starting the CV
measurements. The hydrogen desorption area at the cathode electrode is a measure of the ECSA. The
applied potential ranges from 0.05 V t0 0.9 V vs. NHE (Normal hydrogen electrode) with a scan rate of 50

mVs2.

The LSV technique can reveal the hydrogen crossover rate, which is represented in the units of
current density. The applied potential is swept from 0.05 to 0.5 V versus NHE, with a scan rate of 0.5 mV
s, The crossover current density is then obtained at an applied potential of 0.4 V versus NHE, at which
the leaked hydrogen gas from the anode is oxidized completely on the cathode’s catalyst. When the fatal
defects appear in the membrane, the hydrogen crossover rate increases and fluctuates vigorously as
confirmed in Chapter 2, and the current density saturation in the potential from 0.4 to 0.5 V corresponds to
the crossover current density. As in the case of the OCV, the hydrogen crossover rate is measured under
the same and differential pressure conditions. Although the differential pressure condition, as noted above,
comprises a differential pressure of only 20-kPa, it helps to highlight the existence of severe defects in the

membrane, such as pinholes or through-thickness cracks.
B.2 Results and discussion
B.2.1. Membrane degradation investigation

The evolution of OCV during the durability test is shown in Fig. B2, with an average decay rate of
approximately 1.1 mVh™. This OCV decay rate is slightly smaller than 1.43 mVh™ in the RH cycling test
at the OCV condition, as indicated in Chapter 3. The reduction of OCV comes from two reasons: catalyst
degradation (or the decrease of ECSA) and membrane degradation. The fluctuation of the cell voltage
initiates carbon-support oxidation and Pt dissolution, leading to the decrease of ECSA. However, there is

a slight reduction of the ECSA, as seen in Fig. B3. Catalyst degradation should be severe when the cell
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experiences a large voltage fluctuation. In the OCV holding test, the OCV oscillated in a narrow range, so
that ECSA decreased marginally. As mentioned clearly in Chapter 3, the formation of H.O, at the interface
between the anode electrode and membrane under OCV conditions is responsible for the production of
hydroxyl radicals. The membrane structure is then decomposed chemically by these radicals, resulting in a
locally thin membrane. The rise in hydrogen crossover rate through the thin membrane will eventually

reduce the OCV.
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Fig. B. 2. Evolution of OCV during the durability test.
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Fig. B. 3. Variation of the ECSA during the durability test.

Based on the data in Fig. B4, the membrane apparently failed after enduring 300 equivalent RH
cycles (or 25 h of testing) when the hydrogen crossover rate was 15.4 mAcm™, exceeding the failure
criterion of 15 mAcm™ with 20-kPa anode backpressure. The hydrogen crossover rate at atmospheric
pressure only slightly rose throughout the test while the hydrogen crossover rate with a 20-kPa anode
backpressure rapidly increased after membrane failure. Without mechanical stress, only the pinhole could

be created by accidental combustion in the current durability test. When a 20-kPa anode backpressure is
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used during hydrogen crossover rate measurements, the development of pinholes on the membrane will
significantly enhance the rate of hydrogen crossover. The exponential increase of hydrogen crossover rate
after 300 RH cycles to the end of the durability test clarifies the expansion of pinholes or the increase in
number of pinholes due to the thermal decomposition.
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Fig. B. 4. The change of hydrogen crossover rate during the durability test.
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Fig. B. 5. The variation of OCV during the durability test.

The data on Fig.B5 shows the possibility of the OCV in diagnosing membrane failure. In particular,
the OCV at 20-kPa anode backpressure started to drop under the OCV at the atmospheric pressure after
300 equivalent RH cycles. This result is consistent with the abrupt increase in the hydrogen crossover rate
as shown in Fig. B4. Because the ECSA decreases marginally during the durability test as shown in Fig.B3,
the appreciable increase of hydrogen crossover rate through pinholes once again could be the main reason
for the sudden drop of OCV. At atmospheric pressure, OCV decreases slightly and linearly during the
durability test, with a decay rate of 0.86 mVVh™. Whereas, with 20-kPa anode backpressure, the decline of
OCYV can be divided into 2 regions. Prior to membrane failure (from BOL to after 300 RH cycles), OCV
decreases at a rate of 1.22 mVh™. After 400 RH cycles to the end of the durability test, OCV dropped

gradually at a decay rate of 6.4 mVVh™ which is over 5.2 times faster than prior to membrane failure.
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Fig. B. 6. The hydrogen crossover rate vs. number of RH cycles under purely mechanical stress (data
from Chapter 2), in the RH cycling test at the OCV condition (data from Chapter 3), and in the OCV
holding test. The red, horizontal line represents the hydrogen crossover rate of 15 mAcm, which is

defined as the membrane failure threshold.

In comparison with results from the purely mechanical membrane degradation test and the combined
stress test, the membrane failed very early in the OCV holding test, as shown in Fig. B6. As predicted, the
membrane would be degraded faster under the synergetic effects of the combined chemical and mechanical
mechanisms in the RH cycling test at the OCV condition; however, the membrane subjected to the OCV
holding test failed four times faster. The plausible reason for this unexpected sequence is the formation of
pinholes during the durability test owing to the utilization of H, and air at the anode and cathode
compartments. Because of the appearance of pinholes in the membrane, the hydrogen crossover rate will

abruptly increase, especially with an anode backpressure.
A.2.2. The change of GDL temperature induced by the catalytic combustion

In Fig. B7, a hotspot at 92.3 °C (or a temperature increase of 12.3 °C) appeared at the inlet of the air
stream after 400 equivalent RH cycles (or 33.3 h of testing). This emergence was later than the time when
the hydrogen crossover rate exceeded the failure threshold of 15 mAcm™ after 300 equivalent RH cycles,
as indicated by the sudden increase in Fig. B4. The cause is that the heat generated by combusting the rate
of hydrogen (q", = 1.23xiy,) after 300 equivalent RH cycles was small, at 0.0189 Wcem?, and sufficiently
transferred to the environment. After 400 equivalent RH cycles, the combustion heat was approximately
4.7 times higher than after 300 equivalent RH cycles, resulting in the formation of a hotspot at channel 7.

Afterward, the hotspot temperature increased with the rise of the hydrogen crossover rate through the
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degraded membrane and eventually reached 97 °C (a 17 °C increase) at the end of the durability test (after
900 equivalent RH cycles).

The entrance the air stream is a predictable location to form H,O. during the OCV holding test.
Because the flow field plate has a serpentine pattern, the pressure of the air stream at the inlet is slightly
higher than at other locations in the cell. Thus, the oxygen leakage flux is highest at the inlet of the air
stream. Besides, H,O, formation at the anode under the OCV condition depends mainly on the flux of
oxygen through the membrane. Therefore, the membrane at the inlet of the cathode can be highly attacked
by the hydroxyl radicals, resulting in thinning the membrane. The significant increase in the hydrogen
crossover rate through the thinning membrane can cause the transition of the combustion process to the

accidental scale, resulting in the membrane being burned and the formation of pinholes.

Cso e | GG T s

==

A ) )

£=0. 43 £=0. 43

e
==

Air outlet

20, === |50, | J 20, m=—==" |50, | J 20, == [50. |

Fig. B. 7. IR images of the cathode side recorded under 20-kPa anode backpressure case during periodic
OCV measurements in the RH cycling test. 100 Nccm of fully humidified hydrogen gas and 200 Nccm of

dry air were fed into the anode and cathode sides, respectively, at a cell temperature of 80 °C.
B.3 Conclusion

Even though the membrane NRE211 was found fairly durable under mechanical degradation when
it can last 12,500 RH cycles (or over 1,042 h of testing) as indicated in Chapter 2, it quickly failed after
only 300 equivalent RH cycles (or 25 h of testing) under chemical degradation in the OCV holding test.
Similarly, in Chapter 3, the membrane exposed to the RH cycling test under the OCV condition showed
failure after 1,600 RH cycles (133 h of testing), which is over five times longer than the result in the current
study. Apparently, chemical degradation remains a critical barrier to extending the lifetime of PEMFCs in
general and FCVs in particular. In addition, under the OCV holding test and the RH cycling test under the
OCV condition, the formation of pinholes induced by accidental combustion can be predominantly

responsible for the early failure of the membrane instead of the chemical and mechanical impacts.

IR imaging technique gave information when, where and how much temperature rise of the GDL
induced by combustion during the durability test. Under the OCV condition, the entrance of the cell is the

riskiest location for the formation of pinholes when the combustion transitions to accidental scale.
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