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( Preface )

Proton exchange membrane (PEM) fuel cells are considered to be a viable
solution to the challenges of reducing environmental pollution and global
warming, as they are unique among energy-converting devices in producing
low or zero emissions. They possess several other advantages, including high
efficiency and power density, which make them attractive in a wide range of
application areas, such as portable, stationary, and transportation power sour-
ces. However, large-scale commercialization of PEM fuel cells requires
intensive R&D to overcome several challenges, including high cost and inad-
equate reliability/durability. In the effort to address these issues, fuel cell
testing and diagnostics have been recognized as playing a critical role in
material characterization, performance optimization, design validation, and in
fundamental understanding for further progress.

Several factors have motivated the writing of this book. As PEM fuel cells
are being developed by fuel cell researchers and practicing engineers at an
increasingly fast pace, particularly in the area of electric vehicles, there is
a pressing need for an overview of fuel cell testing and diagnosis that describes
the basic principles, measurements, and applications of the technology. In
addition, as fuel cells grow in popularity among undergraduate students and
M.Sc. and Ph.D. candidates in mechanical, chemical, and electrical engi-
neering; environmental studies and engineering; and material science and
engineering, a textbook or reference book on fuel cell testing and diagnosis is
definitely desirable.

This book is the direct result of decades of experience in PEM fuel cell
testing and diagnosis. All the contributing authors have been working in PEM
fuel cell technology for many years in the areas of design, materials, compo-
nents, operation, diagnostics, and systems. Our aim is to provide a general
understanding of the relevant techniques, and detailed guidance in their
applications for PEM fuel cells. We also hope that the readers, especially those
who are not electrochemists, will find the book’s descriptions of testing and
diagnosis techniques to be accessible and sufficient preparation for experi-
mental result analysis.

The following twelve chapters contain comprehensive information on the
fundamentals of PEM fuel cells, as well as the basic principles and practical
implementation of testing and diagnosis. Chapter 1 introduces the readers to the
general field of PEM fuel cells, including fuel cell fundamentals and electro-
chemical approaches in fuel cell testing and diagnosis; Chapter 2 describes the
design and assembly of the membrane electrode assembly, single fuel cell, and
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fuel cell stack; Chapter 3 gives a brief overview of techniques used in PEM fuel
cell testing and diagnosis; Chapter 4 describes how the temperature can affect
PEM fuel cell kinetics and performance; Chapters 5 covers membrane/ionomer
proton conductivity measurements; Chapter 6 discusses hydrogen crossover in
PEM fuel cells and associated measurements; Chapter 7 provides a detailed
description of fuel cell open circuit voltage; Chapters 8 and 9 delve into the
effects of humidity and pressure on fuel cell performance; Chapter 10 describes
high-temperature PEM fuel cells; Chapter 11 discusses fuel cell degradation
and failure analysis, and their associated testing and diagnosis; and Chapter 12
discusses the use of electrochemical half-cells for evaluating PEM fuel cell
catalysts and catalyst layers. In the writing of these chapters, the authors have
cited the open literature available in scientific journals up to the time of the
final draft.

We would like to thank the family members of all the authors for their
continued patience, understanding, encouragement, and support throughout the
writing of this book.

If this book contains technical errors, the authors would deeply appreciate
the readers’ constructive comments for correction and further improvement.

Jianlu Zhang, Huamin Zhang,
Jinfeng Wu and Jiujun Zhang
January 2013



< Biography)

Dr. Jianlu Zhang is currently a Senior Engineer at
Palcan Energy Corporation, Canada. He has
eleven years of R&D experience in renewable
energy conversion and storage technologies. In
addition, Dr. Zhang has nine years of hands-on
experience in PEMFC research, including
membrane electrode assembly fabrication, elec-
trocatalyst synthesis and characterization,
PEMFC design, testing and diagnosis, and fuel cell
contamination studies.

Dr. Zhang received his B.S. degree in
Chemistry in 1998 from Liaocheng University,
his M.Sc. in Applied Chemistry in 2001 from the
Dalian University of Technology, and his Ph.D. in Physical Chemistry in 2005
from the Dalian Institute of Chemical Physics, Chinese Academy of Sciences
(CAS-DICP), where he worked on catalyst synthesis and catalyst layer design
for PEMFCs. Subsequently, he conducted his postdoctoral research at the
National Research Council of Canada’s Institute for Fuel Cell Innovation
(NRC-IFCI) for four years and at the Pacific Northwest National Laboratory,
US Department of Energy, for one year. In 2011, Dr. Zhang worked as an
associate professor at CAS-DICP, where his research was focused on PEMFCs
and technologies for energy storage. To date, Dr. Zhang has authored/coau-
thored more than sixty publications, including forty-nine peer-reviewed journal
articles, nine conference proceeding articles, and six book chapters. He has also
been a major inventor in seven patents.

Professor Huamin Zhang is the Head of the
Energy Storage Division at the Dalian Insti-
tute of Chemical Physics, Chinese Academy
of Sciences (CAS-DICP). Professor Zhang
received his B.S. from the Shandong
University in 1982, and his M.Sc. and Ph.D.
from the Kyushu University in Japan in 1985
and 1988, respectively, under the supervision
of Professor Noboru Yamazoe. After
completing his Ph.D., Professor Zhang
worked in Japan in the fields of functional

xi



Biography

materials, catalytic materials, solid oxide materials, and fuel cells. As
a professor and the Director of the Fuel Cell Center at CAS-DICP since 2000,
he has been in charge of the Fuel Cell Engine project of China’s national
“863” high-technology project, the Fuel Cell Vehicle program supported by
the National Ministry of Science and Technology, the Knowledge Innovation
Program’s Large-Scale Proton Exchange Membrane Fuel Cell Engine and
Hydrogen Source, supported by the Chinese Academy of Sciences, the
international cooperation project Key Technology of Fuel Cells, supported by
China’s National Ministry of Science and Technology, the Orientated
Knowledge Innovation Program Fluoride lonomer for PEMFC, supported by
the Chinese Academy of Sciences, and the national “863” high-technology
project Research on Testing the Key Materials, Components, and Environ-
mental Adaptability of Fuel Cells. Currently, he is the chief scientist
responsible for the national “973” project Basic Research on Large-Scale and
High-Efficiency Flow Batteries for Energy Storage.

Under his leadership, Professor Zhang’s team successfully developed a 30-kW
fuel cell engine in 2001, as well as a 150-kW fuel cell engine for China’s first fuel
cell minibus and first fuel cell bus in 2004. Recently, Professor Zhang’s team also
succeeded in developing and demonstrating 10-kW and 5-MW vanadium flow
battery energy storage systems.

Professor Zhang’s current research interests are in key materials and
components of flow batteries, including vanadium electrolyte, bipolar plates,
and advanced ion exchange membranes, as well as in system integration
of flow batteries, high specific energy lithium-based batteries, low Pt and
non-noble metal electrocatalysts, self-humidified membranes, advanced
MEA fabrication, and process technologies for PEMFCs. Professor Zhang
is responsible for fuel cell and flow battery standardization in China. He
is also actively involved in European and international flow battery
standardization.

Professor Zhang holds four ministry-level awards for outstanding
scientific and technological achievement (from the Ministry of Science and
Technology, the Ministry of Finance, the State Planning Commission, and
the State Economic and Trade Commission), two first prizes and two
second prizes for technological inventions in Liaoning province, and one
second prize in the GM China Science and Technology Achievement
Awards.

To date, Professor Zhang has coauthored >260 research articles published
in refereed journals, >150 patents, and two book chapters.



Biography

Dr. Jinfeng Wu is a Senior Engineer at
UniEnergy Technologies, LLC. Dr. Wu has been
involved in fuel cell and renewable energy
research since 1998, and in 2004, he was awar-
ded a Ph.D. in Electrochemical Engineering
from the Dalian Institute of Chemical Physics,
Chinese Academy of Science. He then became
a full-time researcher at the Casaccia Research
Centre in the Italian National Agency for New
Technologies, Energy and the Environment, in
Rome. In November 2005, he was awarded
a Natural Sciences and Engineering Research
Council of Canada postdoctoral fellowship at
the Institute for Fuel Cell Innovation, National Research Council of Canada
(NRC-IFCI). From November 2007 to October 2010, Dr. Wu acted as an assistant
research officer with the Low Temperature Fuel Cell Group at NRC-IFCI. After
that, he worked as a Senior Engineer and technical leader at Palcan Energy
Corporation, Canada from October 2010 to August 2012. Dr. Wu has coauthored
>70 journal and conference articles, five book chapters, plus many technical
reports, as well as one patent in the area of fuel cell water management. Dr. Wu is
an active member of the Electrochemical Society.

Dr. Jiujun Zhang is a Senior Research
Officer and Technical Leader at the National
Research Council of Canada’s Institute for
Fuel Cell Innovation (NRC-IFCI, now has
been changed to Energy, Mining and Envi-
ronment Portfolio (NRC-EME) since April
2012). Dr. Zhang received his B.S. and M.Sc.
in Electrochemistry from Peking University in
1982 and 1985, respectively, and his Ph.D. in
Electrochemistry from Wuhan University in
1988. After completing his Ph.D., he took the
position as an associate professor at the
Huazhong Normal University for two years.
Starting in 1990, he carried out three terms of postdoctoral research at the
California Institute of Technology, York University, and the University of
British Columbia. Dr. Zhang has over thirty years of R&D experience in
theoretical and applied electrochemistry, including over fourteen years of fuel
cell R&D (among these 6 years at Ballard Power Systems and 9 years at NRC-
IFCI), and 3 years of electrochemical sensor experience. Dr. Zhang holds
several adjunct professorships, including one at the University of Waterloo, one
at the University of British Columbia, and one at Peking University. Up to now,




Biography

Dr. Zhang has coauthored 290 publications, including 200 refereed journal
articles with approximately 5700 citations, 11 edited/coauthored books, 11
conference proceedings articles, 14 book chapters, as well as 80 conference and
invited oral presentations. He also holds >10 US/EU/WO/JP/CA patents, 9 US
patent publications, and has produced in excess of eighty industrial technical
reports. Dr. Zhang serves as the editor/editorial board member for several
international journals, as well as Editor for book series (Electrochemical
Energy Storage and Conversion, CRC Press). Dr. Zhang is an active member of
The Electrochemical Society, the International Society of Electrochemistry,
and the American Chemical Society.



Chapter

PEM Fuel Cell Fundamentals

(c

\_

1.1.
1.2.

1.3.

1.4.

1.5.

hapter Outline

Introduction 2
Electrochemical Reaction
Thermodynamics in a Hy/Air
Fuel Cell 3
1.2.1. Thermodynamic
Electrode Potential
and Cell Voltage of

a H/Air Fuel Cell 3
1.2.2. Fuel Cell Electrical

Work and Heat 5
1.2.3. Fuel Cell Electrical

Energy Efficiency 5

Electrochemical Reaction
Kinetics in a Hy/Air Fuel Cell 6
1.3.1. Kinetics of the

Hydrogen Oxidation

Reaction 6
1.3.2. Kinetics of the

Oxygen Reduction

Reaction 15
PEM Fuel Cell
Current—Voltage Expression 22
Fuel Cell Components 24
1.5.1. Fuel Cell

Electrocatalysts 25

1.5.2. Catalyst Layers

1.6.

1.7.

1.8.

1.5.4. Membrane (or Solid
Electrolyte)

1.5.5. Membrane Electrode
Assembly

1.5.6. Flow Field Plate/
Bipolar Plate

1.5.7. Current Collectors

1.5.8. Other Components

Single Cell and Fuel Cell

Stack Operation

Fuel Cell Performance

1.7.1. Fuel Cell Power
Density

1.7.2. Fuel Crossover

1.7.3. Practical Electrical
Energy Efficiency of
Fuel Cells

Fuel Cell Operating

Conditions

1.8.1. Operating
Temperature

1.8.2. Operating Pressure

1.8.3. Relative Humidity

1.8.4. Gas Flow Rates and
Stoichiometries

26 1.9. Chapter Summary

1.5.3. Gas Diffusion Layer 26 References

27
29
29
30
32

32
33

33

34

35

36

36

36

36

37

39
40

PEM Fuel Cell Testing and Diagnosis. http://dx.doi.org/10.1016/B978-0-444-53688-4.00001-2
Copyright © 2013 Elsevier B.V. All rights reserved.



http://dx.doi.org/10.1016/B978-0-444-53688-4.00001-2

PEM Fuel Cell Testing and Diagnosis

1.1. INTRODUCTION

Proton exchange membrane (PEM) fuel cells, which directly convert chemical
energy to electrical energy, have attracted great attention due to their numerous
advantages, such as high power density, high energy conversion efficiency,
fast startup, low sensitivity to orientation, and environmental friendliness.
Figure 1.1 shows the schematic of a typical single PEM fuel cell [1], in which
the anode and cathode compartments are separated by a piece of PEM such as
Nafion®. This Nafion® membrane serves as the electrolyte and helps conduct
protons from the anode to the cathode and also separates the anode and the
cathode. During fuel cell operation, the fuel (e.g. Hp) is oxidized electro-
chemically within the anode catalyst layer (CL), and this produces both protons
and electrons. The protons then get transported across the membrane to the
cathode side, while the electrons move through the outer circuit and thereby
also reach the cathode side. These protons and electrons electrochemically
react with the oxidant (i.e. oxygen in the feed air) within the cathode CL and
produce both water and heat. The whole process of a Hp/air PEM fuel cell
produces electricity, water, and heat, without any polluting byproducts.

To better understand how a PEM fuel cell works, it is necessary to grasp the
fundamentals of PEM fuel cells, including their cell structure and the ther-
modynamics and kinetics of fuel cell electrochemical reactions. In the
following sections of this chapter, the fundamentals of Hy/air PEM fuel cells
will be discussed in detail.

PEM FUEL CELL

Electrical Current

Excess e e- Water and
Fuel Heat Out
e- —3>
P °- H+ i —_—
t s o
H2 I H+I
02
H+|
Fuel In / i \ Air In
Anodg I \C thod
Electrolyte athode

FIGURE 1.1 Schematic of a typical Hy/air PEM fuel cell [1]. (For color version of this figure, the
reader is referred to the online version of this book.)
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Several other types of fuel cells also belong to the PEM fuel cell family;
these include the direct methanol fuel cell, direct ethanol fuel cell, and direct
formic acid fuel cell. However, the scope of this book is such that we will only
focus on the Hy/air PEM fuel cell.

1.2. ELECTROCHEMICAL REACTION THERMODYNAMICS
IN A H,/AIR FUEL CELL

1.2.1. Thermodynamic Electrode Potential and Cell Voltage
of a Hy/Air Fuel Cell

A Hy/air PEM fuel cell converts chemical energy stored in the fuel (hydrogen)
into electrical energy through electrochemical reactions between H, and O».
These electrochemical reactions can be written as follows:

Anode: H,<2H" +2e” (L.D)

Cathode: O, +4H" + 4e~ < 2H,0 (1.ID
1

Overall: H, + 3 0, <~ H,O (1.III)

Note that the two-directional arrows in these reaction expressions indicate
that all these reactions are chemically or electrochemically reversible, although
they are not thermodynamically reversible due to their limited reaction rate in
both reaction directions. Assuming that these reactions are in equilibrium
states, the thermodynamic electrode potentials for the half-electrochemical
Reactions (1.1) and (1.II) and the overall Reaction (1.III) can be expressed using
the following Nernst equations:

; . RT ag
Ep e = By + 2.303nH—Flog (a‘:l) (1.1)
. o RT aoza‘}‘I+
EOz/HzO = EOz/HZO +2.303 I’lo_Flog a%l o (1.2)
2

In Eqn (1.1), E;IZ e is the reversible anode potential (V) at temperature T;apy,

and ay+ are the respective activities of H, and H'; Ei’lz i is the electrode

potential of the Hy/H" redox couple under standard conditions (1.0 atm,
25 °C), which is defined as zero voltage; ny is the electron transfer number
(= 2 for the Hy/H" redox couple); R is the universal gas constant
(8.314 J K ' mol™"); and F is Faraday’s constant (96,487 C mol~'). In Eqn
(1.2), E(’)2 /H,0 is the reversible cathode potential (V) at temperature T;ap, and
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ay+ are the respective activities of O, and H+;Eg2 JH,0 is the electrode potential

of the O,/H,0 redox couple under standard conditions (1.0 atm, 25 °C), which
is 1.229 V (vs. the standard hydrogen electrode (SHE)); ng is the electron
transfer number (= 4 for the O»/H,0 redox couple); and ay,o is the activity of
H,0O. Combining Eqn (1.1) and (1.2) yields a thermodynamic or theoretical fuel

cell voltage (VSY), which can be expressed as Eqn (1.3):
Vgﬁv - E(r)z/Hzo - Elr{z/HJr
|
3 1.3)
0 RT, [ama3 (

where Egz JH,0 E‘P’12 e equals 1.229 V. Therefore, if T, ao,, an,, and ap,o are

known, the theoretical cell voltage under different conditions can be calculated
according to Eqn (1.3). Note that for an approximate evaluation of theoretical
electrode potentials and fuel cell voltage, the variables in Eqn (1.3), ao,, au,,
and ap,0, can be replaced by their partial pressures:Po,, Pn,, and Py,0,
respectively.

In fact, the theoretical cell voltage, Vgﬁv, is the fuel cell open circuit
voltage (OCV). However, in practice, the measured OCV value is always lower
than the theoretical value calculated by Eqn (1.3). This is because several
factors can affect the OCYV, including Pt/PtO catalyst mixed potential and
hydrogen crossover, which will be discussed in Chapter 7.

It is worth mentioning that Eqn (1.3) for calculating the OCV or theoretical
cell voltage are derived from the thermodynamic concept called the change in
Gibbs free energy (AG). For an electrochemical system, AG is the thermo-
dynamic potential measuring the “useful” electrical work that can be obtained
from an isothermal and isobaric electrochemical reaction. For example, the
change in Gibbs free energy ( A Gc.p) for fuel cell Reaction (1.III) can be related
to the fuel cell voltage by the following equation:

AGe = —2FVOSY (1.4)

cell

where 2 is the electron number when each H; is oxidized, and F has the same
meaning as in Eqn (1.3). Using this equation, if the change in Gibbs free energy
is known, the corresponding fuel cell OCV can be calculated. Of course, if the
fuel cell OCV is known, the change in the Gibbs free energy of a reaction can be
calculated using Eqn (1.4). Note that the calculated fuel cell OCV is not the real
OCV in a practical fuel cell and is normally lower than the theoretically
expected value due to the catalyst mixed potential and hydrogen crossover;
therefore, Eqn (1.4), a thermodynamic equation, may not be applicable to a real
situation. However, as a very rough estimation, this equation may be usable,
depending on the user’s own opinion.
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1.2.2. Fuel Cell Electrical Work and Heat

As a general observation, during fuel cell operation, both electrical work and
heat are generated. This can be theoretically understood based on the ther-
modynamic driving force of the fuel cell reactions. For example, at
a constant temperature and pressure, if O, and H; in an atomic ratio of 1:2
were directly reacted in a calorimeter, the reaction energy, expressed as the
total reaction heat AH, could be obtained. However, if the same reaction
was carried out in the same calorimeter by using the fuel cell device shown
in Fig. 1.1, two parts of the reaction energy could be measured: (1) the
electrical energy output through the fuel cell’s load resistance and (2) the
heat released from the fuel cell reaction. However, the sum of these two
portions of energy will be exactly the same as the total reaction heat energy
(AH) released by the direct reaction of O; and H; at the same temperature
and pressure, if the energy used to heat the fuel cell hardware is not
considered. If the load resistance value of the fuel cell is infinitely great (and
therefore the fuel cell reaction is infinitely slow), these two portions of
energy can be related to the overall reaction heat energy AH by the
following equation:

AH = AGey + TAS (1.5)

where AH is the total heat energy of the fuel cell reaction (also called the
change in reaction enthalpy), A G is the maximum electrical work that the
fuel cell can generate, and T AS is the maximum heat the fuel cell can release;
here, T is the temperature and AS is the change in reaction entropy. For
example, at 25 °C and 1.0 atm, the values of AH, AGcp, and AS for fuel cell
Reaction (1.III) are —285.8 kJ mol ™!, —237.2 kI mol™', and —48.7 J mol ',
respectively. These numbers exactly obey Eqn (1.5).

1.2.3. Fuel Cell Electrical Energy Efficiency

In Eqn (1.5), the electrical work ( AGee)) produced by the fuel cell is prac-
tically desirable, whereas the heat (TAS) produced is not as useful as the
electrical work. In practical fuel cell operations, this heat has to be removed
through a cooling system, which places an extra burden on the fuel cell
system.

The theoretical electrical energy efficiency (7¢) of a fuel cell can be defined
as follows:

o AGeen

=y 100% (1.6)

For example, at 25 °C and 1.0 atm, the fuel cell electrical efficiency
can be as high as 83%, based on AG.=237.2k] mol~!, and

AH=1285.8 kI mol ', indicating that of the overall energy generated by
the fuel cell reaction, 83% is converted into electrical energy and the other
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17% is released as heat. In addition, this fuel cell electrical efficiency is
a function of temperature. For example, in the temperature range of
25-1000 °C, this electrical efficiency will be reduced almost linearly from
83 to 66% at a reduction rate of 0.0174% per degree centigrade [2]. Note that
this fuel cell electrical efficiency is a thermodynamic concept or a predicted
maximum efficiency. For practical fuel cell operation, where the fuel cell
reaction drifts significantly from the ideal thermodynamic situation, one
should be especially cautious about using Eqn (1.6) to evaluate the electrical
energy efficiency of a fuel cell.

1.3. ELECTROCHEMICAL REACTION KINETICS
IN A Hy/AIR FUEL CELL

In the previous section, we discussed fuel cell thermodynamics. However, in
reality, fuel cell operation with an external load is much more practical than in
a thermodynamic state. When a Hy/air PEM fuel cell outputs power, the half-
electrochemical reactions will proceed simultaneously on both the anode and
the cathode. The anode electrochemical reaction expressed by Reaction (1.I)
will proceed from H, to protons and electrons, while the oxygen from the air
will be reduced at the cathode to water, as expressed by electrochemical
Reaction (1.II). For these two reactions, although the hydrogen oxidation
reaction (HOR) is much faster than the oxygen reduction reaction (ORR), both
have limited reaction rates. Therefore, the kinetics of both the HOR and the
ORR must be discussed to achieve a better understanding of the processes
occurring in a PEM fuel cell.

1.3.1. Kinetics of the Hydrogen Oxidation Reaction

For a Hy/air PEM fuel cell, the anode HOR described by Reaction (1.I) is an
overall reaction expression, which contains several steps that form the HOR
mechanism. When Pt particles are used as the catalyst in the anode
CL, a generally recognized reaction mechanism can be expressed as follows
[3-8]:

—

Pt+H, < Pt—H, (1IV)
kg
p
Pt — H; + Pt :—2': 2Pt — H (Rate-determining step) (1.V)
kon
Koy
2Pt —H < 2Pt+2H" + 2e” (1.VD)

k3n
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Reaction (1.IV) is the adsorption of H; on the platinum surface and is fast.
Reaction (1.V) is the slow dissociative chemical adsorption of adsorbed H; and
is considered as the rate-determining step for H, oxidation, and Reaction (1.VI)
is the fast electrochemical oxidation of the dissociated hydrogen atom. In all

— —

these reaction equations, k;y and k;yg represent the reaction rate constants in
the forward and backward directions, respectively. For half-electrochemical

— «—

Reaction (1.VI), k3g and k3 are dependent on the electrode potential and can
be expressed as follows:

~ o FE
k= k3Hexp<%) (1.7)

oo <_<1—aH>HHFE> (1.8)

ksg = ksyexp RT

The concentrations of Pt-related surface species or surface reaction sites,
such as Pt-H,, Pt-H, and Pt in Reactions (1.IV)—(1.VI), may be expressed as
the corresponding surface coverage, such as fp;_p,, fpi—H, and 6y, respectively.
They have the following relationship:

Op—n, + Op—p + Op = 1 (1.9

Assuming the fast Reaction (1.IV) is always in an equilibrium state, the
following equation will apply:

A
Op—n, = TIHCHﬁPt (1.10)

kin

where Cy, is the concentration or partial pressure of hydrogen in the CL.
Combining Eqns (1.9) and (1.10) yields

P
Opi_yt + (1 +Tmcﬁz> Op = 1 (1.11)
kin

Because Reaction (1.V) is the slowest reaction and Reaction (1.VI]) is a fast
reaction, it is reasonable to assume that the surface coverage of the Pt-H site
during the whole reaction process remains constant (steady-state assumption),
that is, the amount of Pt—H produced is equal to the amount consumed. The
following equation will then apply:

ko035 = konOpw,0p — kaulh y + kauCi 03, (1.12)
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where Cy+ is the concentration of protons in the aqueous phase. Combining
Eqns (1.11) and (1.12) yields

— k «—
ko2 Cy, + kauC3e

Opn = k{‘i — Op (1.13)
kow + ksn

1/2

By substituting Eqns (1.7), (1.8), and (1.11) into (1.9), both fp_g and fp,
become functions of the hydrogen concentration:

X
Ope = 1 —l-(_—IHCH2

ki

—

_ 1724 -1
-k <0 1-— +HFE;
ko2 Cy, + k3HC12{+exp( _ U= awnaFE, “;)T” H >
+ kin (1.14)
—0 auneuFE,
sz + kyyexp —RT
-7 12
1 — ag)nuFE,
kZH— Cu, + k%HCI-ﬁeXP( %)
Op—n = kin 0 FE
- OHNH
k2H + kyyexp (%)
1/24 -1
- k 0 1 — ay)nuFE
- kopen Ch, + ks Chy-exp <— %)
k
1+ <_1H’CH2 + k]H P -0 aun HFE
kiu kon + kjpexp (1‘;‘7"4)

(1.15)

Equations (1.14) and (1.15) are fairly complicated, and they contain all
reaction constants, the concentrations of both hydrogen and protons, as well as
the anode potential. However, these two equations indicate that both fp_g and
Op; can be expressed as functions of the hydrogen and proton concentrations,
which are practically controllable and measurable.
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As mentioned previously, both k3yg and ksy are electrode potential
dependent and can be expressed as follows:

- o MFE
kap = k3Hexp<aHan;a> (1.16)

kg = kyyexp RT (1.17)

- «0 < (1 — (XH)}’laHFEa)

The reaction rates in the forward and backward directions for Reaction
(1.VI) can be expressed as Eqns (1.18) and (1.19), respectively:

- - -0 oagnauFE.
e = kanlp_pA = {kmexr) <$):|61231HA (1.18)

0 < (1 — aH)naHFEa

T = kb3 CHA = {kmexp BT )]ef,tcf{m (1.19)

—0
where ry, y+ and ry, g+ are the forward and backward HOR rates; k3 and
«—0

kspy are the forward and backward reaction rate constants, which are inde-

pendent of the electrode potential; A is the electrode surface area; oy and nyy

are, respectively, the electron transfer coefficient and the electron transfer

number (here equals to 2) in Reaction (1.VI); E, is the anode potential; and R

and T have the same meaning as in Eqn (1.3). The net reaction rate (ry, /H+) can
be expressed as in Eqn (1.20):

—0
oy /ut = 7:Hz/I‘V - (;Hz/H’ = k3H‘91291—HAeXp (%@)

(1.20)

¢ 1 — ay)nuFE,

g G Aep L)

The net reaction rate can also be expressed as the net current density
TR

-0

. Ty, /H* apnuFE,
= A = nHF|:k3H012>t—HeXp (Td)

o - FE
—k3H012)tC12{+exp< —%)] (1.21)
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where ny is the overall electron transfer number for H, electro-oxidation to
protons, which is 2. In electrochemistry, Eqn (1.21) is a form of the Butler—
Volmer equation.

We now introduce another important parameter for electrode Kkinetics,
called the exchange current density (iOH2 /H+). This parameter is defined as the
current density when the forward and backward electrochemical reaction rates

reach an equilibrium state—that is, the forward current density is equal to the
backward current density, or the net current density iy, ;y+ in Eqn (1.21) equals

zero (iy, JH = 0). In this case, the electrode potential should reach the ther-

modynamic or reversible or equilibrium electrode potential (E, becomes
E;IZ/HA). Then Eqn (1.21) becomes Eqn (1.22):

—0 aHnaHFE’ +
0 2 H,/H
nF k(0 _p) exp <T2>
—o0 (l — aH)naHFE’
= an3H(¢9(1§t)2C§Iexp< - o7 Mo /0 (1.22)

where 0p,_y and 65, are the surface coverage of the Pt—H and Pt sites at the
equilibrium electrode potential. Therefore, the exchange current density can be
expressed as in Eqn (1.23):

-0 <aHnaHFEI’{Z/H->

o ) 2
l(})lz/}ﬁ = nF kyy (03 _y) exp RT

(1.23)

«—o0 (1 — O[H)IloquElrJI HY
= nF kyy (09,)>Chrexp ( — RT 2

This exchange current density can also be expressed in another form. For
example, Eqn (1.23) can be rewritten as Eqn (1.24):

o

2.303RT k 2.303RT, | (65)*C2.
o = 2303RT, —H 303RT g ¢ P;) i (1.24)
) nenk k3H nenk’ (0Pt—H)

Combining Eqns (1.23) and (1.24), an alternative expression for the
exchange current density can be obtained:

i e = nF (kgyy) ™ (kyyy) ™ (05,)° (G )2 ()™ ™ (1.25)

It can be seen that Eqns (1.22)—(1.24), and (1.25) all contain the parameters
0%, and 6p,_p, which actually can be expressed as functions of measurable and
controllable parameters such as the concentrations of hydrogen and protons.
For example, if the electrode potential E, in Eqns (1.14) and (1.15) is replaced
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by the equilibrium electrode potential Ej; e 0%, and 6p,_yy can be alterna-

tively expressed as Eqns (1.26) and (1.27), respectively:

K
Op = 1 +TIH
kin

Ch,

—

-k
kot Cyt, + kg Coyexp

o (_(1—0[H)naHFE{{2/H+> 1/2( -1

RT
4 ki
Tort + Ky oLy, e
ex —_—
2H 3HCXP RT
(1.26)
-k o (1— oq.])no([.ﬂ:E"7 + 172
szTm Cu, + kSHclz-I+eXp( - RT /M
00 — le
Pt—H — —0 aHnaHE}’%/H,
kon + kyyexp <T)
— ; «—0 (1 — l)é].[)}’la}.lf'ﬂEr7 + 1/2 -1
z szTm Cy, + k3HC12{+exp< - ®T H/H
L] kin
x4 1 + - CHZ + — —0 OtHnaHEIr-I JHT
kin koy + k3HCXp (TZ)
(1.27)

By inserting fp, and 0p,_p into Eqn (1.25), an alternative expression for
exchange current density (iI‘fIz /H+) can be derived, which contains all reaction

constants as well as the measurable and controllable concentrations of both
hydrogen and protons.

In fact, this exchange current density can be directly measured by experi-
ments. To do this, another alternative expression for Eqn (1.21) is very useful.
First, let us introduce a concept called overpotential. The anode overpotential,
7a, 18 the difference between the anode potential and its equilibrium potential,
and it can be expressed as in Eqn (1.28):

Ny = Ea— Epp e (1.28)

By combining Eqns (1.21), (1.23), and (1.28), one can obtain an alternative
Butler—Volmer equation:

. o0 agneufn 1 — ay)naubn
Iy = Iy, e [exp <Ta) - exp< — %)] (1.29)



PEM Fuel Cell Testing and Diagnosis

If the overpotential is large enough, for example, n, > 60 mV, the second
term on the right-hand side of Eqn (1.29) can be omitted when compared to the
first term, and this equation then becomes

aHnaHFna) (1.30)

in/H+ = iDHZ/H+€Xp ( RT
By taking the log of both sides of Eqn (1.30), we get

2.303RT ) 2.303RT

1 g(laz/l-ﬁ) +

m (0] log(iHZ/H+) (131)

— r _ .
Ea - EHZ/H+ aHnaHF

Equation (1.31) are also known as the Tafel equation. In experiments, the
electrode potential (E;) at different current densities (iy, /H+) can be measured.

The plot of log(iy, /z+) Vs. E, can then be obtained, as shown in Fig. 1.2. From

2.303RT
the slope of this plot (= ————, called the Tafel slope), the kinetic
agnouF
parameter ayn,yg can be calculated according to Eqn (1.31), and from the
2.303RT

r —_——
Hy/H” agnegl
exchange current density (iijIZ /H+) can be calculated if EI’{2 e is known.

intercept = ( log(ify, /H+)) of this plot at iy, g+ = 1.0, the

Therefore, three important electrode kinetic parameters—exchange current
density (i?12 /H+), electron transfer coefficient (ay), and electron transfer

number (n,)—can be experimentally measured based on Tafel Eqn (1.31).
An alternative way to obtain the exchange current density from Eqn (1.29)
is to use the data within a very small 1, range near the open circuit potential.

0.20

E.(V)

0.08 -

0.04 -

0.00 T T T
-2.5 -2.0 -1.5 -1.0 -0.5 0.0

1og (ivzn*)

FIGURE 1.2 Tafel plot for the HOR on a Pt/C electrocatalyst at 23 °C.
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In this small 7, range, Eqn (1.29) can be approximately simplified as
Eqn (1.32):

. o apnaFn (1 — ag)neuFn
b = i | (10 ) - (1 O

.0 nocHFT'a

A (1.32)

By rearranging Eqn (1.32), we can obtain an alternative expression:

O(Es — Ey, ) OE, RT
S ST (133)
ale/H+ alHZ/H+ naHle/H+

0,
aiHZ/H+

a
Rct_

where RY, is defined as the charge transfer resistance for the HOR, which can be
measured using electrochemical impedance spectroscopy (EIS) at the open
circuit potential. From Eqn (1.33), if the R%, and n,y are known, the exchange
current density can be calculated. A detailed discussion of EIS measurements
will be presented in Chapter 3.

Note that both the exchange current density (il‘:Iz /H+) and the electron

transfer coefficient (o) are temperature dependent, particularly iglz - This is

because iy . is a function of 0%, and 60p,_ g, both of which contain all the

reaction constants, which are all temperature dependent. The temperature
dependency of i, .. can be expressed as the Arrhenius form:
»/H

o 0 Eizl'y 1
log(ify, ) = log(ly, m+) — 530387 (1.34)
where II[jIZ 1 is the exchange current density at infinite temperature, and Ef; is

the reaction activation energy for the HOR. If one can measure the exchange
current densities at different temperatures, the plot of log(iﬁz /H+) vs. I/T will

yield both the reaction activation energy and the exchange current density at
infinite temperature.

In the above section, all the equations we derived are based on pure
electron transfer kinetics. Unfortunately, in reality, mass transfer (e.g.
hydrogen diffusion inside a porous fuel cell CL) will have an effect on the
overall reaction rate, and sometimes can become the rate-determining step. To
address this mass transfer effect, we need to introduce another concept, called
limiting diffusion current density, which can be expressed as in Eqns (1.35)
and (1.36) [9]:

-l

IHz/l-r = nHF;:le/H+CH2 (1.35)

ol

Iy, e = "HF’ZHZ/WCH+ (1.36)
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-1 I

where [y jy+ and [y e are the mass transfer limiting current densities
for the HOR (forward) and the proton reduction reaction (backward),

respectively, while EHZ /u+ and ;1_1112 /u+ are the corresponding mass transfer
coefficients. These limiting current densities represent the maximum
current densities achieved at a given hydrogen concentration (Cp,) and
proton concentration (Cy+). When the current density reaches the limiting
current density, the hydrogen or proton concentration at the reaction surface
(or catalyst surface) is fully exhausted. The hydrogen or proton supply is
totally controlled by the mass transfer process (normally a diffusion
process) of this reactant from the bulk phase to the reaction surface. For
a fuel cell CL, the reaction zone is a porous matrix structure rather
than a planar surface, so the mass transfer process should be more
complicated than on a planar electrode surface. For example, the hydrogen
concentration Cy, should be considered the average concentration inside
the gas-diffusion layer (GDL), and the corresponding mass transfer coef-

ficient i71H2 s+ may be the average mass transfer coefficient inside the CL.

To reflect this mass transfer effect of the reactant, Eqn (1.29) can be
modified to Eqn (1.37):

) ) Iy, /H apneukn
I = lﬁz/w 1— _,1/ exp <7I§T a)
Ty, -
iH /H+ (1 — aH)naHF'f)
|- exp(—Ta (1.37)
Ty, e

Equations (1.37) is the current density after the H, and H" mass transfer
effects are considered. From this equation, it can be seen that if the current

-l

density in the forward direction reaches a limiting value (iy,jp+ = 1y, /p+)

the forward kinetic current density will become zero; this suggests that the
forward reaction is totally controlled by the mass transfer process. In the
backward direction, the same situation is valid.

If the overpotential is large enough, an equation similar to Eqn (1.31), with
the mass transfer considered, can be derived as Eqn (1.38):

-l

2.303RT 2.303RT 1 iy, /m
log(if, i) + R

_rr _
Ea - EHZ/H+ aHnaHFl g = '
1 H,/Ht — lHZ/HJr

(1.38)

agneplF
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1.3.2. Kinetics of the Oxygen Reduction Reaction

As is generally recognized [10], the ORR catalyzed by a Pt catalyst follows
a complex reaction mechanism. The oxygen adsorbed on the Pt surface can be
electrochemically reduced through several elementary steps, as shown in
Reactions (1.VII)—(1.XIII):

Pt+ 0, < Pt— Oy (1.VID)

Pt — Op(aq5) + H" +e < Pt— O2H(y) (Rate-determining step)

(1.VIIID)
xPt — OyH(ygq) +x¢~ +xH"  xPt — OyHy(u5 (1.IX)
XPt — O2Hp a5y < xPt +xH20, (1.X)

(1 —x)Pt+ (1 —x)Pt — OjHpgg) © (1 — x)Pt — Opnqy)
+ (1 — x)Pt — OH 4y (1.X1)

(1 = x)Pt — Opaa) + (1 — )H + (1 — x)e~ (1 — x)Pt — OH(yy (1.XII)
2(1 — x)Pt — OHyq) +2(1 —x)H™ +2(1 — x)e~

o 2(1 —x)Pt+2(1 — x)H,0 (1.X111)

In this mechanism, Reaction (1.VII) represents the adsorption/desorption of
O, at the Pt surface, which should be a fast reaction. Reaction (1.VIII) repre-
sents the first electron transfer of the ORR, which is considered the slowest
reaction in the whole mechanism (i.e. the rate-determining step), and it
produces the intermediate Pt — HyO,45). One part of this intermediate can be
further reduced to produce H,O; through Reactions (1.IX) and (1.X). The other
part will be further reduced to produce H,O through reactions (1.XI)—(1.XIII).
The first part of the reaction forms a 2-electron transfer ORR pathway to
produce H,O,, and the other part forms a 4-electron transfer ORR pathway to
produce HO. In reality, the ORR normally has a mixed 2- and 4-electron
transfer pathway and gives an overall electron transfer number of <4. The
relative proportions of 2- and 4-electron transfer pathways are dependent on
Reactions (1.IX) and (1.XI). The proportion of Reaction (1.IX) can be
expressed as x, and the proportion of Reaction (1.XI) can be expressed as
(1—x). If x = 1, the mechanism will be a 2-electron transfer pathway, whereas
if x = 0, the mechanism will become a totally 4-electron pathway. In practical
situations on a Pt catalyst, the x value is much <1, and this gives a 4-electron
dominated transfer pathway to produce H,O, with <1% H,O,.
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The ORR mechanism expressed by Reactions (1.VID—(1.XIII) is very
complicated. So, to obtain the relationship between the current and the elec-
trode potential, we may want to make some reasonable assumptions to simplify
this mechanism. We may assume that (1) x = 0 so that the whole mechanism
only goes through a 4-electron pathway to produce water; and (2) the fast
Reactions (1.XI)—(1.XIII) can be combined together into one reaction. There-
fore, the ORR mechanism may be simplified as in the following three reactions:

P
Pt+ 0, < Pt — Oyuy) (1.XIV)
kio

-

+ _ ko
Pt — Oz(ads) +H" +e « Pt — OZH(ads)

k2o
(Rate-Determining Step) (1.XV)
Pt — OyH(ygs) + 3H + 3¢~ & Pt + 2H,0 (1.XVI)
k3o

— «—

In all three reaction equations, k ;o and k ;o represent the reaction rate
constants in the forward and backward directions, respectively. For electro-

- o~ —

chemical reactions (1.XV) and (1.XVI), the rate constants ko, k20, k30, and

k3o are all dependent on the electrode potential, and can be expressed as
follows:

Koo = Z:Oexp( _a- “2;);1“2°FE°) (1.39)
oo = Kapexp (W) (1.40)
Kso = Z:Oexp( _a- “3‘;);1“301%) (1.41)
Ko = Kagexp (%W) (1.42)

—0 «— 0 —0 «—0

where k,q, kg, k3o, and k3q are the forward and backward reaction
rate constants for Reactions (1.XV) and (1.XVI), respectively, which are
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independent of the electrode potential; apo and a3g are the electron transfer
coefficients; n,no and n,30 are the electron transfer numbers for Reactions
(1.XV) and (1.XV]), respectively; and E. is the cathode potential.

The concentrations of Pt-related surface species or surface reaction sites
such as Pt-0O,, Pt—-O,H, and Pt in Reactions (1.XIV) to (1.XVI) may be
expressed as the corresponding surface coverage, such as 0p—o,, 0pi—0,H, and
Op¢. They have the following relationship:

Opi—0, + Op—o,u +Opy = 1 (1.43)

Assuming Reaction (1.XIV) is fast and always in an equilibrium state, the
following equation will apply:

*
Op0, = —2Co,0p (1.44)

kio

where Cop, is the concentration or the partial pressure of oxygen in the CL. By
combining Eqns (1.43) and (1.44), we obtain

Pt
Op_o,n + (1 +Tmcoz>0pl -1 (1.45)
kio

Because Reaction (1.XV) is the slowest and Reaction (1.XVI) is fast, it is
reasonable to assume that the surface coverage value of the Pt—O,H site during
the whole reaction process remains constant (steady-state assumption)—that is,
the amount of Pt—O,H produced is equal to the amount consumed. Then, the
following equation will apply:

koo Cy+Opi—0, + k300P1C12-[20 = kaoOp—on + k30Cip Opi—0,m (1.46)

where Cy+ is the concentration of protons in the aqueous phase. By combining
Eqns (1.39)—(1.42),(1.45),and (1.46), one obtains

=1

10

0}’(—03 = CO;

=1

10

o0 (a20nm20FEc> e ( - azo)ﬂa3oFEc>

k Hoexp RT + k30C|3-r exp RT

—o k 1 = a0)naaoFE | <° it 20M00FE
kZOTIOCOzCH*exp( —%> + kyo <1 +T10C02>CXP<%>
k[() klO

-

b w30FE: -0 k 1— w30FE:
+k3OCﬁzoexp<%> + kyoCore (l +TmCoz>exp< - (a%)
k1o

(1.47)



PEM Fuel Cell Testing and Diagnosis

¥
Opon = 1— (1 +£c02)

kio
-0 aonaoFE: -0 1 — a30)na3oFE:
kypexp (%) + k3oci?{+ exp( — %)
X — _
;” kio Co. C, (1 — @20)na20FE: b k1o wonwoFE: (148)
0= Co,Cprexp{ ———p——— + kyo| 1 ++—Co, |exp R
kio k1o

o FEN oo A . o
FhyoCl pexp (201807 ) | 4 3 (1422 ¢, Jexp _ (1= as0)na30FE
o RT ’ o RT

If the electrode potential E. in Eqns (1.47) and (1.48) is replaced by the

equilibrium electrode potential Ef, y; o, Opc and fpio,u will become 63 and

bt_o,n»> Which can expressed as in Eqns (1.49) and (1.50), respectively:

—

kio

0 _

ﬂPl—Oz I COz
kio

RT RT

—o ¥ (1 = @20)1a20FEQ, 1.0 o % @201a20FEQ 1.0
kon]O Co, Cy+exp ( - W/Hz + k| 1+ 219¢,, |exp (T/Hz>
kio k1o

o @0na30FEL 41 —o r (1 — a30)na30FED, .
FRoGoemp (M0 L [, <1 b0 ¢ Yo - Lm0 0 B
kio

o a0n00FE" o (1 — a30)na30FE}, 1y,
kzoexp(ia 02/H20> + k30 Cyyexp - e o/HO

(1.49)

, k1o
Op o = 1— <1 +Tcoz>

k1o

o 20na20FEQ, 1.0 —o (1 = a30)na30FEG 1.0
kzoexp(iRT /1 > + k3o Ciexp —rr 2/Hy

—o f (1 = 0a0)100FEp 0 < X a20ma20FE) 1y,
k,OH—IOCO2 CH—exp< _ Ol 700 + kyo| 1 +TmCO, exp (70 02/1-1“0)
2 RT ’ RT

kio kio

o onasoFEL, —o % (1 — a30)1430FE,,
+k30C§20exp(aTO“/Hzo) + k3OC]3_,+ (l Jrk—]OCo2 exp 7%
kio

(1.50)

Again, Eqns (1.49) and (1.50) are fairly complicated and contain all the
reaction constants, the concentrations of both oxygen and protons, and the
cathode potential. However, these two equations indicate that both p;_o,n and
Op; can be expressed as functions of the oxygen and proton concentrations,
which are practically controllable and measurable.

The overall ORR rate can be expressed as in Eqn (1.51):

— —

0,/H,0 = T 0,/H,0 — T 0,/H,0
-0 (1 — D[zo)l’l 20FE «0 0N 20FE
= kyoOp_o, CH+Aexp( _R—Tac — kyo0p—0,nAexp %

(1.51)
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Then, the net ORR current density can be expressed as in Eqn (1.52):

. r0,/H,0
10,/H,0 = A
-0 1-— woFE.
= noF[kzoﬂptOZCmeXP( - ( 042;)?)]1} 2 C)
«—0 w20oFE,
— K 5o 0p_0,HEXD (%)} (1.52)

where, in both equations, 702 /H,0 and 7H2 /u+ are the forward and backward
ORR rates, respectively, and n, is the overall electron transfer number for the
ORR, which is 4. By using the method as for the anode HOR, the exchange
E;J.I;‘gl)lt density (ig2 /Hzo) for the cathode ORR can also be derived as Eqn

) —0 " (1 — azo)naQOFEg H,0
lOOz/HZO = nOkaﬁpFO2 CHexp< — o7 >/Hp
0 0520”0420}7E67 H,O
= n0F k 0% _0,4EXP <T/2) (1.53)

where 65y and 0p, are the surface coverage of the Pt—O,H and Pt sites at
the equilibrium cathode potential (EE)2 /Hzo)' This exchange current density can
also be expressed in another form. For example, from Eqn (1.53), the equi-
librium cathode potential can be expressed as follows:

—o

o = 2.3O3RT10 ko n 2.303RT10 0})[0_02 Cy+ (1.54)
naoF % naoF 0o,
20
If we combine Eqns (1.53) and (1.54), we get an alternative expression of
exchange current density:
—0 0
i(cl)g/ﬂgo = noF (ky)( k30)l_azo(0(Pgt702)a20(CH+)0(20(6§[702H)]_&20 (1.55)
S50 0
The right-hand side of Eqn (1.55) contains seven parameters: no, kyq, koo,
bt—0,> Opr_o,u> Ch+» and azo. Theoretically, if these seven parameters are
known, one can calculate the exchange current density. However, both 65, ¢
and 6p,_q,y as shown in Eqns (1.49) and (1.50), contain too many parameters
to be practical for calculation.

Fortunately, as discussed in the above section on the HOR, the exchange
current density can be directly measured experimentally. The cathode over-
potential, 7, is the difference between the cathode potential and its equilibrium
potential and can be expressed as in Eqn (1.56):

Ne = Ec — Eg, ju,0 (1.56)



PEM Fuel Cell Testing and Diagnosis

On combining Eqns (1.52), (1.53), and (1.56), one obtains an alternative
Butler—Volmer equation:

. W (1 — a20)na0Fn, a20n20F M,
10,/H,0 = lo,/m0 [€XP| — RT — €Xp — RT

(1.57)
If the overpotential is large enough, for example, 7. > 60 mV, the second

term on the right-hand side of Eqn (1.57) can be omitted when compared to the
first term; this equation will then become

; 0 (1 = a20)na20Fn
10,/H,0 = loz/Hzoexp( - RTa £ (1.58)
By taking the log for both the sides of Eqn (1.58), we get
2.303RT 2.303RT
E. = Eg ———log(i¢ ———log(i
C OZ/HZO + (1 — a20)na20F Og(loz/Hzo) (1 — azo)nazoF Og(lOz/HZO)
(1.59)

Equation (1.59) are also known as the Tafel equation. In experiments,
the electrode potential (E.) at different current densities (ip, /HzO) can be
measured. Then, the plot of E. vs. log(ig, /Hzo) can be obtained, as shown in

2.303RT
(I — a20)na0F’
kinetic parameter (1 — ap0)na20 can be calculated according to Eqn (1.59),

2.303RT ) .
m Og(looz/Hzo)) of this

plot at ig,/n,0 = 1.0, the exchange current density (1%2 /Hzo) can be cal-

Figure 1.3. From the slope (= called the Tafel slope), the

1 — r
and from the intercept (= Ep, /ot
culated if Ep /H,0 is known. Therefore, three important electrode kinetic

FIGURE 1.3 Tafel plot for 0.9
the ORR on Pt/C electro-
catalyst at 23 °C. 0.8 4

0.7 4
= 0.6 -
=

0.5 1

0.4 -

0.3 T T T T - T
-35 -30 -25 -20 -15 -10 -05 0.0
log (io2mz0)
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parameters—exchange current density (if)2 /HZO), electron transfer coefficient

(I —ap0), and electron transfer number (n,o)—can be experimentally
measured based on Tafel Eqn (1.59).

Same as the case for the HOR, in a very small 7. range near the open circuit
potential, a simplified form of Eqn (1.57) can also be obtained:

. o | (1 — a20)na20F 7. | @20na20F 7,
10,/H,0 = l0,/H,0 - RT - +T

_ _ nazoF.
= 10,/m,0 RT

(1.60)
By rearranging Eqn (1.60), we obtain an alternative expression:
R _ ‘ R L ) O0E.  RT
“ 0io,/H,0 0io,/H,0 0i0,/1H,0 122010, /1,0
(1.61)

where R, is the charge transfer resistance for the ORR, which can be measured
using EIS at the open circuit potential. From Eqn (1.61), if the RS, and nyo0 are
known, the exchange current density can be calculated.

Similar to the case for the HOR, both the exchange current density (ig2 /Hzo)

and the electron transfer coefficient (ap0) are temperature dependent. The
temperature dependency of igz /H,0 Can be expressed as in the Arrhenius form:

/0 0 E z) 1
log(ig, m,0) = 10g(18, m,0) — 2.30;R? (1.62)
where Ig)z /H,0 is the exchange current density at infinite temperature, and Ep), is

the reaction activation energy for the ORR. The plot of log(ig2 /HZO) vs. /T

allows one to obtain both the reaction activation energy and the exchange
current density at infinite temperature.

Similar to the situation for the HOR, the mass transfer of oxygen inside
a porous fuel cell CL will also have an effect on the overall reaction rate. The
limiting diffusion current densities can be expressed as in Eqns (1.63) and
(1.64):

1 N
lo,m0 = noFmo,/m,0Co0, (1.63)
Py -
1o, 0 = noFmo,/m,0Ch,0 (1.64)

—l1 I

where / and / are the mass transfer limiting current densities for
0,/H,0 0,/H,0
the ORR (forward) and the water oxidation reaction (backward), respectively,
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and 17102 /m,0 and EOZ /n,0 are the corresponding mass transfer coefficients.
Similar to the case for the HOR, Eqn (1.57) can be modified to Eqn (1.65):

(1 — a20)na0Fn,
RT

. ) {0,/H,0
_ 0 2 2
l0,/H,0 = l0,/H,0 1 - 1 exp( -

1o, /m0

—11=

i woFn,
(_Olz/Hzo exp(azon 20 77) (1.65)

RT
1o,/m0

This equation is the current density expression after the O, and H,O mass
transfer effects are taken into account.

If the overpotential is large enough and the mass transfer is taken into
account, Eqn (1.65) can be simplified as Eqn (1.66):

2.303RT

(1= ook £ 00)

Ec = rOz/HzO
-l
2303RT io,/m:0 Lo, /1,0

- ‘O
(1 — ar0)na0F g\ > .
IOz/HzO - lOZ/HZO

(1.66)

It is worth pointing out that the equations for both the HOR and the
ORR in the above sections are for cases when the electrochemical reactions
occur on a smooth planar electrode or on a catalyst surface rather than in
a porous matrix CL. The situation in the CL may be more complicated
than on the planar surface. However, on modification by using the
apparent parameters and the real electrochemical active surface, one finds
that the equations are still valid for quantitative treatment of experimental
data.

1.4. PEM FUEL CELL CURRENT-VOLTAGE EXPRESSION

As shown in Fig. 1.1, the center of a single fuel cell contains the anode,
membrane (or solid electrolyte), and cathode. When a current density (/gej)
passes though this cell, the cell voltage (V) can be expressed as follows:

Veel = E¢ — Ey — IcenRm (167)

where Ry, is the membrane resistance (or electrolyte resistance), which will
receive detailed attention in Chapter 5. By combining this equation with Eqns
(1.38) and (1.59), and letting both the anode and cathode current densities be
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equal to the cell current density (i.e. leen = iy, u+ = io,/m,0)s the fuel cell
voltage can be derived with Eqn (1.68):

2.303RT

Vce11 = Eg)z/Hzo — ﬁz/H+ mlog(igz/l{zo)
N
2.303RT 0g(i 1)) 2.303RT o i0,/m,0 Lo, /m,0
agneul /e (1 — exo)naroF =

1o, /0 = 10,/H,0
N

_ 2.303RT o Iy, ety

P g Ny — LcenRm
HtaH .
1 Hy/HY — le/H+
(1.68)
where the term (Eq o — Eyy) /H+) is the fuel cell theoretical OCV (VOGY).

Note that Eqn (1.68) are only valid when both the anode and the cathode
overpotentials are >60 mV; otherwise, a large error will result. Based on Eqn
(1.68), one can use experimental data to simulate the kinetic parameters shown
in this equation. It is also worth noting that when using this equation, the effects
of the CL structure and catalyst morphology should be considered before
carrying out the simulation.

The relationship between cell voltage and current density can be measured
using fuel cell hardware; a typical schematic polarization curve is shown in
Fig. 1.4. It can be seen that there are four losses in the whole current density
range: (1) the OCV loss caused by H; crossover and cathode mixed potential,

Theoretical cell voltage (T. P)

Ideal cell voltage
1.229 y
Voltage loss caused by mixed
potential and crossover
k0 / Region of activation Total voltage loss
polarization
(Activation loss)
g Region of concentration
Eo polarization
= (Mass transfer loss)
£ 0.5
= Region of Ohmic
2 polarization
(Ohmic loss)
0

Current Density (Af’cm2 )

FIGURE 1.4 Typical polarization curve of a PEM fuel cell [12].
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(2) the loss caused by slow reaction kinetics, (3) the loss caused by membrane
resistance, and (4) the loss caused by mass transfer limitation. These four losses
can also be reflected by Eqn (1.68). This will be discussed in detail in
Chapter 4.

The fuel cell OCV (VOGV) in Eqn (1.68) can be expressed as follows:

cell

VoY = Ep o — B (1.69)

At standard conditions (1.0atm and 25°C), if we wuse both
E62/H20 = 1.229 V (vs. SHE) and Eﬁz/m = 0.000 V (vs. SHE), the fuel

cell OCV should be 1.229 V. However, the measured OCV at room temperature
is around 1.0 V, which is much lower than the value calculated from thermo-
dynamic electrode potentials. This difference can be explained by the losses
caused by H; crossover and mixed cathode potential, which result from the
oxidation of the Pt surface at the cathode side [11]. Thus, the measured fuel cell
OCYV could be expressed by using Eqn (1.70):

OCV OCV
Vmeasured = Vcell - AVHzfxover — AVp1o_mixed (1.70)

where Vgg\slured is the measured OCV, AVH, _xover 18 the voltage loss caused by
the hydrogen crossover from the anode to the cathode, and AVp_g_mixed 1S the
voltage loss caused by the cathode Pt surface mixed potential. The factors that

affect fuel cell OCV will be discussed in detail in Chapter 7.

1.5. FUEL CELL COMPONENTS

Figure 1.5 shows a single PEM fuel cell. The key components include the
membrane electrode assembly (MEA), flow field plate/bipolar plate, current
collector, as well as other components such as sealing materials and end plate.

Current collector o . R
Gas diffusion layer ~ Graphite Plate 0’2’6

Anode End Plate

\ b3 V / N
\ \\Sub—gasket,a” |4 . Bolts
\ //'

>
goo Graphite Gasket %O° Cathode End Plate
& Plate IS

e

FIGURE 1.5 The structure of a typical PEM fuel cell [13]. (For color version of this figure, the
reader is referred to the online version of this book.)
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The MEA is a unit comprising the anode, membrane, and cathode and consists
of the electrocatalyst, CL, GDL, and membrane. The following sections will
discuss these key components separately.

1.5.1. Fuel Cell Electrocatalysts

In a Hy/air PEM fuel cell, the HOR and the ORR take place in their respective
CLs. Thus, the anode and cathode electrocatalysts both play critical roles in
fuel cell performance. To date, the most active and widely employed catalysts
in PEM fuel cells are highly dispersed Pt-based catalysts. Although they pose
several challenges, such as costliness, sensitivity to impurities/contaminants,
and insufficient stability/durability under fuel cell operating conditions [14],
Pt-based catalysts are recognized as the most practical choice in current PEM
fuel cell technology.

The sluggish kinetics of the cathode ORR means that more active electro-
catalysts are definitely necessary to overcome the large overpotential on the
cathode. Although the current carbon-supported Pt catalysts have the most
active catalytic activity toward the ORR, they are still not fully satisfactory in
terms of activity and stability. In recent years, one focus of catalyst studies has
been to further develop more active and durable catalysts.

During the previous few decades of PEM fuel cell development, many kinds
of Pt-based electrocatalysts have been developed for the ORR. These include Pt
and Pt-based binary alloy catalysts, such as PtFe [15-18], PtCo [17,19-22], and
PtNi [17,21]. In particular, the Pt-based binary alloy catalysts show enhanced
catalytic activity for the ORR due to their electronic and configuration effects.
Normally, these catalyst particles (size ~2—6 nm) are dispersed on supports with
particle sizes of 20-50 nm to increase the active surface area. The most
commonly used supports are carbon materials, which have large surface areas
and good electronic conductivity as well as relative chemical and thermal
stabilities. The widely used carbon support materials are carbon blacks, carbon
nanotubes, and carbon nanofibers. However, one drawback of such carbon
supports is their electrochemical instability (called carbon corrosion) under PEM
fuel cell operating conditions, in particular in high-temperature operations.
Carbon support corrosion causes Pt catalyst particle isolation and CL deactiva-
tion, which results in fuel cell performance degradation. In recent years, to
overcome this issue, much effort has been put into exploring noncarbon support
materials. These new support materials include metal oxides, carbides, and
nitrides. Although some performance has been achieved with these supports,
they are still not as good as carbon supports in terms of ORR activity and fuel cell
performance. To lower the cost of Pt-based catalysts, intensified efforts have
been made in recent years to reduce Pt loading in the cathode CL and/or replace
Pt using non-noble metal catalysts. The latter approach in particular has become
a hot area in the last several years. The non-noble metal catalysts include
carbides [23-25], nitrides [26,27], transition metal chalcogenides [28—30], metal
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macrocycles (e.g. porphyrin and phthalocyanine) [31,32], and others. The most
promising non-noble metal catalysts for the ORR seem to be Fe- and Co-based
nitrogen-containing catalysts obtained by heat treatment at 700-1000 °C
[31,33-39]. Although these catalysts exhibit high electrocatalytic activity toward
the ORR, in practical terms, there is still a long way to go before they can be
compared with Pt-based catalysts. It is believed that non-noble metal catalysts
are the necessary choice for sustainable fuel cell commercialization in terms of
cost and global abundance. Regarding anode catalysts, Pt-based catalysts seem to
be good enough for catalyzing the HOR process. Since the amount of Pt catalyst
required at the anode is much less than at the cathode, little attention is being paid
to reducing anode catalyst loading or replacing Pt catalysts by using non-noble
metal catalysts. However, the anode Pt-based catalysts are very sensitive to
impurities, such as carbon monoxide (CO) and hydrogen sulfide (H,S) in the
fuel. Therefore, various kinds of CO-tolerant catalysts have been developed,
including carbon-supported PtRu [40-42], PtSn [40,43,44], PtMo [45-48], and
PtAu [49-51]. All of these showed improved tolerance to impurities (e.g. CO)
and thus enhanced fuel cell performance.

In the development of fuel cell catalysts, catalyst synthesis plays a critical role
in improving catalyst activity and stability. Over the last several decades, many
syntheses methods have been developed, including the impregnation—reduction,
colloid, sol-gel, and microwave-assisted methods. Experimental results showed
all these methods to be effective in synthesizing catalysts for PEM fuel cells. The
most important progress in recent years has been in the synthesis of nanostructured
catalysts for fuel cell applications [52]. Nanostructured Pt-based catalysts are
claimed to be much more active than the commercially available Pt/C catalysts.

1.5.2. Catalyst Layers

The anode and cathode CLs are the key components in PEM fuel cells because
both the ORR and the HOR take place within them to yield fuel cell perfor-
mance. They are thin layers (~10-100 um, usually <50 pm), mainly composed
of catalyst powders, proton conductive ionomer (normally Nafion® ionomer),
and polytetrafluoroethylene (PTFE).

An ideal CL should provide passages for proton transport, electron trans-
port, and reactant gas transport and should also be able to remove product
water. In general, there are two kinds of CLs: hydrophobic CL and hydrophilic
CL. The composition ratio in the CL greatly influences fuel cell performance
and will be discussed in detail in Chapter 2.

1.5.3. Gas Diffusion Layer

In a single fuel cell, there are two pieces of GDLs, located on either side of the
MEA. The GDL can provide support for the CL as well as passages for the
transport of reactant gases and water. It can also provide electronic contact with
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the flow field plates. Usually, a GDL includes two layers: the backing layer or
gas-diffusion media (GDM) and the microporous layer (MPL).

The commonly used GDMs are carbon-fiber-based materials such as carbon
paper and carbon cloth, which have a high porosity (>70%) and good electrical
conductivity [53]. Figure 1.6 shows the scanning electron microscope (SEM)
micrographs of carbon paper and carbon cloth. GDMs are usually pretreated to
change their hydrophilicity/hydrophobicity. For example, PTFE resin is often
used to impregnate carbon paper to increase its hydrophobicity.

The MPL also plays an important role in improving GDL performance. It
can be made as follows: a certain amount of carbon powder, solvent (e.g.
isopropanol), and bonder (e.g. PTFE) is mixed thoroughly to form a slurry,
which when coated onto the GDM forms a thin MPL layer. The MPL can not
only change the porosity of the GDM, thus improving both water transport and
gas transport in the GDL, but it can also support the CL to prevent the catalyst
from penetrating the GDM. The composition of the MPL, including that of
carbon powder and PTFE, can significantly affect the GDL performance and
thereby the fuel cell performance [54-58]. Studies have shown that an MPL
containing 15-20% PTFE exhibits the best performance [59,60]. The properties
and loadings of the particular carbon powder can also affect the PTFE content
in an MPL [57-59]. To enhance the transportation of both liquid water and
reactant gases, a bifunctional MPL was also suggested recently; this employed
a composite carbon powder consisting of 80 wt.% acetylene black and 20 wt.%
Black Pearls®2000 carbon [61].

1.5.4. Membrane (or Solid Electrolyte)

The membrane is one of the key components of PEM fuel cells, as it not only
acts as a solid electrolyte to conduct protons but also serves to separate the

%50.0 600 um

FIGURE 1.6 SEM micrographs of two gas-diffusion-medium substrates, both with approxi-
mately 7-pm diameter fibers. (a) Carbon-fiber paper, Spectracorp 2050 A, with no PTFE. The
reference bar indicates 100 um. (b) Carbon cloth, Textron Avcarb 1071 HCB. The reference bar
indicates 600 um [53].
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FIGURE 1.7 Molecular structure of Nafion® [62].

anode and the cathode. Those commonly used are perfluorosulfonic acid
(PFSA) membranes, such as Nafion® and Flemion®. Nafion® is a sulfonated
tetrafluoroethylene-based polymer developed by DuPont in the late 1960s.
There are three kinds of groups in the structure of Nafion®: the tetrafluoro-
ethylene (Teflon®)-like backbone, the —O—CF,—CF—O—-CF,~CF,— side chains
that connect the backbone and the third group, and the clusters consisting of
sulfonic acid ions, as shown in Fig. 1.7.

Nafion® membrane is a nonreinforced film based on Nafion® ionomers in
acid (HY) form. Under PEM fuel cell operating conditions, the Nafion®
membrane is the most practical solid electrolyte due to its unique structure,
excellent thermal and mechanical stability, and high proton conductivity (but it
is also an isolator for electronic conduction). According to the cluster network
model [63-66] of Nafion® membrane, Nafion® contains some sulfonic ion
clusters with a diameter of approximately 4 nm. The clusters are equally
distributed within a continuous fluorocarbon lattice, and are interconnected by
narrow channels with a diameter of about 1 nm; this provides passages for the
transport of protons. Figure 1.8 shows this cluster network model. Proton

FIGURE 1.8 Cluster network model for the Nafion® membrane [63-66]. (For color version of
this figure, the reader is referred to the online version of this book.)
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FIGURE 1.9 Conductivity of Nafion® as a function of RH (a) and water content (b) [68].

transport will occur through these channels and bring 3-5 water molecules
together from the anode to the cathode.

The proton conductivity of PFSA depends on the membrane’s relative
humidity (RH) or the water content. Figure1.9 shows that Nafion® conductivity
increases with increasing values of RH or water content. PEM fuel cell testing
results have also indicated that membrane conductivity increases with
increasing RH [67]. The temperature can also affect proton conductivity.

1.5.5. Membrane Electrode Assembly

In a PEM fuel cell, a membrane having both anode and cathode sides coated
with CLs is called an MEA. The MEA is the core of a PEM fuel cell, as it
provides the location for the electrochemical reactions. A typical five-layer
MEA includes the anode GDL, anode CL, membrane, cathode CL, and cathode
GDL. As the reaction in a CL is “three phased,” an MEA should provide
passages for the transport of electrons, protons, and reactant gases. Further-
more, it should also have the ability to remove product water. During the recent
decades of fuel cell development, many MEA structures have been developed,
and they will be discussed in detail in Chapter 2.

1.5.6. Flow Field Plate/Bipolar Plate

The flow field plate, an electronic conductive metal or nonmetal plate with flow
channels on one side, also plays an important role in determining fuel cell
performance. In a fuel cell stack, the flow channels occur on both sides of the
plate, and it is then called a bipolar plate. The flow field plate or bipolar plate
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provides structural support for the mechanically weak MEA, supplies reactant
gases to the electrodes, and removes product water from its flow channels [69].
In a single cell, the flow field provides the electronic connection with the MEA
and current collector, and in a stack, the bipolar plate provides the connection
between two adjacent cells. The requirements for bipolar plate materials
include high electronic conductivity, good chemical and mechanical stability,
impermeability to reactant gases, low cost, light weight, and easy fabrication.
The most commonly used bipolar plates in PEM fuel cells are graphite plates
and metal plates (a metal plate is usually coated with Ni or Au). A graphite
plate has a high electronic conductivity and chemical stability. However, its
cost and weight are not satisfactory because it is thicker than a metal plate,
which can be made to be very thin and has good conductivity. However, the
disadvantage of a metal plate is that it corrodes in a PEM fuel cell operating
environment [70].

The configuration of the flow field and the dimensions of the flow channels
(such as the width and depth of the channel and the width of the ribs) can
significantly affect the distribution of reactant gases in the flow channels and
the removal of product water [71-74]. In the quest to improve fuel cell
performance, various flow field patterns have been employed, such as the (a)
pin-type flow field, (b) straight parallel flow field, (c) interdigitated flow field,
(d) single serpentine flow field, and (e) multiple serpentine flow field [12,69]. In
practice, the most typical patterns used in PEM fuel cells are the straight
parallel and serpentine flow fields. Figure 1.10 shows a straight parallel flow
field, which includes many straight parallel flow channels connected to the gas
inlet and outlet. Because the flow channels are short and there are no channel
direction changes inside the plate, the gas pressure drop is small, which may
result in nonuniform gas distribution over the whole flow field. Another
problem associated with this small gas pressure drop is low water removal
ability. This results in the accumulation of water in the flow channels and forms
water droplets and blocks the channels for gas transport, which causes the
performance to drop dramatically.

To overcome the drawbacks of the straight parallel flow field design,
a serpentine flow field pattern has been developed. As shown in Fig. 1.11, in the
serpentine flow field, the reactant gas flows mainly along the flow channel,
which leads to a uniform gas distribution inside the plate. In addition, the gas
pressure drop from the inlet to the outlet is large, which favors water removal.

1.5.7. Current Collectors

A current collector is a plate attached to a flow field plate or bipolar plate to
collect the current generated by fuel cell reactions. Sometimes, metal flow field
plates/bipolar plates can also serve as current collectors in a single PEM fuel
cell or a stack. The electrons generated by the HOR at the anode must be
conducted through the anodic electrode and current collector and must then
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FIGURE 1.10 Straight parallel flow field, and flow channel cross-section [69].

travel through an external circuit and enter the cell via the cathode current
collector and electrode. The material used for the current collector should have
a good electronic conductivity, strong electrochemical and mechanical stability,
low cost, and a light weight to reduce the weight of the fuel cell stack. Typical
materials include copper, stainless steel, titanium, and aluminum. To increase
their electronic conductivity, their surfaces are usually coated by another metal

Cross flow Main flow FIGURE 1.11 Serpentine flow
field design [75,76].
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(e.g. gold-coated copper and gold-coated aluminum). Copper and stainless steel
are inexpensive, robust, and easy to fabricate. However, they are also dense and
heavy, which decreases the mass specific power density of a fuel cell stack.
Exfoliated graphite has been explored as a nonmetallic current collector in
PEM fuel cells [77]; this material exhibited good performance, but it is not
mechanically robust, so a stack constructed from exfoliated graphite must be
protected.

1.5.8. Other Components

Sealing poses a challenge in PEM fuel cells. Sealing materials are placed
between the MEA and flow field plates/bipolar plates to prevent gas and coolant
leakage; hence, sealing failure will result in reactant gas leakage and resultant
safety problems. A good sealing material should meet the following require-
ments: good chemical and electrochemical stability in PEM fuel cell envi-
ronments, good thermal stability, suitable compressibility, low cost, low gas
permeability, and easy fabrication. The commonly used materials are PTFE
films and silicon elastomers [78]. For PTFE-based sealing, compressibility is
a challenge, so a larger blade pressure is required for fuel cell assembly. For
silicon-based sealing, gasket degradation is a concern during long-term fuel
cell operation. It has been recognized that decomposition products from silicon
materials can deposit on or into the CLs and can poison the catalyst as well as
change the hydrophilic/hydrophobic properties of the CL, resulting in fuel cell
degradation [79].

The end plate is another important component in a PEM fuel cell or fuel cell
stack. End plates are placed at each end of the fuel cell anode and cathode sides.
Sometimes, the end plates also serve as flow field plates with flow channels on
one side. For example, when a metal plate is used as the flow field plate, the end
plates at the anode and cathode sides also serve as the flow field plates on their
respective sides. However, a separate plate is often used as the end plate to
assemble a fuel cell if graphite plates are used as the flow fields. To reduce the
weight of fuel cell stacks, robust but light materials, such as aluminum and
polymers, are often used for the end plates.

1.6. SINGLE CELL AND FUEL CELL STACK OPERATION

As shown in Fig. 1.5, a single PEM fuel cell is composed of end plates, current
collectors, flow field plates, gaskets, MEA, and so on. The MEA is the core of
the single fuel cell. For a Hy/air fuel cell operated at 80 °C, the measured OCV
is much lower than the theoretical OCV and is normally around 1.0 V. During
operation, a single fuel cell generates a cell voltage of around 0.6-0.8 V,
depending on the controlled current density, and the MEA has a power density
of <1.0 W cm 2. Therefore, a single fuel cell cannot be used as an independent
power unit in applications.
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FIGURE 1.12 Typical structure of a PEM fuel cell stack [80]. (For color version of this figure,
the reader is referred to the online version of this book.)

To achieve higher voltage and power density, several cells have to be
connected in series to form a fuel cell stack. As shown in Fig. 1.12, the bipolar
plate and MEA are the repeat units in the stack. From the number of single cells
in a stack, the maximum voltage and power can be determined. In a fuel cell
stack, the fuel passage and oxidant passage are shared by all the single cells.
Due to the heat generated during operation, a cooling system with coolant
circulation is required as an accessory to the stack to control the temperature.
For operating a PEM fuel cell stack, one also requires several other accessories,
such as an air supply system (air compressor), a fuel pump, humidifiers,
temperature controllers, and electronic systems for DC to AC conversion, as
well as fuel cell load and voltage control. Normally, these accessories consume
about 30% of the energy generated by the stack. This 30% energy loss is called
parasitic power loss. The PEM fuel cell stack needs to have a service life time
of 5000 h for automobile applications, and of 40,000-50,000 h for stationary
applications.

7. FUEL CELL PERFORMANCE
1.7.1. Fuel Cell Power Density

In a PEM fuel cell, the MEA power density (Pmgpa) is a product of the
generated voltage and current density and is expressed in watts per square
centimeter:

Pyrea = LeennVeen (1.71)

Figure 1.13 shows the power density curve obtained using a Hy/air PEM
fuel cell at 80 °C and 3.0 atm with 100% RH. It can be seen that the power
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FIGURE 1.13 Polarization and power density curves of a Hy/air PEM fuel cell at 80 °C and
3.0 atm with 100% RH. Active area: 4.4 cmz; stoichiometries of H, and O, are 1.5 and 2.0,
respectively.

density initially increases with increasing current density, reaching a peak value
of 0.74 W cm ™2 at a current density of approximately 1.6 A cm™ 2 The peak
power density is usually called the maximum power density and is often used to
evaluate the MEA performance of a fuel cell. From Fig. 1.13, it is obvious that
the maximum power density is not achieved at maximum current density.

For a fuel cell stack, mass- and volume-specific power densities are more
useful parameters. The mass power density is the ratio of power to stack weight,
measured in kilowatts per kilogram. Clearly, light-weight stack materials are
required to increase the mass power density of a stack. Volume power density is
the ratio of power to stack volume, measured in kilowatts per liter or kilowatts
per cubic meter. Thus, for increasing the volume power density, one requires to
reduce the stack size and simplify the stack system.

1.7.2. Fuel Crossover

In general, the membranes used in PEM fuel cells, such as Nafion® membranes,
are thin (typically 25-50 um). The permeation of reactant gases (e.g. hydrogen
and oxygen) across the membrane is not negligible in Hp/air PEM fuel cells.
This gas permeation is also called gas crossover. Compared to oxygen cross-
over, H, crossover is much more pronounced in PEM fuel cells because Hj is
smaller than O,. The hydrogen crossover rate is related to fuel cell operating
conditions that include temperature, backpressure, RH, and current density
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[81,82]. In general, hydrogen crossover has a negative impact on fuel cells; this
includes reduced fuel efficiency, decreased fuel cell OCV [11], and accelerated
degradation of the membrane and the CLs [81,83].

Factors affecting hydrogen crossover rate and the impact of crossover on
fuel cell performance will receive detailed attention in Chapter 6.

1.7.3. Practical Electrical Energy Efficiency of Fuel Cells

In Section 1.2.3, we discussed the thermodynamic efficiency of a PEM fuel cell
as the ratio of theoretical electrical energy (AG ) to the overall reaction heat
energy (AH). This is the maximum efficiency that can be obtained from a fuel
cell. However, in reality, fuel cell efficiency is less than this ideal due to several
losses in fuel cell performance. Therefore, the actual electrical energy effi-
ciency (ne) should be written as in Eqn (1.72):

nFVeen
AH

Ne = x 100% (1.72)

In addition, the amount of supplied hydrogen is usually more than what is
consumed. For example, the hydrogen stoichiometry (4g) is usually controlled
at 1.2-2.0. Thus, the hydrogen utilization (cy) is <100%. Hydrogen utilization
can be expressed as follows:

oy = — (1.73)

Therefore, the fuel cell electrical energy efficiency expressed in Eqn (1.72)
should be modified by Eqn (1.73) to give Eqn (1.74):

nFVeen 1
—x1 1.74
AH 3 x 100% (1.74)

Ne =

In addition, if some hydrogen is lost due to hydrogen crossover or diffusion
out of the fuel cell, the fuel cell efficiency will be further reduced. If we assume
that the current generated by hydrogen loss is ijoss and the actual current of the
fuel cell is I, then the electrical energy efficiency of a fuel cell can be further
modified as in Eqn (1.75):

nFVcelll Icell
AH AIcell + iloss

Ne = x 100% (1.75)

For example, at room temperature, if a Hp/air fuel cell is operated at
a current of 100 A (i=100 A) and a cell voltage of 0.6 V, and the hydrogen
stoichiometry is 1.2, and the hydrogen loss current is 5 A (ijoss = SA), then the
calculated fuel cell efficiency according to Eqn (1.75) is only about 35.5%
(with AH =285.8kJ mol™' and n =2), which is much smaller than the
theoretical electrical energy efficiency of 83%.
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1.8. FUEL CELL OPERATING CONDITIONS
1.8.1. Operating Temperature

Temperature is one of the critical operating conditions. Conventional PEM fuel
cells are usually operated at temperatures <90 °C because the proton
conductivity of the Nafion® membrane is strongly dependent on the mem-
brane’s water content. Above 90 °C, the membrane will become dehydrated,
which leads to lower proton conductivity and thus decreased fuel cell perfor-
mance. In recent years, high-temperature PEM fuel cells (operated at >90 °C)
have received much attention due to their advantages over conventional PEM
fuel cells, such as enhanced electrode kinetics, improved impurity tolerance,
and simplified water and thermal management [84]. Thus, membranes that can
operate at >90 °C are highly desirable. One kind of high-temperature
membrane, based on polybenzimidazole [85-87], has been extensively
explored in recent years. Although an increase in the operating temperature can
have several benefits, as mentioned above [88], there are also several disad-
vantages, such as decreased OCV and accelerated degradation of fuel cell
components. The effects of operating temperature on fuel cell performance will
be discussed in detail in Chapter 4.

1.8.2. Operating Pressure

Pressure is another important operating condition. PEM fuel cells can be
operated under a wide pressure range, from ambient to 5 atm. An increase in the
operating pressure can effectively enhance the electrode kinetics and improve
the mass transport process and can result in better fuel cell performance [89]; it
can also increase fuel cell OCV. However, higher operating pressures require
more power to supply reactant gases to the fuel cell, causing more parasitic
power loss. Normally, PEM fuel cells are operated between 1 and 3 atm. The
effects of operating pressure on fuel cell performance will be discussed in detail
in Chapter 9.

1.8.3. Relative Humidity

The RH is defined as the ratio of water vapor pressure (Pp,0) to saturated water
vapor pressure (P (7)) at a temperature 7, and can be expressed as in Eqn
(1.76) [671:

Py,0
P,o(T)

where P;IZO(T ) is the saturated water vapor pressure at temperature 7, which

RH =

x 100% (1.76)

defines the maximum amount of water that can be present in the gas, and it is
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FIGURE 1.14 Amount of water in air at 50% and 100% RHs across a range of temperatures [91].

a function of temperature only [90]. For a mixture of gas and water, the RH can
be expressed as in Eqn (1.77):

RH — Dow =P 000, (1.77)
Pii,o(T)
where Piory and P, are the total pressure of the system and the gas partial
pressure, respectively. As shown in Fig. 1.14, the water content increases with

increasing temperature and RH.

In a PEM fuel cell, the RH is a very important operating condition because
the proton conductivity of Nafion® is proportional to the water content of the
membrane. During fuel cell operation, the reactant gases H, and air pass
through their respective humidifiers to increase their RHs before they are fed
into the fuel cell. In general, an increase in the RH can improve fuel cell
performance. However, an increase in the RH can also cause water manage-
ment difficulty inside the fuel cell, which results in electrode “water flooding.”
The effects of RH on fuel cell performance will be discussed in detail in
Chapter 8.

1.8.4. Gas Flow Rates and Stoichiometries

During operation of a PEM fuel cell, it is necessary to control gas flow rates or
stoichiometries because they can significantly affect performance. According
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to Faraday’s Law, the needed amounts of H, and O, in a Hy/air PEM fuel cell
operated at a current density (Ice1) can be expressed as follows:

IccnAmEA

needed __
1\/[1.162e = ToF (1.78)
LeenAMEA
Mneeded _ 1.7
0, 4F (1.79)

where Mﬁezeded and M(")‘Zeded are needed hydrogen (mol s™') and needed oxygen
(mol s, respectively, and Aypga is the active MEA area. Here the units for
My, and Mo, are mol s~!, and the units for Iy, Ampa, and F are A cm ™2 (or
C s_l), cm?, and 96,487 C mol !, respectively. Because M‘}‘Iezeded and Mgezeded
have a unit of mol s_l, they are also called the needed mass flow rates for Hj
and O,.

However, in fuel cell operation, the amounts of supplied reactant gases are
normally more than those of actually consumed gases. The ratio between the
supplied and needed (consumed) gases is called the stoichiometry (4). Obvi-
ously, this stoichiometry is directly related to the gas utilization efficiency. For
fuel cell operation, the stoichiometries of Hy (Ap,) and O, (Ao,) are normally
controlled at 1.2-2.0 and 1.5-2.5, respectively. According to the stoichiome-
tries, the corresponding gas flow rates can be controlled. Normally, the fuel cell
gas supply system only controls the gas flow rate at the fuel cell inlet. The flow
rate at the outlet is the difference between the inlet flow rate and the gas
consumption rate.

Considering the stoichiometry, the controlled mass flow rates of H and O,
at the inlets of a fuel cell can be expressed as in Eqns (1.80) and (1.81):

LeetAMEAAH
Mcontrolled _ el MEAT 1.80
e SF (1.80)
Iec1AMEA O
Mcontrolled _ _celPTMEATY, 1.81
o 1F (1.81)

where Mﬁzmro“ed and M‘é‘)z“‘ro“ed are the controlled mass flow rates (mol s~ ') at
the fuel cell inlets for H, and O, respectively. If H, and O, are treated as ideal
gases, then the volume flow rates for H, and O, at standard conditions (1 atm,
25 °C) can be expressed as in Eqns (1.82) and (1.83):

LeenAMEAA

Vieoled = gt = SEEERTR < Vi x 60 (1.82)
LenAMEAA

Vg)ozntrolled M(C)ozntrolled 11XAMEA /2O, % ‘Im % 60 (183)

2F
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where
at the fuel cell inlets for Hp and O, at standard conditions, respectively, and
Vi is the volume of one molar ideal gas at standard conditions, with a value of
224Lmol™'. Of course, Eqns (1.82) and (1.83) should be calibrated
according to the actual operating pressure and temperature. For a Hy/air PEM
fuel cell, the controlled volume flow rate for air (Vonolled) can be expressed
as in Eqn (1.84), by calibrating Eqn (1.83) with the molar ratio of O, in air
(~0.21):

Vf{‘;mro“ed and Vg;m“’“e‘j are the controlled volume flow rates (L min~ ")

Vcommlled _ 1 ICCHAMEAAOZ

03T A X Vi X 60 (1.84)

Equations (1.83) and (1.84) can also be expressed as weight flow rates:

LeenAMEAA
W]?I(;mrolled _ w X My, X 60 (185)

IcenA AO
Wg, = =S X mo, X 60 (1.86)
where Wﬁ(’"‘m”ed and WCO“‘“’lled are the weight flow rates of H, and O, at the
fuel cells inlets in g min~ ', and my, and mo, are the molar weights of H, and
O,, with respective values of 2 gmol ™' and 32 g mol™'. Similarly, the weight

flow rate of air at the cathode inlet can be expressed as in Eqn (1.87):

1 I.A Ao
pycontrolled _ ZcellIMEAZO, % 60 1.87
021 4F o (87

where ng(;m“’“ed is the weight flow rate of air at the cathode inlet (g min™").

1.9. CHAPTER SUMMARY

This chapter mainly deals with the fundamentals of Hy/air PEM fuel cells,
including fuel cell reaction thermodynamics and kinetics, as well as a brief
introduction to the single fuel cell and the fuel cell stack. The electrochemistry
and reaction mechanisms of Hy/air fuel cell reactions, including the anode HOR
and the cathode ORR, are discussed in depth. Several concepts related to PEM
fuel cell performance, such as fuel cell polarization curves, OCV, hydrogen
crossover, and fuel cell efficiencies, are also introduced. With respect to fuel
cell structures and components, the material properties and effects on fuel cell
performance are also discussed. In addition, several important conditions for
fuel cell operation, including temperature, pressure, RH, and gas stoichiome-
tries and flow rates, and their effects on fuel cell operation, are also briefly
presented. This chapter provides the requisite baseline knowledge for the
remaining chapters.
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2.1. INTRODUCTION

The design and fabrication of proton exchange membrane (PEM) fuel cell
components, single cells, and stacks are two of the most important processes in
fuel cell technology development. In general, the design and assembly of a fuel
cell can have a strong effect on its performance. Given the materials and
components used in the fuel cell, design and fabrication have to be optimized
with respect to the corresponding fuel cell power output to achieve the best
performance. To date, designs and assembly methods have been optimized and
validated using fuel cell testing as well as real operation in various application
systems, such as portable power devices, stationary power generators, and
automobiles. The major challenges still hindering their commercialization are
high cost and insufficient durability. The basic components of Hy/air (O,) PEM
fuel cells/stack have been briefly introduced in Chapter 1. In this chapter, the
designs of the key components of PEM fuel cells and the resultant effects on
cell performance will be discussed in detail, including the fabrication of the
PEM fuel cell membrane electrode assembly (MEA), single cell, and stack.

2.2. MEA DESIGN AND ASSEMBLY

The MEA consists of an anodic electrode, PEM, and a cathodic electrode.
Because the electrode reactions take place in the MEA, it is the heart of a Hy/air
PEM fuel cell. The components of an MEA include the anode gas diffusion
medium (A-GDM), anode microporous layer (A-MPL), anode catalyst layer
(A-CL), PEM, cathode catalyst layer (C-CL), cathode microporous layer
(C-MPL), and cathode gas diffusion medium (C-GDM), as shown in Fig. 2.1.
A commonly used term is “gas diffusion layer” (GDL), which actually contains
the gas-diffusion-medium layer and the microporous layer. Each component
shown in Fig. 2.1 has specific characteristics and functions in fuel cell operation
and performance. Therefore, they differ significantly in their design and
fabrication. These topics will be addressed in the following sections.

2.2.1. Gas Diffusion Layer Design

The GDL is a key component in Hy/air PEM fuel cells. As shown in Fig. 2.1, the
GDL has a gas diffusion medium as a backing layer and a microporous layer as
a sublayer. The A-CL or C-CL is coated on this MPL sublayer. The GDL
performs the following functions: (1) providing passages for gas diffusion
through the GDL from the flow channel to the CL, (2) providing electron
pathways from the CL to the flow field or vice versa, (3) retaining some water
on its surface to maintain proton conductivity through the PEM, (4) removing
excess water to prevent the CL and GDL from flooding, and (5) serving
as a physical microporous support for the CL when it is applied onto the GDL.
A GDL design must include the design of both the GDM and the MPL.
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A-MPL
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PEM
cEl

C-MPL

FIGURE 2.1 Schematic structure of the MEA, including A-GDM, A-MPL, A-CL, PEM, C-CL,
C-MPL, and C-GDM. (For color version of this figure, the reader is referred to the online version
of this book.)

2.2.1.1. Gas Diffusion Medium

Carbon-fiber paper [1-4] and carbon-fiber cloth [5—10] with a thickness of 100—
300 pm are widely used as the GDM for Hy/air PEM fuel cells due to their high
porosity (>70%) and good electronic conductivity. In Chapter 1, Fig. 1.6
showed scanning electron micrographs of carbon fiber paper and cloth. The
typical properties of these GDMs are listed in Table 2.1. Recently, metallic
porous materials have also been explored as GDM candidates. For example,
Zhang et al. [11] studied a 12.5-pm thick copper foil as a GDM, and the results
showed that the thinness and straight-pore feature of this material improved
water management.

The hydrophobicity/hydrophilicity of a GDM is an important property for
gas transportation. Although commercially available carbon paper and/or
carbon cloth are hydrophobic, they are usually pretreated using hydrophobic
materials (such as fluorinated ethylene propylene (FEP) [13] and polytetra-
fluoroethylene (PTFE) [14,15]), which seems to be a necessary step to further
increase their hydrophobicity and thereby prevent “water flooding.” The details
of GDM pretreatment will be covered in Section 2.3.1.

2.2.1.2. Microporous Layer

The MPL is a substrate layer applied onto the GDM, and it consists of carbon or
graphite powders with a hydrophobic material (such as PTFE) as a binder. In
the industry, the MPL is also known as a carbon sublayer. The MPL thickness is
typically optimized to suit the fuel cell operating conditions [16,17], while the
MPL’s average pore diameter is <20 pm [18,19]. The primary purpose of the
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fTABLE 2.1 Typical Properties of Carbon Fiber Paper and Carbon Fiber \
Cloth [12]

Carbon-Fiber Woven

Method Paper* Fabric**
Thickness (mm) Calipers at 7 kPa 0.19 0.38
Areal weight (g m™?) Gravimetric 85 118
Density (g cm ™) At 7 kPa calculated 0.45 0.31
Resistance (through- Two flat graphite blocks  0.009' 0.005'
plane, Q@ cm?) at 1.3 MPa
Bulk resistivity Mercury contacts 0.08 Not available
(through-plane. @ cm)
Bulk resistivity Four-point probe 0.0055* 0.009*
(in-plane, Q@ cm)
Gas permeability Gurley 4301 8° 55%
(through-plane, Darcys)  permeometer
Material description Toray Avcarb

TGP-H-060 1071 HCB

* Reported by Toray (unless indicated otherwise).

** Reported by Ballard Material Systems (unless indicated otherwise).

"Measured at General Motors (GM), includes diffusion-medium bulk resistance and two contact
resistances (plate to diffusion media).

*Measured at GM. uncompressed, average of resistivity in machine, and crossmachine direction.
(Measured at GM, uncompressed, see Eqn (2.12), 1 Darcy = 1072 mP. j

MPL is to improve water management [20,21] and redistribute the reactants, as
(1) it can wick liquid water away from the CL to the GDL and thus facilitate gas
transportation in the opposite direction [19]; (2) it changes the porosity of the
GDM, preventing the catalyst ink from penetrating the GDM; and (3) it reduces
the contact resistance between the GDL and the adjacent CL and thus decreases
the internal resistance of a PEM fuel cell.

Normally, the MPL is fabricated by thoroughly mixing carbon or graphite
powders, solvents (such as ethanol or isopropanol), and binders (such as PTFE)
to form a paste that is then spread onto the GDM using the doctor blade
technique [22], spraying [23,24], painting [25], rolling [24], or screen printing
[24]. The GDM with MPL is afterward put into an oven and heated slowly to
350 °C to evaporate the solvent and other organics, and to sinter the binder. The
properties of an MPL thus formed can be changed by adjusting its composition
(e.g. the loadings of binder and carbon) [13,18,26-28] and the properties of the
carbon or graphite powders [16,17,22,23,29,30].
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2.2.1.3. Effect of PTFE Loading in GDL on Fuel Cell Performance

As a hydrophobic material, PTFE serves as a binder to maintain the integrity of
the carbon particles in the MPL and provides suitable hydrophobicity to avoid
water flooding. The amount of PTFE in the GDL has a significant influence on
fuel cell performance. Depending on the MEA structure and the fuel cell
operating conditions, the optimized PTFE content reported in the literature
usually varies from 10 to 40% by weight [27,28,31-33]. For example, Lufrano
et al. [32] reported that the best fuel cell performance could be achieved with
a PTFE loading of 20 wt.% in a system operated at 70 °C, with 2.5- and 3.0-bar
operating pressures for H, and air, respectively. The same optimal PTFE
loading was reported by Park et al. [27]. Giorgi et al. [28] investigated elec-
trodes with different PTFE contents in the diffusion layer using Hg-instrusion
porosimetry, scanning electron microscopy (SEM), and electrochemical
techniques such as cyclic voltammetry, galvanostatic polarization, and elec-
trochemical impedance spectroscopy. Their results indicated that the total
porosity and macroporosity of the GDL decreased with increasing PTFE
content, as shown in Fig. 2.2 [28], resulting in decreased active catalyst
surface area and gas permeability. At a high current density (in the mass
transfer control region), both the mass transport rate and cell performance
increased with decreasing PTFE content, due to the increased total porosity.
The best fuel cell performance was obtained with the lowest PTFE content
(i.e. 10 wt.%).

98 - S0
A Total porosity
94 - i ® Porosity (2-50 um) - 45
B Macroporosity (> 0.35 um)
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PTFE content (wt.%)

FIGURE 2.2 Total porosity, porosity (2-50 um), and macroporosity of a GDL as a function of
the PTFE content [28].
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2.2.1.4. Effects of MPL Carbon Loading on Fuel Cell Performance

Carbon loading in the MPL is directly related to the thickness, porosity, and
electrical conductivity of a layer. A thinner MPL may not properly perform its
water/gas management function. However, a thicker MPL means a longer
pathway, which will increase the mass transport resistance. Therefore, cell
operating conditions dictate the optimal carbon loading to obtain the best cell
performance. For example, the maximum fuel cell performance was achieved
at 75 °C ambient pressure and 100% relative humidity (RH) with a carbon
(acetylene black) loading of 0.5 mg cm™ 2 in the MPL [18]. A higher carbon
loading creates a thicker MPL and consequently a longer path for gas diffu-
sion. But if the carbon loading is too small, the MPL may be too thin to
improve water management. The optimal carbon loading depends on the
properties of carbon. For example, Jordon et al. [16] reported that the optimal
loading for acetylene black carbon with 10 wt.% PTFE is 1.9 mgm .
Generally, the optimal amount in the MPL increases with decreasing carbon
surface area [23].

Different carbon blacks have different characteristics that affect the MPL
porosity, pore size distribution, and electrical conductivity. The typical carbon
blacks used in MPLs are ketjen black, Vulcan XC-72®, acetylene black, and
their composites [16,22,23,29,30,34]. Passalacqua et al. [23] compared the
performance of MPLs made with Vulcan XC-72®, Shawinigan acetylene black
(SAB), Mogul L, and Asbury 850 graphite, each carbon having the different
specific surface areas listed in Table 2.2. The porosimetric characteristics of the
GDLs obtained using these MPLs are listed in Table 2.3. The best performance
was achieved using SAB, which has a high pore volume and a small average
pore size. This result is attributable to improved mass transport and water
management. Jordan et al. [16] also reported that a GDL with acetylene black
as the MPL carbon powder showed a better cell performance than one with
Vulcan XC-72%. The same conclusion was reported by Antolini et al. [29]. One
study [33] used carbon cloth rather than carbon paper as the GDM, and
investigated the effect of MPL carbon powders on fuel cell performance.

KI'ABI_E 2.2 Materials Used for MPL Preparation [23] \
Material Surface Area (m*g ")
Asbury graphite 850 13
SAB 70
Mogul L 140
Vulcan XC-72% 250

\Z ~J
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KTABLE 2.3 Porosimetric Characteristics of GDLs with Different Carbon \
Powders in Their MPLs. APR Is the Average Pore Radius; APR, and APR,
Are the Average Pore Radius for the Primary and Secondary Pores,
Respectively; and V,, and V Are the Specific Pore Volume for the Primary
and Secondary Pores, Respectively [23]

Carbon Pore Volume APR Ve Vi APR,  APR,
in MPL (cm®>g™) (um)  (em’g™) (em’g™) um)  (um)
Asbury 850 0.346 3.5 0.212 0.134 0.29 8.6
SAB 0.594 1.7 0368 0.226 027 43
Mogul L 0.276 60 0157 0.119 020 136
Vulcan 0.489 1.8 0319 0.17 024 49
XC-72%

\Z ~/

Unlike with carbon paper, both sides of the carbon cloth were coated with
a carbon/PTFE mixture to form a gas diffusion half-layer (GDHL) on each side,
then the CL was applied onto one of the GDHLSs. The results suggested that fuel
cell performance can be improved under high pressure by using cathodes with
Vulcan XC-72® carbon powder on the catalyst side and acetylene black on the
gas side.

Wang et al. [22,30] investigated acetylene black (AB), Black Pearls® 2000
(BP), and their composite in MPLs and proposed a bifunctional MPL with an
AB-BP composite. The best cell performance, with a peak power density of
091 W cmfz, was achieved at 80 °C and 0.2 MPa using an MPL with 10 wt.%
BP and 90 wt.% AB and a total carbon loading of 0.5 mg m ™2 on each side of
the gas diffusion backing (GDB; TGPH-030 Toray carbon paper). This result is
attributable to the pore size distributions and the wettability of the pore walls.
BP has a larger surface area and the ability to adsorb water internally [35], so
the MPL using BP was more hydrophilic. Moreover, BP has the most micro-
pores and macropores and the least mesopores, as shown in Fig. 2.3, which can
lead to low gas transport and easy occupation by liquid water, thus limiting the
mass transport in the MPL with BP. Compared to BP, AB has fewer macropores
but more mesopores, and these can provide more passages for gas transport in
the MPL. In addition, it has been reported [30] that the surface of AB is more
hydrophobic than that of BP, so an MPL with AB provides more hydrophobic
pores for gas transport. However, the hydrophobic pores in AB might hinder
liquid water removal. On combining the advantages of AB and BP, it is found
that a composite of the two carbon powders in a suitable ratio will retain the
hydophobicity of AB and simultaneously provide more passages for gas
transport. Experimental results [22,30] showed that the micropores for water
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FIGURE 2.3 Pore size distributions in GDLs (including MPL on GDB (TGPH-030 Toray carbon
paper)) with three carbon powders in the MPL: BP, AB, and AB-BP composite (CC1, 80 wt.% AB
and 20 wt% BP with a loading of 0.5 mg cm™2 on each side of the GDB) [22]. (For color version
of this figure, the reader is referred to the online version of this book.)

flow were increased by adding a small number of BP in AB, while retaining the
latter’s hydrophobicity.

2.2.2. Catalyst Layer Design

The CL is where the electrochemical reactions occur, which makes it another
key component inside the MEA of PEM fuel cells. The CL is a uniform layer
with a thickness of 10-100 pm (usually <50 pm), composed of electrocatalyst
powders, proton-conducting ionomer (e.g. Nafion®), and/or binder (e.g. PTFE).
Almost all the important challenges in PEM fuel cell development, such as high
cost and low durability, arise from the CLs because they are complex,
heterogeneous, contain expensive Pt-based catalysts, and have low stability.
The reactions in PEM fuel cells have three phases, involving the reactant gases
(e.g. Hy or O,), proton conductive ionomer (e.g. Nafion®), and electron
conductor (e.g. carbon-supported Pt catalyst). Therefore, when designing a CL,
it is desirable to extend and maximize the three-phase reaction zone to optimize
fuel cell performance.

The three-phase reaction boundary inside the CL is depicted in Fig. 2.4. It
can be seen that every active reaction site must simultaneously possess
a reactant gas, proton conductive ionomer, and electron conductor. The



Design and Fabrication of PEM Fuel Cell

FIGURE 2.4 Schematic of a three-phase
reaction boundary [36]. (For color version
of this figure, the reader is referred to the
online version of this book.)

passages for the transportation of the reactant gas, electrons, and protons must
be tailored to the reaction zones. In addition, water is required to maintain the
proton conductivity of the ionomer. However, water produced by the electro-
chemical reactions in the CL must be removed, so passages for water transport
in the reaction zones are also necessary.

Anode and cathode CLs must be designed to generate high rates for the
desired reactions and minimize the amount of expensive catalyst required to
achieve the target performance. In addressing these requirements, the ideal CLs
should (i) maximize the active surface area per unit mass of the electrocatalysts,
(i) minimize the obstacles for reactant transport to the catalyst, (iii) enable
proton transport to the exact required position, and (iv) facilitate water removal.
These are also the main requirements in extending the three-phase reaction
boundary. To meet these requirements, each material’s property specifications
should be considered during designing. Some compromise between conflicting
requirements is also necessary. In addition, the CL structure should be carefully
tailored by using materials that permit the proper interactions between
components.

The important properties of a CL, such as electron and proton conductivi-
ties, porosity, surface area, and catalytic activity, are determined by its struc-
ture, fabrication method, and component properties. In the development of
PEM fuel cells to date, many kinds of CL fabrication methods have been used,
which include the doctor blade technique, painting, printing, spraying, rolling,
screening, and others. Some CL structures, such as the PTFE-bonded electrode,
the Nafion®-bonded electrode, and the catalyst-coated membrane, have been
well developed. The first generation of CLs, using PTFE-bonded Pt black
electrocatalysts, exhibited excellent long-term performance but at a prohibi-
tively high cost [37]. These conventional electrodes generally featured high
platinum loading, that is, 4 mg cm ™2 One of the most significant improve-
ments has been made by Raistrick [38], who fabricated a CL with dispersed
Pt/C, which was followed by painting/spraying a solubilized ionomer on its
surface. These electrodes used 0.4 mgcm 2 and demonstrated the same
performance as did the first-generation electrodes with 4 mg cm ™2 [38]. Further
research has led to the lowering of Pt loading to 0.1-0.3 mg cm 2 by using thin-
film methods [39-42], and even to 0.01-0.02 mg cm™ > with the sputtering-
deposition method [43].
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During PEM fuel cell development, two typical classes of CLs have been
explored: hydrophobic and hydrophilic. These will be addressed in the
following sections.

2.2.2.1. Hydrophobic CL

PTFE-bonded hydrophobic CLs are commonly developed for Hy/air PEM fuel
cells. In this type of CLs, the catalyst particles (e.g. Pt/C) are thoroughly
mixed with a certain amount of hydrophobic binder (such as PTFE, poly-
vinylidene difluoride) to form a catalyst ink, then the ink is cast onto the GDL.
To provide ionic transport to the catalyst site, PTFE-bonded CLs are generally
impregnated with an ionomer (commonly Nafion®) by brushing or spraying,
forming a typical gas diffusion electrode (GDE) with a hydrophobic CL. The
PTFE-bonded hydrophobic CL was a remarkable advance for PEM fuel cell
development. First, the substitution of platinum black with carbon-supported
platinum decreased the platinum loading >10-fold while still achieving
a similar performance. More importantly, proton transport was enhanced
significantly by impregnating the CL with a proton-conducting material. With
experimental progress, a PTFE content of 2040 wt.% and a ratio of Nafion®
to carbon (in Pt/C catalyst) of 0.8-1.0 have proven to be the optimal param-
eters for creating an efficient electrode. To date, the performance of such
electrodes has been significantly improved, and mass manufacturing has been
achieved.

Figure 2.5 shows a schematic of the structure of a PTFE-bonded GDE. The
unique virtue of this electrode is that the gas transport limitation is significantly
reduced because the PTFE forms passages for gas transport. However, its
disadvantages are obvious as well. The PTFE (especially with a high loading)
may wrap around the catalyst particles and decrease both the electron

Gas diffusion layer

Inactive Pt/C with PTFE

B

Active Pt/C with PTFE

A

Tonomer

FIGURE 2.5 Schematic of a PTFE-bonded hydrophobic electrode [44]. (For color version of this
figure, the reader is referred to the online version of this book.)
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conductivity and the catalyst utilization. In addition, application of Nafion® to
the electrode surface leads to asymmetric distribution because the sprayed
Nafion® cannot penetrate deeply into the CL. As a result, the catalyst particles
inside the CL may be inaccessible to the Nafion® ionomer, leading to a higher
proton transport resistance and leaving some Pt inactive, as denoted by the
blank circles in Fig. 2.5. According to estimates, the platinum utilization in
such electrodes is only 10-20% [45]. Finally, the MEAs assembled with such
GDE:s are prone to delamination because the electrode and membrane swell to
different degrees, which creates a discontinuity in the ion path and decreases
the durability of the PEM fuel cells.

2.2.2.2. Hydrophilic CL

Unlike hydrophobic CLs, hydrophilic CLs use a hydrophilic perfluorosulfonate
ionomer (PFSI) such as Nafion® as a binder instead of PTFE. Hence, this kind
of CL can be called an ionomer-bonded hydrophilic CL. During preparation,
the catalyst powder (e.g. Pt/C), PFSI (e.g. Nafion®), and solvent (e.g. ethanol or
isopropanol) are mixed thoroughly to form a uniform hydrophilic catalyst
ink/paste that is then transferred to a GDL or a membrane. Hydrophilic CLs can
be classified into two groups, according to the transfer method: GDL-based
hydrophilic CL and catalyst coated membrane (CCM).

2.2.2.2.1. GDL-Based Hydrophilic CL

In the GDL-based hydrophilic CL, the hydrophilic catalyst ink/paste is coated
onto the GDL [31,46-48] with the same methods used in hydrophobic CL
fabrication, such as brushing, spraying, and the doctor blade technique. After
the catalyst ink is spread, the electrode is first dried slowly at room temperature
and then dried at 80-135 °C for about 30 min. For example, Qi and Kaufman
[47] produced a low Pt loading, high-performance electrode for PEM fuel cells
by casting catalyst ink made of E-TEK 20 wt.% Pt/C, Nafion®, and solvent
water onto the GDL to form the catalyzed electrode. The best performance,
with a peak power density of 0.72 W cm ™2 under ambient pressure, was ach-
ieved with a Nafion® loading of 30 wt.% and a Pt loading of 0.12 mg cm™ 2. To
improve the fuel cell performance and catalyst utilization further, Qi and
Kaufman proposed various activation methods, such as steaming or boiling
[49], high temperature and pressure operation [50,51], as well as H, evolution
on the electrode [52]. In this CL structure, the catalyst particles came in contact
with the proton conductor (i.e. Nafion®). In this way, both electron and proton
transfer were ensured, and Pt catalyst utilization was improved. However, the
passages for gas transport and water transfer can be limited by the lack of
hydrophobic agent (such as PTFE), so mass transfer could be an issue in the CL
if “water flooding” occurs. To overcome this challenge, a thinner CL, such as
a CCM electrode, may be required.
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2.2.2.2.2. Catalyst Coated Membrane

To further increase the ionic connection between the membrane and the CL,
and improve the mass transfer in a hydrophilic CL, a thin-film CL (TFCL) was
proposed by Wilson and Gottesfeld [39,41]. This TFCL involves casting the
catalyst ink onto the membrane directly rather than onto the GDL to form
a CCM. Wilson and Gottesfeld [41,42] suggested a decal transfer method for
fabricating the ionomer-bonded hydrophilic CL. This process includes two key
steps: coating the catalyst ink onto a blank substrate film and then transferring
the coat onto the proton conductive membrane (e.g. Nafion® membrane).

Besides Nafion® ionomer, cation (such as tetrabutylammonium ion (TBA™)
or Na*) exchange ionomers and membranes, which have a higher glass tran-
sition temperature, are often alternatively adopted in catalyst ink preparation
and decal transfer [37,42,53,54]. By using this ionomer, one can increase the
transferring temperature to as high as 160-210 °C without any structural
damage. The high temperature facilitates effective contact between the ionomer
and the catalyst particles and forms a more intimate membrane/CL interface. It
can also introduce a robust, pseudocrystalline structure to the ionomer in
the CL. After the decal transfer process, the catalyzed membrane assembly is
converted to the H" form by lightly boiling it in diluted HySOy and rinsing it in
deionized water before incorporating it into the MEA for testing. This proce-
dure is depicted in Fig. 2.6 as the “conventional decal method.”

Recently, a modified decal transfer technique for CCM fabrication was
reported [55]. In this method, a colloidal catalyst ink was used, as described by
Uchida [56]. First, the ink was coated onto a Teflon® substrate. After drying, the
CL was transferred to a H' form membrane (e.g. Nafion® 112 membrane) by hot
pressing at 120135 °C. Finally, the Teflon® substrate was peeled off the CCM.

Conventional Decal Method Improved Decal Method

Solution ink Substrate W formmembrane | Substrate Colloidal ink

(catalyst + ionomer —p ‘NaOH ‘ 4— (catalyst + ionomer
+ solvent + NaOH) e areAlment. ST + solvent )

Hot press (transfer) ‘ Hot press (transfer)

femp.> 180 °C - > *+— temp 120-135 °C
Subftrate peel off Substrate peel off

(Na*form MEA)  —» ¢ ¥ *— (H'form MEA)

50, treamen: ™ " —

(H*form MEA) > $

FIGURE 2.6 Schematic flowcharts of the conventional decal method and the improved decal
method for making a CCM [55]. (For color version of this figure, the reader is referred to the
online version of this book.)
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This procedure is depicted in Fig. 2.6 as the “improved decal method.” This is the
simpler of the two methods. In addition, the fuel cell testing results [55] indicated
that the MEA made by the improved decal method yielded a better fuel cell
performance. The authors attributed the superior cell performance to the higher
porosity of the agglomerates in the MEA, which facilitated mass transport.

The CCM technology has been well developed in recent years [57-60] due
to the advantages of having (i) a tight contact between the CL and the
membrane to achieve low interfacial resistance, (ii) a thin CL with low mass
transfer resistance, and (iii) good contact among the electrode components.
Note that during the preparation of CCM catalyst ink, alcohol or isopropanol is
generally used as the solvent rather than glycerol, which is used in the
conventional decal method. In a CCM, catalyst utilization can also be improved,
with the Pt loading reduced to levels as low as 0.07 mg cm ™2 [39] and even
0.02 mg cm 2 [59], yet yielding a highly satisfactory fuel cell performance.

Regarding the ionomer (PFSI) content in a hydrophilic CL, the optimal
amount and distribution of the ionomer in the CL is a tradeoff among three
requirements: (i) maximum contact between the ionomer and the Pt particles to
guarantee proton transport, (ii) minimal electron resistance, and (iii) minimal
gas transport resistance. Normally, gas transport can be affected by both
decreased porosity due to the presence of a solid ionomer and liquid water
accumulation due to the hydrophilicity of the CL. When carbon-supported
platinum (Pt/C) is used as the catalyst, the carbon particles have a much larger
surface area than the Pt particles, so only if the carbon surface is covered by the
ionomer can contact between the ionomer and the Pt particles be ensured. This
indicates that the ratio between the ionomer and the carbon in the CL is quite
important for achieving high performance. The suggested ratio of ionomer to
carbon (/:C) is about 0.8:1.0, which is calculated based on the assumption that
the ionomer forms a thin layer (~1 nm) on the carbon surface.

2.2.2.3. Partially Pyrolyzed Nafion®-lonomer-Bonded Electrode

As discussed above, in the structure of a conventional hydrophobic CL, the
hydrophobic agent (e.g. PTFE) is normally used during the catalyst ink prep-
aration, and a certain amount of proton conductor (ionomer, e.g. Naﬁ0n®) is
sprayed onto the CL surface. However, because the sprayed Nafion® solution
may not effectively penetrate the interior of the CL, the three-phase reaction
zone will not be extended sufficiently. As a result, the contact between the
catalyst particles and the proton conductor (e.g. Nafion®) might not be very
tight, which leads to low Pt catalyst use. Conversely, in the structure of
a Nafion®-bonded hydrophilic CL, the catalyst particles and Nafion® ionomer
have good contact because they are mixed during the catalyst ink preparation.
The passages for both electron and proton transfer are guaranteed, and Pt
utilization is improved as well. However, there are too few passages in the CL
for the reactant gas and water, due to the lack of a hydrophobic agent.
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FIGURE 2.7 Schematic flowchart for the preparation of partially pyrolyzed Nafion®-ionomer-
bonded electrode. (For color version of this figure, the reader is referred to the online version of
this book.)

To utilize the advantages of PTFE-bonded hydrophobic and Nafion®-
bonded hydrophilic CLs, a novel electrode structure was proposed [56]. In
this new structure, the catalyst slurry was made by mixing catalyst powders,
Nafion® ionomer as the binder, and alcohol as the solvent. The prepared
catalyst slurry was then coated onto the GDL to obtain the electrode
precursor, which was baked at 280-340 °C under nitrogen to pyrolyze some
of the Nafion® ionomer. Part of the ionomer in the CL was partially pyro-
lyzed during baking by controlling the temperature and time. Nafion® has
two functional groups in its molecular structure: a sulfonic acid group and
a fluorinated carbon chain. During pyrolysis at approximately 280 °C, part of
the Nafion® ionomer will lose its sulfonic acid group, leaving the fluorinated
carbon chain. The left carbon chain has properties similar to PTFE, and can
serve as the hydrophobic agent and bonder in a CL, as PTFE does in a PTFE-
bonded hydrophobic CL. However, the unpyrolyzed Nafion® ionomer in the
CL retains its original structure, with the sulfonic acid group attached to the
fluorinated carbon chain, and can therefore be the bonder and proton
conductor, as Nafion® ionomer is in a Nafion®-bonded hydrophilic CL.
Consequently, after baking, a certain amount of Nafion® was sprayed onto
the electrode surface to further extend the three-phase zone. The processes
for this electrode preparation are depicted in Fig. 2.7. In this partially
pyrolyzed Nafion®-ionomer-bonded electrode, the hydrophobic and
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FIGURE 2.8 PEM fuel cell performances of MEAs with different electrodes. Nafion® 1035
membrane; cell temperature: 80°; backpressure: 0.2 MPa; humidity temperatures for H, and air:
90° and 85°; stochiometries of H, and air: 1.5 and 2.5 [56].

hydrophilic structures can be distributed uniformly in the CL. The transport
of electrons, protons, reactant gases, and water can be facilitated. In addition,
the three-phase reaction zone can be effectively extended. Figure 2.8 presents
a typical result, showing improved fuel cell performance and Pt utilization
[56]. It is worth pointing out that the Nafion ionomer loading, baking
temperature, and baking time are three key parameters in achieving an
electrode with high fuel cell performance [56].

2.2.3. Proton Exchange Membrane Design

As shown in Fig. 2.1, the PEM is another key component in the MEAs of Hy/
air PEM fuel cells, serving not only as a solid electrolyte but also as a sepa-
rator to prevent direct contact between the anode and cathode compartments.
The most practically and extensively used PEM in Hj/air PEM fuel cells is the
perfluorosulfonic acid (PFSA) membrane, such as Nafion® membrane. As
shown in Chapter 1, Fig. 1.7, the molecular structure of Nafion® consists of
three groups: the tetrafluoroethylene (Teflon)-like backbone; the sulfonate
acid group; and the —O—CF,—CF-O-CF,—CF,— side chain, which connects the
backbone and the sulfonate group. So far, PESA membranes are considered to
be the best and have been widely used in Hp/air PEM fuel cells because of
their high proton conductivities and good stabilities in both oxidative and
reductive environments. However, they also have disadvantages, such as high
cost, high degradation rate at high temperatures (>80 °C), and dependence of
proton conductivity on the membrane’s water content. Thus, the development
of new membrane materials continues to be a hot topic for research and
development in PEM fuel cell technology. The requirements for PEM
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materials are (1) low cost; (2) strong mechanical stability; (3) strong chemical
stability; (4) strong electrochemical stability in both oxidative and reductive
environments; (5) high proton conductivity in the operating temperature range
of fuel cells; (6) insensitivity of proton conductivity to water content; and
(7) low gas permeability.

In recent years, many kinds of materials have been developed to synthesize
proton-conducting membranes for Hp/air PEM fuel cells, and some have
exhibited promising performance as potential candidates to replace PFSA
membranes. The major membranes are (1) fluorinated membrane, (2) partially
fluorinated membrane, (3) nonfluorinated (including hydrocarbon) membrane,
and (4) nonfluorinated composite membrane. Among these, the hydrocarbon
membrane is considered a promising alternative due to its low cost compared
with PESA membranes [61].

Several literature reviews [62—-69] provide more detailed information about
fuel cell membranes and their design and fabrication.

2.2.4. MEA Assembly

As a key component in PEM fuel cells, the MEA consists of the anode, PEM,
and cathode. Its assembly mainly involves a hot-pressing process to make
a “sandwich” with the membrane in the middle and the anode and cathode on
either side. Both the anode and the cathode should contain a GDM, MPL
(carbon sublayer), and CL. When the MEA is being hot pressed, the CL must
face one side of the membrane. Before MEA assembly, pretreatment of the
membrane is usually required to remove possible impurities and to completely
protonate the membrane.

Hot pressing is an effective and simple way for assembling electrodes and
PEMs to achieve good interfacial contacts between them. Hot-pressing
conditions, such as temperature, pressure, and pressing duration, influence the
performance and durability of the resulting MEA [70-74]. A study [72] showed
that the combination of temperature, pressure, and time should be optimized to
achieve a high-performance MEA.

Apparently, the temperature plays a major role in this optimization. For
a Nafion®-based membrane, the hot-pressing temperature is normally limited
by its glass transition temperature (7,, ~128 C). At a temperature lower than T,
the Nafion® resin in both the CL and the membrane will not melt and can result
in poor ionomeric contact between the CL and the membrane, which leads to
low catalyst utilization and higher ionic resistance. In contrast, a temperature
much higher than 7, may lead to a loss in the water retention properties of
Nafion®, and acidic group degradation in the ionomer. Therefore, there is an
optimal temperature for the hot-pressing process [70,73,74]. Under this optimal
temperature, the CL and membrane combine most effectively to provide
a maximum electrochemical area at the interface, leading to the highest catalyst
utilization and fuel cell performance [70].
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The hot-pressing pressure is related to the mechanical strength, porosity,
and thickness of the electrode. Normally, this porosity decreases with
increasing pressure, which can restrict the mass transport of the gas. Moreover,
the carbon fibers are prone to be crushed under high pressure. However, the
electrode thickness can be decreased under a high hot-pressing pressure, which
shortens the mass transportation pathway. A study [72] showed that a lower hot-
pressing pressure could result in a better fuel cell performance than a higher
hot-pressing pressure.

Hot-pressing time is another important parameter that affects the contact
between the membrane and the electrode, as well as the electrode porosity. It is
recognized that with an increase in hot-pressing time, the ionic conductivity
and the three-phase reaction area in the CL can be first increased and then
decreased, and the electrode porosity can also be decreased. Liang et al. [71]
used direct methanol fuel cells to investigate the durability of MEAs assembled
under different hot-pressing conditions, and found that a longer hot-pressing
time could induce significantly improved MEA durability without sacrificing
cell performance, because of a stronger interfacial binding between the CL and
the membrane, which suppresses their delamination. Although the optimal
hot-pressing conditions for PEM fuel cells are slightly different due to the
differences in the materials and structures of the electrode and membrane,
hot-pressing of PEM fuel cell MEAs is usually conducted at 120-160 °C and
2000-35,000 kPa pressure for 30-300 s.

Typically, the anode CL and cathode CL are applied onto their respective
GDLs to form the anode and cathode GDEs, then the anode and cathode GDEs
are hot pressed with the membrane in the middle to form a sandwich-like
structure. In recent years, there have been significant developments in the
CCM, which is a typical three-layer MEA. For the CCM, however, the hot-
pressing process joining the membrane and the anode and cathode GDLs is
unnecessary. Usually, the GDLs are simply pressed together with the CCM
using blade pressure, during the fuel cell assembly process.

2.3. TYPICAL EXAMPLES FOR MEA FABRICATION

To provide a better understand of MEA fabrication, this section offers some
typical examples, including GDM, MPL, and CL preparation, membrane
pretreatment, and MEA assembly.

2.3.1. GDM Preparation

As described in Section 2.2.1.1, the GDM is the backing layer that supports the
MPL and CL. The most commonly used materials for the GDM are carbon-
based sheets, such as carbon paper and carbon cloth. Carbon paper is presently
more widely used because it is relatively inexpensive, and MPLs and CLs are
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easier to make on it than on carbon cloth. Section 2.3 on MEA fabrication thus
describes the techniques that use carbon paper.

Although as-received carbon paper is to some extent hydrophobic, it is still
necessary to increase its hydrophobicity by pretreating it before use in MEA
fabrication, to prevent water flooding. This pretreatment method is known as
“carbon paper wet proofing,” and the procedure is as follows: (1) dip the GDM
into an aqueous solution or suspension of a hydrophobic agent such as PTFE or
FEP; assuming PTFE is used, the concentration can be varied from 1 to
10 wt.%; (2) remove the GDM and eliminate the excess solution or suspension;
(3) dry the PTFE-impregnated GDM in an oven; (4) repeat the above three steps
until the expected PTFE content in the GDM is achieved (usually 5-30 wt.%);
(5) bake the impregnated GDM in an oven at 350 °C to remove the solvent and
surfactants contained in the PTFE suspension, to sinter the PTFE particles, and
to fix the PTFE to the GDM surface. The desired PTFE content can easily be
reached by adjusting the concentration of the PTFE suspension. But a lower
PTFE concentration and more dipping times are helpful in achieving a uniform
PTFE distribution in the GDM. Figure 2.9 shows an SEM image of carbon
paper with 20% PTFE [2], wherein it is evident that the PTFE uniformly covers
the carbon paper surface.

Figure 2.10 shows SEM images of (a) carbon paper wet proofed with 20%
FEP and (b) original carbon paper. Evidently, the FEP dispersed evenly on the
surface of the carbon paper. Figure 2.10 also shows that some pores on the
carbon paper surface were covered by FEP after wet proofing. These results
suggest that this method can increase the hydrophobicity of the carbon paper,
which can be characterized by measuring its contact angle.

/

I 1 1
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FIGURE 2.9 SEM image of carbon paper (Toray, TGPH-090) pretreated with 20% PTFE [2].
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FIGURE 2.10 Comparison of surface SEM images of (a) Carbon paper (Toray, TGPH-090,
E-TEK) impregnated with 20 wt.% FEP hydrophobic polymer, to (b) Untreated carbon paper [13].

For the wet-proofing treatment of carbon papers, the PTFE distribution
through the thickness of the GDM is sensitive to the drying method. As shown
in Fig. 2.11 [12], a fast drying method results in more concentrated PTFE on the
exposed GDM surfaces. However, a slow drying method tends to form a more
uniform distribution of PTFE through the bulk of the GDM.

Note that the PTFE content or loading in the GDM must be optimized with
respect to the fuel cell performance. Too much PTFE in the GDL can decrease
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FIGURE 2.11 Cross-sectional fluorine maps across carbon-fiber paper (Toray TGP-H-060).
PTFE distribution through the paper depends heavily on drying conditions [12].

its conductivity, and too little PTFE will lead to insufficient hydrophobicity for
smooth gas transportation.

2.3.2. MPL Preparation

As described in Section 2.2.1.2, the MPL is a sublayer of carbon powders made
on the GDB that can change the GDB porosity and support the CL. The typical
procedure for MPL preparation is as follows:

(1) In a suitable ratio, ultrasonically mix the carbon powder (e.g. AB, BP, or
Vulcan X-72® carbon), the hydrophobic agent (e.g. PTFE), and the solvent
to create a uniform ink/paste.

(2) Coat the above ink/paste onto one or both sides of the GDB by brushing,
spraying, spreading, doctor blade, screen printing, or by using other
techniques.

(3) Bake the carbon-coated GDM in an oven with nitrogen flow at 240 °C for
30 min, followed by another 40 min at 350 °C; the MPL will then be
formed on the GDB.

It must be noted that the MPL can be applied on one or both sides of the GDB,
depending on the GDB material. For example, the MPL is usually created on
both sides of an SGL carbon paper but on only one side of a Toray TGPH carbon
paper. The loadings of carbon powder and PTFE can significantly affect the
GDL performance. Hence, these loadings need to be optimized according to the
MEA structure and operating conditions [18,27], as discussed in Section 2.2.1.2.
The category of carbon powder used in the MPL also significantly affects the
performance of the GDL and, consequently, that of the fuel cell [22,30,75].
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FIGURE 2.12 SEM micrographs of cathode GDL surfaces with MPLs prepared using different
carbon powders: (a) Acetylene black (AB), (b) Black Pearls 2000 (BP), and (c) Composite carbon
with 90% AB and 10% BP [30].

Figure 2.12 shows SEM micrographs of the GDL surfaces with MPLs
prepared using different carbon powders. It can be seen that the MPL with AB
possesses rich pores and a uniform surface, whereas the MPL with BP is dense
and has only large cracks. These features can be attributed to the properties of
AB and BP carbon powders, which have been addressed in Section 2.2.1.2. As
shown in Fig. 2.12, an MPL with composite carbon powders (CC) presents
a more uniform surface with finer pores. The fuel cell testing results indicate
that the best performance is achieved using an MPL with CC, as shown in
Fig. 2.13. This can be explained by the more functional pore structure formed
on the MPL when CC facilitates the mass transport of gas and water [22,30].

2.3.3. CL Fabrication

2.3.3.1. PTFE-Bonded Hydrophobic CLs

The PTFE-bonded hydrophobic CL is one of the classic CLs. The preparation
process for this kind of CL is similar to the MPL preparation process and can be
described as follows [76-78]:

(1) Mix the catalyst powder (e.g. Pt/C), hydrophobic bonder (PTFE emulsion),
and solvent (e.g. ethanol or isopropanol) ultrasonically to form a catalyst
ink/paste;
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FIGURE 2.13 Hy/air PEM fuel cell performance of electrodes with MPLs prepared using
different carbon powders. Cell temperature: 80 °C; humidifier temperatures for anode and cathode:
90° and 85°, respectively; operating pressure: 0.2 MPa [30].

(2) Spread the catalyst ink/paste onto a GDL (with the MPL on wet-proofed
carbon paper) using the doctor blade technique or by spraying, painting,
screen printing, etc.;

(3) Dry the precursor prepared in the previous step at 240 °C for 30 min under
an inert gas atmosphere to remove the solvent and the surfactants contained
in the PTFE emulsion;

(4) Bake the precursor at 350 °C for 30—40 min to sinter the PTFE and thereby
hydrophobilize the CL;

(5) Spray a certain amount (e.g. 0.5 mg cm™2) of ionomer (e.g. Nafion) solu-
tion onto the CL surface to form ionic pathways and increase the three-
phase reaction zone;

(6) Dry the as-prepared electrode at room temperature to evaporate the solvent
contained in the ionomer, and finally obtain the PTFE-bonded hydrophobic
electrode.

In this PTFE-bonded hydrophobic electrode, the PTFE content significantly
affects the fuel cell performance. The passages for gas and water transport are
tailored by introducing the PTFE during the catalyst ink/paste preparation stage.
However, these proton conductors are not enough because the impregnating
Nafion, located on the CL surface, cannot deeply penetrate the electrode. Thus,
the three-phase reaction zone is not extended efficiently, leading to low
Pt utilization.
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2.3.3.2. lonomer-Bonded Hydrophilic CLs

Unlike a PTFE-bonded hydrophobic CL, in an ionomer-bonded hydrophilic
CL, the proton-conducting ionomer (e.g. Nafion) is used as the bonder. The
classic preparation process for this CL is as follows [46,47,79,80]:

(1) Prepare the catalyst ink by thoroughly mixing the catalyst (e.g. Pt/C), ion-
omer (e.g. Nafion), and solvent (e.g. alcohol, usually isopropanol);

(2) Spray the catalyst ink onto the GDL (with the MPL on wet-proofed carbon
paper);

(3) Dry the electrode first at room temperature, then at 70—135 °C for 30 min,
to obtain an electrode with an ionomer-bonded hydrophilic CL on the GDL.

Figure 2.17 shows the degradation of an MEA made by applying a hydrophilic
catalyst ink to a GDL (i.e. using the conventional method). This MEA exhibited
good durability.

Aside from being sprayed on the GDL, the catalyst ink can also be applied
to the membrane to make a Nafion-bonded hydrophilic CL. To efficiently
extend the three-phase reaction zone and reduce the Pt loading, Wilson et al.
[37,39,41] developed a thin-film electrode using Nafion ionomer as the bonder.
Their preparation process uses a decal method, the details of which are as
follows [39]:
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-0-OXYGEN
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FIGURE 2.14 Air and oxygen fuel cell polarization curves for directly catalyzed developmental
Dow membrane with a catalyst loading of 0.13 mg Pt cm ™2 [39].
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FIGURE 2.15 A schematic representation of the procedure for MEA fabrication using the decal
transfer process [83]. (For color version of this figure, the reader is referred to the online version of
this book.)

(1) Prepare a uniform hydrophilic ink composed of Nafion solution (in Na™*
form), Pt/C catalyst, and solvent (e.g. glycerol). The weight ratio of Pt/C
catalyst to Nafion is typically between 5:2 and 3:1.

(2) Paint this catalyst ink onto a dry Nafion membrane (in Na+ form) to form
a CL, then bake the CL at approximately 160190 °C to dry the ink.

(3) Cast the catalyst ink onto the reverse side of the Nafion membrane using the
same process.

(4) Rehydrate and ion exchange the membrane into the H* form by immersing
the catalyzed membrane into a slightly boiling 0.1 M sulfuric acid solution
for 2 h.

(5) Rinse the catalyzed membrane sufficiently and air dry it.

The result is a thin-film, Nafion®-bonded hydrophilic electrode in which the
catalyst and ionomer are thoroughly mixed, but which lacks the passage for gas
and water transport because it has no hydrophobic agent. So, this electrode is
usually made very thin (5-10 pum) to avoid “water flooding” Fig. 2.14 shows the
fuel cell performance of a thin-film electrode prepared by the above method. It
can seen that the electrode exhibited a good performance with a Pt loading of
just 0.13 mg cm 2.

Aside from the above process, a decal transfer method has also been
developed to make a thin-film electrode [81-83]. The catalyst ink is first coated
onto a decal substrate (such as PTFE film or Kapton® film) by spraying or by
using the doctor blade technique. The catalyst ink is then transferred to a
Nafion® membrane by a hot-pressing process to form a catalyzed membrane.
This decal transfer method is presented schematically in Fig. 2.15 [83].
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FIGURE 2.16 Polarization curves of MEAs made by the decal transfer method, with different
Nafion contents (N10, N20, N30, and N40), and at various RHs on the cathode, from 25 to 95%.
Cell temperature: 65 °C; stoichiometries of H, and air: 1.5 and 2.0, respectively; anode RH was
fixed at 80% [82].

Figure 2.16 shows the polarization curves of MEAs made by this decal transfer
method with different Nafion® contents (N10, N20, N30, and N40), at RHs
from 25 to 95% on the cathode. It can be seen from Fig. 2.16 that the Nafion®
content plays an important role in determining the fuel cell performance, and
the optimal Nafion® content is related to the operating conditions.

The CCM has been well developed in recent years [79,84,85]. During CCM
preparation, the catalyst, Nafion® ionomer, and solvent are mixed to form
auniform catalyst ink, which is then directly sprayed onto the membrane. In the
CCM, the contact between the CL and the membrane is tight, so the CL does
not tend to be delaminated during long-term fuel cell operation, suggesting
good MEA durability. As shown in Fig. 2.17, the CCM in study [79] exhibited
very good durability, with a low fuel cell degradation rate during 1000 h of fuel
cell testing.
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FIGURE 2.17 Effects of MEA fabrication method on voltage degradation in single cells oper-
ated at 600 mA cm™2. Cell temperature: 80 °C; stoichiometries of H, and air: 1.5 and 3.0, with
RHs of 100% and 55%, respectively [79].

2.3.4. Membrane Pretreatment

The PEM is the heart of an MEA, and it not only separates the anode from
the other compartments but it also conducts the protons produced at the
CL/membrane interface. The as-received membrane may contain impurities or
may not be fully protonated; either factor will affect the membrane’s perfor-
mance and thus eventually influence the fuel cell’s performance. It is therefore
necessary to pretreat membranes before they are used in MEAs.

The typical membrane pretreatment process includes the following [72]: (1)
boiling the membrane at 60—80 °C in a dilute H,O, solution (H,O, concen-
tration of ~3-5%) to remove the organic and inorganic impurities contained in
the membrane; (2) boiling the membrane at 60-80 °C in an H,SO4 aqueous
solution (a 0.5 M H,SO4 solution is usually employed) to protonate the
membrane; and finally, (3) twice rinsing the membrane at a high temperature,
such as 70 °C, with deionized water. The resulting pretreated membrane can be
stored for future use.

2.3.5. MEA Fabrication

Hot pressing is a widely used method to prepare conventional hydrophobic and
hydrophilic electrodes for MEAs, and descriptions of the process can be found
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elsewhere [71-73,76]. Hot-pressing parameters, such as temperature, pressure,
and duration, significantly affect MEA performance, as shown in Fig. 2.18. If
a CCM is used, it is usually put between the anode and cathode GDLs, which
are then pressed together by blade pressure during fuel cell assembly. Hot
pressing of a CCM and GDLs is not necessary because the CL has good contact
with the membrane. Indeed, hot pressing reduces the porosity of GDLs and
leads to decreased durability, as shown in Fig. 2.17.
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FIGURE 2.18 The effects of hot-pressing temperature and time on the polarization curves of
MEAs prepared at (a) 500 psi and (b) 1500 psi. [72]. (For color version of this figure, the reader is
referred to the online version of this book.)
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2.4. FLOW FIELD DESIGN

Flow field plates or bipolar plates are key components of PEM fuel cells and
stacks. In a PEM fuel cell, the functions of a flow field plate are as follows: (1) it
provides flow channels for the fuel and oxidant gases to their respective anodic
and cathodic electrode surfaces, (2) it provides flow channels for the removal of
the water coming from the humidifier and generated by electrochemical reac-
tions, (3) it provides mechanical support for the anodic and cathodic electrodes,
(4) it serves as a current collector, although a separate current collector is often
used in a single cell, (5) it electronically connects one cell to another in a stack,
and (6) it acts as a physical barrier to prevent the fuel, oxidant, and coolant
fluids from mixing. In addition, a flow field plate is helpful for heat manage-
ment. Flow field plates must perform the above functions simultaneously to
achieve a good fuel cell performance. However, the requirements sometimes
conflict, necessitating an optimized flow field design. In the past several
decades of PEM fuel cell development, many flow field plate designs have been
tested. Li et al. [86] extensively reviewed the subject. Figure 2.19 shows several

typical flow field designs.
Flow-
Channel
SRR

4

Rib or Channel Support

Flow Channel

Straight and parallel flow field

Eerpentine flow field Interdigitated flow field

FIGURE 2.19 Several typical flow field designs [86].
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2.4.1. Materials for a Flow Field Plate

Material selection is very important in designing a flow field plate, given the
functions it performs in a PEM fuel cell. The materials must have a good
electronic conductivity, low gas permeability, good mechanical stability to
support the electrodes, good chemical/electrochemical stability, good
machinability for making the flow field, light weight, and low cost. The most
commonly used materials for flow field plates in PEM fuel cells are metal
plates [87,88] and graphite plates [89], although other composite materials are
also used [90-92]. Metal plates have good electronic conductivity and can be
manufactured very thin to achieve light weights [88]. But their disadvantage is
that they get corroded in the PEM fuel cell operating environment, which
leads to flow field plate failure and thereby shortens the fuel cell’s lifetime.
Gold coatings are often applied to metal flow field plates to solve this problem.
At the present stage of PEM fuel cell technology, graphite plates are widely
used because they have good electronic conductivity and excellent chemical/
electrochemical stability [93,94]. The disadvantages of graphite plates are
obvious, though: high cost, brittleness, and greater weight compared to metal
plates.

2.4.2. Flow Field Layout (Channel Pattern)

Flow field layout plays an important role in flow field design, as it affects both
reactant gas distribution and water removal. Several flow field layouts have
been developed, according to their flow channels: the pin-type flow field
[95,96], the straight parallel flow field [97,98], the serpentine flow field [98,99],
and the interdigitated flow field [100-103], as shown in Fig. 2.19. All these
patterns have their own characteristics in terms of reactant gas distribution,
water, and heat management, and their advantages and disadvantages have been
extensively reviewed by Li and Sabir [86].

Of all the patterns, the straight parallel flow field and serpentine flow field
are presently the mostly widely used; these patterns are shown in Figs 1.10 and
1.11 of Chapter 1. In the straight parallel flow field, the gas distributions and the
pressure along the flow channels are nonuniform due to the lack of change in the
flow channel. In addition, the nonuniform pressure drops caused by the short
flow channel can result in low water removal ability, which has been addressed
in Section 1.5.6 of Chapter 1. The serpentine flow field design can be classified
as either single-channel or multichannel (the latter having two or more
serpentine channels). The single-channel serpentine flow field has a long flow
channel, leading to a large pressure drop along the flow channel between the gas
inlet and outlet, which is good for water removal but results in nonuniform gas
distribution. The multichannel serpentine flow field has more flow channels, and
more reactant gas flows along the channels, leading to a uniform gas distribution
inside the flow field plate. However, the drop in gas pressure between the inlet
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and outlet is lower compared to the drop in the single-channel flow field. Thus,
the water removal ability is relatively low [104].

2.4.3. Flow Channel Parameters

The channel geometry can significantly affect cell performance [105-107]
because of its impact on the reactant gas flow and distribution, as well as the
water management inside the flow field. Figure 2.20 shows a cross-section of
flow field channels. The main geometric parameters of flow channels are the
channel width w, channel depth d, rib/land width /, and wall angle 6. Channel
length L is another geometric parameter that is dependent on the size
constraint of the particular application. Given a certain size and layout for
a flow field, optimization of the geometric parameters of the flow channels
can yield a more uniform reactant gas distribution as well as better water and
heat management, leading to better fuel cell performance. The typical
parameters for the flow channels are 0.5-2.5 mm for the channel width,
0.2-2.5 mm for the channel depth, 0.2-2.5 mm for the rib width, and 0-15°
for the wall angle [99].

2.4.4. Flow Field Plate Fabrication

Flow channels can be made on either or both sides of a graphite, metal, or
composite material plate. In a fuel cell stack, a plate with flow channels on both
sides is called a bipolar plate. The fabrication process of a flow field plate
depends on the materials used. Carbon-based plates (using materials such as
graphite felt, flexible graphite, and carbon resin) are usually brittle; conse-
quently, the plate thickness and the cross-sectional flow channel area should be
made larger during fabrication. Metal plates usually have excellent mechanical

FIGURE 2.20 Cross-section of flow field channels: rib width /, channel width w, channel depth
d, and wall angle 6 [99,107]. (For color version of this figure, the reader is referred to the online
version of this book.)
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stability and can be made into thinner flow field plates with a smaller cross-
sectional area. Although metal plates usually have good electronic conduc-
tivity, they are subject to corrosion in a PEM fuel cell operating environment,
resulting in increased surface resistance and decreased PEM fuel cell perfor-
mance. Therefore, protective coatings are usually applied to metal plates to
prevent flow field plate corrosion [87,88].

Flow field fabrication is a purely mechanical process; therefore, any
workshop with appropriately designed machines can accomplish it.

2.5. SEALING DESIGN

The sealing gasket is yet another important component in both single PEM fuel
cells (as shown in Fig. 1.5 in Chapter 1) and stacks (as shown in Fig. 2.12). Two
sealing gaskets are required for one MEA unit, placed between each side of the
MEA and the flow field plates. Generally, the sealing gaskets perform three
important functions in a PEM fuel cell or stack: (1) sealing off gases to prevent
gas crossover and leakage, (2) insulating to prevent the fuel cell from shorting,
and (3) sealing the coolant. Sealing gaskets must be designed carefully because
a poor-quality gasket can cause fuel cell leakage, leading to low performance
and safety issues, especially when the fuel is H, gas.

2.5.1. Sealing Material Selection

To perform their functions, sealing materials in PEM fuel cells must meet
stringent criteria: (1) electronic insulation, (2) high chemical/electrochemical
stability, (3) suitable compressibility, and (4) good compatibility with the
reactant gases and coolant fluids. The most widely used sealing materials are
PTFE, fluoroelastomer, and silicon-based materials such as silicon rubber and
silicon elastomers [108—110]. If the sealing materials are not stable enough
after long-term PEM fuel cell operation, the decomposed impurities or other
products may get into the fuel cell components [108-111], leading to
contamination. For example, some decomposition products of silicon-based
materials may get adsorbed on the membrane and/or CL, causing decreased
membrane conductivity and/or catalyst activity, and certain decomposition
fragments may get into the GDL, changing its hydrophilicity/hydrophobicity.

2.5.2. Sealing Design and Fabrication

In accordance with MEA and flow field designs, many sealing designs have
been developed during the past several decades [108,112]. The major materials
used are silicon rubbers. Normally, two methods are used to fabricate these
sealings: die cutting or molding, such as screen printing. In some fabrication
methods, the sealings are directly molded onto the GDL [100], bipolar plate
[101,102], and MEA, as shown in Fig. 2.21 [103-105]. In recent years, the
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FIGURE 2.21 Schematic representation of a seal integrated with an MEA [112]. (For color
version of this figure, the reader is referred to the online version of this book.)

design shown in Fig. 2.21 has become more popular with CCM development.
The CCM is usually laminated together with one sealing gasket sheet on each
side to form a sealed MEA. Another popular sealing arrangement is simply to
put a gasket sheet between the flow field plate and the MEA, and then press
them all together during fuel cell assembly, as shown in Fig. 1.5 in Chapter 1.

2.6. SINGLE CELL DESIGN AND ASSEMBLY
2.6.1. Single Cell Hardware

Single fuel cell hardware, shown in Fig. 1.5 of Chapter 1, consists of end plates,
current collectors, sealing gaskets, flow field plates, and bolts. Depending on
the materials used, single cell hardware design should consider several factors,
including but not limited to material selection, stability, flow field layout, and
flow channel pattern. However, the cell hardware components must be designed
to achieve optimal combined performance, including compatibility with the
MEA.

2.6.2. Single Cell Assembly

Single cell assembly is the process of putting together all the requisite
components to form a single fuel cell. As shown in Fig. 1.5 in Chapter 1, all the
components are pressed together with the MEA in the middle, then tightened
using bolts. In some tests, to exert a uniform and constant pressure along the
MEA surface, a gas bladder is used with a piston along one side of the single
cell. The pressure used to hold the components together is important in
achieving a high-performance single cell. For example, if the pressure is too
high, the porosity of the GDE may be reduced; in the worst-case scenario, the
MEA may be damaged, leading to a large mass transfer resistance and
consequently poor fuel cell performance. However, if the pressure is too low,
the contacts between the fuel cell components will be an issue, again resulting
in large internal resistance and consequently low cell performance. In our
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FIGURE 2.22 A designed single PEM fuel cell with an active area of 4.4 cm? [113]. (For color
version of this figure, the reader is referred to the online version of this book.)

laboratory, the designed fuel cell hardware includes bladder plates, piston,
plastic plates, current collectors, flow field plates, and gaskets, as shown in
Fig. 2.22 [113]. Note that on the end plates there are the gas inlet and outlet
mouths to connect to the gas manifolds, for fuel and oxidant feeding, which are
not shown in this figure. The plastic plate is used to isolate the current collector/
flow field plate from the metal bladder. Gaskets are attached to the flow field
plates to seal the MEA on both sides. The cell is pressed and sealed using the
bladder plates and piston, powered by gas (e.g. nitrogen or air). The tightness of
the fuel cell can easily be controlled by adjusting the bladder pressure.

2.7. STACK DESIGN AND ASSEMBLY
2.7.1. Hardware of a Fuel Cell Stack

As shown in Fig. 2.23, a fuel cell stack consists of many single cells connected
in series. It also contains end plates, flow field plates (current collector),
gaskets, and bolts. The difference is that there is a cooling plate between each
two adjacent single cells. Due to the heat generated during fuel cell operation,
the extra heat must be removed to maintain the operating temperature.
Therefore, this cooling plate is necessary. Another method is to integrate the
anode (or cathode) flow field plate of one cell, the cooling plate, and the
cathode (or anode) flow field plate of the adjacent cell into one shared plate. On
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FIGURE 2.23 Hardware of an Hy/air PEM fuel cell stack [61].

this shared plate, both sides are fabricated with flow field channels, then one
side serves as the anode (or cathode) flow field of the one cell and the other as
the cathode (or anode) flow field of the other single cell. Inside this bipolar plate
are some channels for coolant flow.

2.7.2. Heat Management in a PEM Fuel Cell Stack

Normally, PEM fuel cells are operated between 60 and 80 °C. At the startup of
a fuel cell stack, the electrochemical reactions inside the stack produce energy
that will rapidly heat the whole stack to this temperature range within 1-2 min.
Due to the limitations of the PEM (e.g. Nafion® membrane), the stack
temperature must be kept <95 °C, otherwise the fuel cell performance will
rapidly decline. Of course, if another high-temperature membrane is used, the
stack operating temperature can be elevated. To maintain the stack temperature
within a desired range, such as 60-80 °C, a stack cooling system must be added
to the fuel cell system to remove the extra heat. It is also well recognized that
the temperature distribution in a stack affects the fuel cell’s performance. The
cooling system is therefore helpful in homogenizing the temperature distri-
bution within the stack.

The cooling system in a fuel cell system can be designed as either internal
cooling [114] or external cooling [115]. Within these categories, internal
cooling can be either air or liquid cooling (liquid being water or a water
ethylene glycol mixture). Normally, an air or liquid cooling plate can be
designed to be integrated with the bipolar plate, to simplify the fuel cell stack
[114,116]. The coolant plates in a fuel cell stack must be sealed to prevent fluid
from leaking into the reactant gas channels or outside of the fuel cell. For the
external cooling system, there is no cooling liquid present in the cell active
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area, which eliminates any sealing problems with respective to the electrode
[115] and yields a simplified fuel cell system.

2.7.3. Fuel Cell Stack Assembly

A fuel cell stack is assembled by packing many single cells in series, as shown
in Fig. 2.23. The electronic series connection of all these single cells is realized
by the electronic conducting bipolar plates. The number of single cells depends
on the desired stack power and size, and the performance of single cells. In
other words, the power that can be generated by a fuel cell stack is determined
by the number of its cells, the total active area of the MEA, and the single cell
performance.

2.8. CHAPTER SUMMARY

This chapter has presented the design and assembly of single PEM fuel cells
and stacks, with a focus on the MEA and the fabrication of its components. This
is because the MEA is the most important component of a PEM fuel cell, where
electrochemical reactions occur for power generation. The chapter discusses
MEA design and assembly/fabrication, including GDLs (gas diffusion medium
and microporous sublayer), CLs, and PEMs, as well as analyzes various factors
that affect MEA design and performance. The chapter also provides a typical
example of step-by-step MEA fabrication from various component materials to
the whole MEA. Other components, including flow field plates, sealing gaskets,
and their corresponding designs and fabrication, are also presented in this
chapter. Finally, the design and fabrication of both single fuel cells and stacks
are introduced, the intent being to provide readers with the basic information
and procedures for achieving workable PEM fuel cell and stack hardware. We
believe that this chapter forms a solid foundation for the PEM fuel cell testing
and diagnosis described in the following chapters.
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3.1. INTRODUCTION

The structures and components of proton exchange membrane (PEM) fuel cells
and the designs of all the components, including the membrane electrode
assembly (MEA), single cell, and stack, have been described and discussed in
Chapter 2. For a practical PEM fuel cell, every feature of the components, key
materials, and cell assembly should be achievable and optimized to achieve
high performance. Because a fuel cell is a very complicated device, all the
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components should fully perform their individual roles and simultaneously
function together synergistically. To investigate the individual functioning of
each component and the synergistic effect, fuel cell testing and diagnosis have
been recognized as the most popular and reliable ways to validate the designs of
these components and of the fuel cell itself.

It is an ongoing challenge to fully understand the processes occurring inside
fuel cells, because fuel cell science and technology spans multiple disciplines,
including materials science, engineering design, chemistry, electrochemistry,
interface science, mass transport phenomena, and electrocatalysis. During the
development of PEM fuel cells, researchers and engineers have focused
considerable attention on experimental and theoretical modeling to understand
PEM fuel cell system processes, such as kinetics, thermodynamics, fluid
dynamics, and chemical reactions. Rapid developments in physics and elec-
trochemistry have yielded many testing and diagnostic tools that can be used to
understand the processes inside a PEM fuel cell and accordingly improve its
performance. This chapter will introduce these tools and the techniques for
using them and will focus on their applications in the testing and diagnosis of
PEM fuel cells.

3.2. TECHNIQUES FOR PEM FUEL CELL TESTING
3.2.1. Half-Cell Testing

To investigate individual components such as the catalyst and catalyst layer,
and their effects on fuel cell performance, electrochemical half-cells are nor-
mally used as ex situ tools. The major advantage of using a half-cell is believed
to be that it allows one to study how a specific component or experimental
condition contributes to the overall cell performance, with little or no inter-
ference from other components or conditions. A half-cell test is usually con-
ducted in a three-electrode system containing working, counter, and reference
electrodes. Cyclic voltammetry (CV), rotating disk electrode, and rotating ring-
disk electrode are the typical half-cell testing techniques for investigating the
catalyst’s electrochemical characteristics toward the hydrogen oxidation reac-
tion (HOR) and the oxygen reduction reaction (ORR). Some special half-cell
designs also allow one to study the effects of other operating conditions, such as
catalyst layer/MEA design, temperature, pressure, humidity, as well as fuel and
air flow rates. For more details, please see Chapter 12 of this book.

3.2.2. Fuel Cell Testing

Fuel cell testing is the most reliable and commonly used method to evaluate
a PEM fuel cell. Its purpose is to assess the aspects of fuel cell performance,
such as how the cell voltage changes when the fuel cell load (current or current
density) is altered, or how the load changes when the cell voltage is altered, or
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how much power can be drawn from a fuel cell. PEM fuel cell testing can be
classified into three modes: current control, voltage control, and power control.
In general, the current and voltage control modes are the most commonly used.

In the current control mode, one controls the current (or current density) at
a series of constant values and then records the corresponding cell voltages.
Figure 3.1 shows a typical polarization curve, measured using the current control
mode; Section 1.4 of Chapter 1 provides a detailed analysis of this polarization
curve. The MEA power density can also be calculated using this curve, according
to P = IV (where P is the power density, / is the current density, and Vs the cell
voltage). Figure 3.1 presents power density as a function of current density,
showing the maximum power density to be around 0.72 W cm ™~

In the voltage control mode, one controls the cell voltage at a series of
constant values and records the corresponding current or current density. By
adjusting the cell voltage, a series of current or current density values can be
recorded to obtain a fuel cell I-V curve, from which the corresponding power
density can be estimated. Note that the power density here is for the MEA
rather than for the fuel cell stack. Normally, there are three fuel cell power
densities: (1) the MEA power density, expressed as the single cell’s power
divided by the MEA area, with a unit of watts per square centimeter of MEA
W cm_z); (2) the stack mass power density, which is the stack power divided
by the weight of the stack, with a unit of watts per kilogram of stack (W kg™ ");
and (3) stack volume power density, which is the stack power divided by the
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FIGURE 3.1 Polarization and power density curves of a Nafion®-112-membrane-based H,/air
PEM fuel cell at 80 °C and 3.0 atm with a 100% relative humidity (RH). Active area: 4.4 cmz;
stoichiometries of H, and O,: 1.5 and 2.0, respectively.
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stack volume, with a unit of watts per liter of stack (W LY. The fuel cell
operating conditions, such as temperature, pressure, RH, and gas flow rate, can
significantly affect cell performance. Thus, the operating conditions should be
optimized for maximum performance. In general, fuel cell performance
increases with increasing temperature, pressure, RH, and gas flow rate (or gas
stoichiometry number).

3.2.3. Lifetime/Durability Testing

Lifetime/durability is very important for fuel cells in all applications, as it has
a bearing on operating time and cost. Usually, lifetime/durability testing is the
last step in fuel cell testing. But it is often a time-consuming process—for
example, two years is required to conduct 17,520 h of lifetime testing.

One of the most popular lifetime testing modes is to control the current or
current density under the desired operating conditions and to record the change
in the cell voltage over time. At the beginning of lifetime (BOL) test, an I-V
polarization curve is recorded, and at the end of lifetime (EOL) test, another
curve is recorded. A comparison of the EOL and BOL I-V curves can yield the
degradation rate (rq7,), which is calculated using the measured voltage drop
(AV) at a certain current density for the tested time period (A7) and has a unit of
microvolts per hour (uV h_l):

AV

rai, = p, (3.1

This lifetime test mode is normally used for a fuel cell in stationary or
portable applications where the load demand is relatively constant and stable.
However, for automobile applications, the load demand is normally dynamic,
so a dynamic lifetime test is needed. The usual approach is to control the
current density change over time using an alternating pattern—that is, the
current density is alternated between two magnitudes during the testing time,
and the voltage changes are recorded. After the lifetime testing is completed,
the EOL and BOL results are compared to obtain the degradation rates under
different conditions.

3.2.4. Accelerated Testing

As indicated above, each component and operating condition requires lifetime
testing, making this an extremely time-consuming process. To save time, some
accelerated testing methods have been attempted, but with limited success.

Accelerated testing is often used to rapidly evaluate a PEM fuel cell design
and screen the various component materials. Such testing is often conducted
under very stressful conditions, such as open circuit voltage (OCV), high
temperature, high current density, and the like. Accelerated testing of PEM fuel
cells is covered in Chapter 11.
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3.3. TECHNIQUES FOR PEM FUEL CELL DIAGNOSIS

During the research and development of PEM fuel cells, many techniques have
been used to diagnose or characterize cells in situ or ex situ. The following
sections will discuss the techniques widely used for PEM fuel cell diagnosis.
This chapter will not provide in-depth coverage of the principles and instru-
mentation of well-known techniques, but it will mainly focus on their appli-
cations in PEM fuel cell testing and diagnosis.

3.3.1. Cyclic Voltammetry
3.3.1.1. CV Technique and Instrument

CV is a widely employed potentiodynamic electrochemical technique that can
be used to acquire qualitative and quantitative information about electro-
chemical reactions, including electrochemical kinetics, the reversibility of
reactions, reaction mechanisms, electrocatalytic processes, and other features.
This technique uses an instrument called a potentiostat, an example of which
is the Solartron 1287. The measurement is normally conducted in a three-
electrode configuration or electrochemical cell containing a working electrode,
counter electrode, and reference electrode. The electrolyte in this electro-
chemical cell is a liquid solution or solid membrane. During CV measurement,
the potential of the working electrode in the studied system is measured with
respect to the reference electrode, and the potential is scanned back and forth
between specific upper and lower limits. At the same time, the current passing
between the working electrode and the counter electrode is recorded. The
potential is normally linear over time, with a slope, as shown in Fig. 3.2; this

Cyclic Voltammetry Potential Waveform
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FIGURE 3.2 Typical CV potential waveform [1].
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slope is the scan rate of the potential. The current passing though the working
electrode is strongly dependent on the potential scan rate, the status of the
working electrode, and the electrolyte composition. The plot of current vs.
potential is called the cyclic voltammogram, as shown in Fig. 3.3. In this figure,
the CV represents a reversible oxidation—reduction reaction. The upward peak
indicates the oxidation of the active species in the solution, and the downward
peak indicates the species’ reduction. This technique can also be used to study
the surface redox reaction on the working electrode.

The CV technique has been widely used in fuel cell research. The following
sections will address in detail its applications in PEM fuel cell diagnosis.

3.3.1.2. In Situ Characterization of Electrocatalysts in PEM
Fuel Cells

Electrocatalyst and catalyst layer measurements are of importance in the
development of PEM fuel cells. This chapter only addresses in situ CV
measurements in PEM fuel cells. For ex situ measurements, please refer to
Chapter 12 of this book. In situ CV measurement is often the first experiment
performed to evaluate the catalyst activity. To conduct the measurement, the
anode side of the fuel cell, which is catalyzed by a Pt-based catalyst, is flushed
with humidified hydrogen gas and serves as both the counter and reference
electrodes; the cathode side, which is also catalyzed by a Pt-based catalyst (that
may or may not be the same as at the anode), is flushed with humidified
nitrogen (or nitrogen/carbon monoxide (CO) mixed gas in the case of a CO
stripping experiment), and it serves as the working electrode. Because the
kinetics of the HOR is relatively fast, even if some current passes through
the anode, the anode potential may not be significantly changed. Therefore, the
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FIGURE 3.3 Typical cyclic voltammogram. E,. and E,, are the cathodic and anodic peak
potentials, and i and iy, are the cathodic and anodic peak currents, respectively [1].
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anode can serve as a reference electrode and a counter electrode simulta-
neously. In this way, the catalyst and its catalyst layer can be measured to obtain
the electrochemical Pt surface area (EPSA or electrochemical active surface
area). The EPSA normally represents how many active sites within the catalyst
layer are available for the fuel cell reaction (i.e. the ORR) [2-6]. In general, the
higher the EPSA, the more active the catalyst or catalyst layer will be.

Figure 3.4 shows a typical CV curve recorded from a fuel cell catalyst layer
catalyzed by a carbon-supported Pt catalyst. A total of six peaks are apparent on
the CV curve. Peaks 1 and 2 correspond to the hydrogen electroadsorption
induced by the reduction of H" on the Pt(100) and Pt(111) crystal surfaces,
respectively. The process can be expressed as follows:

Pt+H' +e —Pt— Hys 3.0

Peaks 3 and 4 correspond to H; electrodesorption induced by the oxidation
of H to produce H" on the Pt(111) and Pt(100) crystal surfaces, respectively,
and can be expressed as follows:

Pt — Hygs—Pt+H" + ¢~ 3.1

Peak 5 represents oxidation of the Pt surface to form a PtO surface; this
process can be expressed using the following reactions:

Pt+H-O—-H->Pt—O—-H+H"+e (3.III)
Pt—-O-H+H-O—-H—-Pt— (O—H), +H" +e” 3.IV)
Pt— (O—-H),»Pt—O+H-0-H 3.V)

Peak 6 represents the reduction of surface PtO to release the surface Pt,
which can be expressed as follows:

Pt— O+ 2H" +2 —Pt+H-O—H (3.VI)

The Q’ and Q” shown in Fig. 3.4 represent the amounts of charge exchanged
during the electroadsorption (Q’) and desorption (Q”’) of atomic hydrogen on
the active Pt sites. The shadows in Fig. 3.4 represent the contributions of the
“double-layer” charge during electroadsorption and desorption. The EPSA
(mzcatalyst layer g{l Pt) can be calculated according to Eqn (3.2):

On
Pth

EPSA = x 1074 (3.2)

where Qy is the Coulombic charge, with a unit of mC, obtained by averaging
Q’ and Q’’; Lp; is the Pt loading on the working electrode, with a unit of g; and
Oy is the Coulombic charge required to desorb the hydrogen when a clean Pt
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FIGURE 3.4 Typical CV curve recorded on a PEM fuel cell at 80 °C, 3.0 atm, 100% RH. Gore
MEA with an active area of 46 cm?.

surface is covered by a monolayer of hydrogen, its value being 0.21 mC cm >

[2,4,5,7].

Similarly, to determine the anode EPSA, the anode compartment is purged
with humidified N5, and the cathode compartment is flushed with humidified
H,. In this case, the anode serves as the working electrode, and the cathode acts
as both the reference and counter electrodes.

To achieve comparable results for different catalyst layers, EPSA
measurements must be performed identically in terms of the measurement
method, operating conditions, and catalyst layer state, otherwise large vari-
ability in the results can be expected. Of course, this measurement can also be
used to study the effects of different operating conditions on the EPSA.

For a Pt/C-based catalyst layer in PEM fuel cells, according to the three-
phase boundary theory, Pt catalysts that are not in the three-phase reaction zone
are useless in the PEM fuel cell reaction as they are not accessible for reactants,
electrons, or protons; these Pt catalysts are thus “inactive.” To compare
different catalyst layer designs, the Pt utilization (up((%)) can be calculated
according to the following equation:

_ EPSA
" TPSA

where TPSA is the total Pt surface area of the Pt catalyst powder used in the
catalyst layer, and EPSA is measured using the CV technique described above
and calculated according to Eqns (3.2). The TPSA can be calculated from the
average Pt particle size obtained by X-ray diffraction (XRD) experiments or by
high-resolution transmission electron microscopy (TEM) images, based on the

up (%) (3.3)
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assumption that the Pt particle is spherical with a surface area of 47'5;’12,I (rp¢ being
the radius of the Pt sphere) [8]. For example, if the Pt catalyst loading in the
catalyst layer is Lp; (mg cmfzcatalyst layer)» the Pt density is dp (mg cmf‘?’), and the
diameter of each Pt sphere is rp; (cm), the weight of each Pt particle should be

4
gwr%ldpt (mg). If the Pt catalyst loading in the catalyst layer is Lpy, the Pt particle

o 3L _ .
number density in the catalyst layer should be 7:; (cm zca[alyst layer)> Which
T, i)t Pt

3Lp¢

corresponds to a Pt surface area of (cm2 cm_zcatalyst layer); this value is then

rpedpe
divided by the Pt loading in the catalyst layer (Lpy) to get the TPSA, which is

. Substituting this TPSA into Eqn (3.3), the Pt utilization can be alterna-
rpiapt
tively expressed as follows:

EPSA
Upy (%) ==

rpidpy 34

By using Eqn (3.4), if the Pt catalyst particle size and the EPSA are known,
one can estimate the Pt utilization of the catalyst layer. For example, if
EPSA = 400 cm? mgfl, Lpi = 0.2 mg em 2, rpp=2 % 1077 c¢m (2 nm), and
dpy = 21,450 mg cm_3, the Pt utilization is 57.2%. In actuality, there seems to
be no consistency among different reports in the literature, due to differences in
catalyst preparation, fuel cell testing conditions, and measuring methods.

Similar to the hydrogen desorption method, the CO stripping method has also
been used to determine the EPSA in a single fuel cell [6,9,10]. The process is
similar to that described above for EPSA measurement, the only difference
being that the working electrode compartment is flushed with N»/CO mixed gas
instead of pure N, gas. The procedure is as follows: diluted CO (e.g. 0.1%) in N,
gas is supplied to the working electrode compartment (anode or cathode side) at
a constant flow rate while the working electrode potential is held at a constant
value for a certain time (~5-30 min); note that the mixed gas needs to be
humidified before flowing into the working electrode compartment. After that,
the CO/N; mixed gas is switched off, and the compartment is purged with pure
N, gas to remove all CO traces from the gas phase. After 5-30 min of purging,
the electrode potential is scanned from a holding potential to the highest
potential limit, then back to the lower limit, at a scan rate of >5 mV s~ Nor-
mally, two CV cycles are collected. The CO stripping value is determined from
the first cycle, by using the second cycle as the baseline. Figure 3.5 shows two
CV curves with (first cycle) and without (second cycle) a CO-adsorbed layer,
obtained on Pt/C in the cathode of an MEA [10]. The figure shows a peak at
a potential of about 0.78 V in the first cycle, which represents the electro-
oxidation of the CO that was adsorbed on Pt sites. The disappearance of the
hydrogen desorption peak in the low potential range indicates that all the Pt
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FIGURE 3.5 Typical CO stripping voltam- 80
mogram of the cathode in a MEA. Cell o —_ st
temperature: 30 °C (fully humidified); CO E 60 —2nd
adsorption potential: 0.3 V; sweep rate: g
20mVs~'. The filled area represents the E 40 Qco
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(Qco) [10]. (For color version of this figure, 2 20
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this book.) o
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surfaces were covered by adsorbed CO. However, the hydrogen desorption peak
can be observed in the second cycle because the Pt surface recovered after the
adsorbed CO was removed by electrooxidation in the first cycle. The CO
removal process in the first cycle can be expressed as follows:

Pt — CO + H,O—Pt + CO, + 2 + 2H" (3.VI)

The shadow of the peak in Fig. 3.5 represents the amount of charge (Qco)
required to remove the adsorbed CO, which can be obtained by integrating the
peak. When measuring this charge, the charges caused by the double layer and
by Pt oxide formation have to be subtracted, which can be done using the
second cycle as a baseline for subtraction. The EPSA can be calculated thus:

Oco
0.484Lp,

where Lp; is the Pt loading and 0.484 (with a unit of mC cm ™ ?) represents the
charge required to oxidize a monolayer of CO on a smooth Pt surface [2,5,11].

It should be noted that the EPSA calculated from CO stripping is often not
consistent with that obtained from hydrogen desorption [5,6], due to the
complexity of CO adsorption on a Pt surface, the effect of impurities during CO
adsorption, and differences in the state of the Pt surface. For example,
Vidakovic, et al. [6] characterized a fuel cell catalyst in situ using CO stripping
and calculated the EPSA. CO adsorption was performed by flowing 0.1% CO in
Ar at a flow rate of 140 ml min~" through the working electrode compartment
at 0.0 V vs. Ag/AgCl. Different adsorption times were used to confirm the
achievement of saturated CO coverage. After CO adsorption, the gas was
switched to N, to purge the system for 30 min, removing all CO traces from the
gas phase. Then, the potential was scanned between 0 Vand 1.2 V vs. Ag/AgC.
Figure 3.6 shows the CO stripping voltammograms obtained on a Pt-based
MEA with different CO adsorption times.

As shown in Fig. 3.6, the CO stripping peak potential occurs at 0.536 V vs.
Ag/AgCl. High CO coverage was obtained with 1 min of CO adsorption, and

EPSA = (3.5)
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FIGURE 3.6 CO stripping voltammograms of unsupported Pt-based MEA after CO adsorption at

0.0 V vs. Ag/AgCl for different adsorption times. During CO stripping, N, was flushed through the

working electrode compartment at a flow rate of 120 ml min~'. Potential scan rate: 50 mV s~ ';

room temperature [6].

a saturated CO monolayer was achieved after 15 min of CO adsorption. The
charge amount, Qco, was obtained by integrating the CO stripping peak from
0.325 to 1.2 V vs. Ag/AgCl, and then the Pt surface area was obtained, which
was larger than what had been obtained from hydrogen desorption. On
considering the different modes of CO bonding on the surface of Pt—linear
bonding and bridge bonding—one finds that an even higher value would be
expected if all the CO was bridge bonded.

3.3.1.3. Linear Sweep Voltammetry

Linear sweep voltammetry (LSV) is an electrochemical technique that is similar
to CV. The current on a working electrode generated by the reduction or
oxidation of active species can be monitored during the linear scanning of
potential between a working electrode and a reference electrode. The difference
between CV and LSV is that the LSV potential scan is one directional, from an
initial point to an end point, whereas the CV scan is two-directional, from an
initial point to an end point and back to form a potential cycle. LSV is often used
to measure the rate of hydrogen crossover, which is the undesirable transport of
hydrogen across the membrane in a PEM fuel cell. Hydrogen crossover can have
negative effects on PEM fuel cells [12], such as reduced fuel efficiency, catalyst
layer and membrane degradation [13-16], and decreased PEM fuel cell OCV
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[17]. Thus, the measurement of hydrogen crossover plays an important role in
PEM fuel cell diagnosis and the development of new membrane materials.
One example of hydrogen crossover measurement using LSV was presented
by Song et al. [18]. Ultrahigh-purity hydrogen was supplied to the anode of
a PEM fuel cell (the MEA, with an active area of 25 cm?, was made from
a Nafion®-112 membrane), and ultrahigh-purity nitrogen was supplied simul-
taneously to the cathode of the fuel cell. The flow rates for both H, and N, were
controlled at 200 ml min~"' with their respective mass flow controllers. The
cathode acted as the working electrode, and the anode served as both the
reference and counterelectrodes. The potential was swept from 0.01 to 0.50 V vs.
RHE (reversible hydrogen electrode) at a scan rate of 4 mV s with a poten-
tiostat (Solartron SI 1287), and the current generated at the cathode was moni-
tored. Since no other substance was introduced into the cathode except Ny, all the
current at the cathode was generated by the electrochemical oxidation of
hydrogen that had crossed over from the anode to the cathode. Due to the high
overpotential, up to 0.5V vs. RHE, all the crossed over hydrogen could be
oxidized and the current in the potential range of 0.35-0.50 V could be treated as
a “limiting current.” The LSV tests were performed with four sets of different
conditions in terms of cell temperature (7¢e1), anodic RH (RHp4e), and cathodic
RH (RH_,hode)- Each condition was abbreviated as Teejl/RHanode/ RHcathode; for
example, 80 °C/100%/75% represented 80 °C cell temperature, with 100% and
75% anodic and cathodic RH, respectively. Figure 3.7 shows the LSV results for
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FIGURE 3.7 LSV of Nafion®-112 membrane-based MEA under four conditions [18]. The
conditions are denoted using Tien/RHqnode/ RHcathode and were 25 °C/100%/100%, 80 °C/100%/
75%, 100 °C/70%/70%, and 120 °C/35%/35%. Scan rate: 4 mV s’l; potential range: 0.01-0.50 V;
gas flow rates: 200 ml min~' pure H, on the anode and 200 ml min~' N, on the cathode.
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the four conditions. In each case, there is a hydrogen desorption peak on the Pt
surface and a plateau on the LSV curve in the potential range of 0.05-0.5 V vs.
RHE. The current density caused by hydrogen crossover was determined using
the plateau current density at the high potential end, where the current density
was limited by the hydrogen transported across the membrane. The contribution
of the double layer could be neglected at the high potential end. The current
densities caused by hydrogen crossover were 0.6, 1.3, 1.1, and 1.3 mA cm 2
under the conditions of 25 °C/100%/100%, 80 °C/100%/75%, 100 °C/70%/
70%, and 120 °C/35%/35%, respectively. A similar method was used by Ramani
et al. [19] to measure hydrogen crossover through MEAs made from different
membranes and to check for electronic shorts. With this same method, Kocha
et al. [20] studied the effects of operating conditions, such as temperature, gas
pressure, and gas RH, on hydrogen crossover.

This method can also be used to measure the crossover of oxygen across the
membrane. But the difficulty here is the lack of a reference electrode. Thus,
a special cell design is required to incorporate a reference electrode.

3.3.2. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS), also known as AC impedance
spectroscopy, is a very powerful technique for characterizing the behaviors of
electrode—electrolyte interfaces. Initially, EIS was used to determine double-
layer capacity; subsequently, it has been used for more complicated processes,
such as metal corrosion [21-24] and electrodeposition [25-27], and to char-
acterize the electrical properties of materials and interfaces. With the devel-
opments in PEM fuel cells during recent years, EIS has been widely used for
PEM fuel cell diagnosis and the electrochemical characterization of PEM fuel
cell materials and components [17,28-35].

EIS measurement includes ex situ and in situ measurement. Ex situ
measurement is used mainly to characterize fuel cell materials and components
[3640], such as the catalyst, membrane, and bipolar plates. As such, it is
a helpful tool in the screening, designing, and development of PEM fuel cell
materials and components. In situ measurement is often used to diagnose
a single PEM fuel cell [17,28,31,34,35] or a cell stack [30-32] under actual
operating conditions. The information obtained from this diagnosis is helpful
for PEM fuel cell designing and the optimization of operating conditions.

The theory and principles of EIS are beyond the scope of this chapter, but
they can be found in some textbooks and other references [41]. In this chapter,
we focus mainly on the diagnostic applications of EIS in PEM fuel cells. Using
typical examples, the following sections will discuss these applications.

3.3.2.1. EIS Measurement and Instrument

As a powerful diagnostic tool, one of the important advantages of EIS is the
possibility of using very small AC amplitude signals to determine electrical
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characteristics without significantly disturbing the properties of the measured
system. During EIS measurement, a small AC amplitude signal, usually
a voltage or current signal in the range of 1-5% of the DC value, is applied to the
DC voltage or current over a frequency range of 0.001-36,000,000 Hz. Then the
EIS instrument records the impedance response from the system, from which
plots of the signals can be obtained. The most widely used plots are the Nyquist
plot and the Bode plot. The Nyquist plot describes the relationship between the
imaginary resistance/impedance vs. the real resistance/impedance, as shown in
Fig. 3.8 [42]. The Bode plot describes the relationship between the resistance
and the phase angle as a function of frequency, as shown in Fig. 3.9 [33].
Depending on the control modes, EIS measurement can be classified into
voltage control mode (potentiostatic mode) and current control mode (galva-
nostatic mode). In the voltage control mode, an AC voltage signal (usually
5-50 mV) is applied to disturb the electrochemical system, and the current
response is measured to obtain the system impedance. In this method,
a frequency response analyzer (FRA, e.g. Solartron 1260A) and an electro-
chemical potentiostat (e.g. Solartron SI 1287) are often used. Similarly, in the
current control mode, an AC current signal (usually 5-50 mA) is applied to
disturb the electrochemical system, and then, the voltage response is measured
to obtain the system impedance. Usually, EIS can be measured in both voltage
control and current control modes without any significant differences in the
results. However, the current and/or voltage are often limited by the poten-
tiostat. For example, the maximum current with the Solartron 1287 potentiostat
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FIGURE 3.8 Nyquist plot for the indicated simple RC circuit, where Ropmic=0.01 Q,
R =0.1Q, and C4; = 0.02 F. For clarification, three frequencies (10%, 10%, 10" Hz) are labeled in
the plot [42].
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FIGURE 3.9 Comparison of EIS measurements (Bode plots) of a Nafion® 1135-membrane-based
MEA made with carbon-supported (60 wt.% Pt) catalyst and 20 wt.% Nafion®, operated with H,/O,
(0O) and with Hy/air (O) at 500 mA cm ™2 [33]. MEA active area: 9 cm?; cell temperature: 80 °C;
pressure: 2.0 atm; H, and air flow rates: 100 ml min~' and 300 ml min~"', respectively. (For color
version of this figure, the reader is referred to the online version of this book.)

is 2 A, or a 25 A current limitation with a power booster. Thus, an electronic
loadbank is required to measure the EIS of a PEM fuel cell stack or an MEA
with a large active area under high current. Tang et al. [43] developed a method
of EIS measurement under high current using an FRA and an electronic
loadbank (TDI RBL 488 series) that can be externally controlled with a signal.
The connections between the FRA, loadbank, and fuel cell are depicted in
Fig. 3.10 [43].

As shown in Fig. 3.10, the port “Gen Output” on the front panel of the FRA
connects with the “REM” and “S—"" ports on the rear panel of the loadbank.
“V1 HI” and “V1 LO” connect with the “CS” and “S—"" ports, respectively. The
“V2 HI” port on the FRA and “E+" port on the loadbank connect with the fuel cell
cathode, and the “V2 LO” port on the FRA and “E—"" port on the loadbank
connect with the fuel cell anode. During EIS measurement, the signal generated
by the FRA is applied to the loadbank via the connections among the “Gen
Output,” “REM,” and “S—"" ports to control the fuel cell. This signal includes AC
and DC, with the AC signal superimposed on the DC signal. The AC signals are
then fed back to the FRA, and impedance signals are recorded via a program
(e.g. ZPlot®).
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FIGURE 3.10 Connections between FRA (Solartron 1260), programmed electronic loadbank
(TDI RBL 488 series), and fuel cell during EIS measurements [43].

EIS data can be analyzed by modeling or fitting the impedance spectrum
with an equivalent circuit to extract the physically meaningful properties of the
studied system. However, the design of the equivalent circuit is very important,
and sometimes, the complexity of the PEM fuel cell system makes this process
difficult. Depending on the shape of the EIS spectrum, the equivalent circuit
model is usually composed of resistors (R), conductors (L), and capacitors (C),
which are connected in series or in parallel, as shown in Fig. 3.11; in this
equivalent circuit, Ry, Ry, and Ry represent the membrane resistance, charge
transfer resistance, and mass transfer resistance, respectively, and CPE; and
CPE, represent the R, and Ry, associated capacitances, respectively.

After the equivalent circuit is designed, it can be used to fit the EIS spectra,
with a program called ZView®. The quality of the fitting can be judged by how
well the fitted curve overlaps with the original spectrum.

3.3.2.2. Membrane Conductivity Measurement

As one of the key components in PEM fuel cells, the membrane is a hot topic
for research and development. It is well known that membrane conductivity

FIGURE 3.11 An equiv- Re Rmt

alent circuit for EIS spec- Rm _|—}_
trum modeling of PEM fuel .
cells [43]. I I I I

CPE; CPE:
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plays an important role in determining PEM fuel cell performance; hence,
measurement of membrane conductivity is a necessary step in membrane
research and development. A convenient method is to use ex situ AC imped-
ance with two or four probes. This measurement method is given detailed
coverage in Chapter 5.

3.3.2.3. EIS Measurement at OCV

It is well known that fuel cell performance is mainly determined by the cathodic
ORR, due to its sluggish electrode kinetics as compared to the HOR at the
anode. Thus, a study of this kinetics to determine the ORR exchange current
density at OCV is necessary, and can be carried out via measuring the
impedance at fuel cell OCV.

Zhang et al. [17] developed a method to measure the impedance at fuel cell
OCYV and then calculated the exchange current density of the ORR. Their study
used a Nafion®-112-membrane-based MEA with an active area of 4.4 cm?. The
fuel cell was operated at different temperatures, 3.0 atm, with fully humidified
H; and air as the fuel and oxidant, respectively. The flow rates of H, and air
were 0.1 L min~' and 1.0 L min~"', respectively. Their EIS measurements at
OCV involved a Solartron FRA 1260 and a Solartron 1287 potentiostat. During
the measurement process, both the working probe and the reference 2 probe of
the potentiostat were connected to the cathode, and the counter and reference
1 probes were connected to the anode. A 5 mV AC voltage was used to perturb
the fuel cell in the frequency range of 0.1-7000 Hz. The AC impedance spectra
were recorded using ZPlot® software. Figure 3.12 presents a typical Nyquist
plot obtained at OCV, which shows a semicircle. The resistance demonstrated
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FIGURE 3.12 A Nyquist plot of a PEM fuel cell operated at OCV, 80 °C, 3.0 atm, and 100%
RH. MEA: Nafion®-112-membrane based with an active area of 4.4 cm?. High-purity hydrogen
and air were used for the fuel and oxidant, respectively [17].
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by the semicircle represents the charge transfer resistance for the electrode
reactions at PEM fuel cell OCV, designated as RgCV. This resistance actually
includes two portions: the charge transfer resistance for (1) the anodic reaction
and (2) the cathodic reaction at OCV. The intercept of the semicircle at the real
resistance (Z’) axis represents the fuel cell’s ohmic resistance, which is
dominated by membrane resistance. The equivalent circuit shown in Fig. 3.12
was used to fit the Nyquist plot. R, represents the membrane resistance; R, and
R, are the charge transfer resistances for the cathodic and anodic electrode
reactions, respectively; and C. and C, are the capacitances accompanying R,
and R,, respectively. As the kinetics of the HOR is much faster than that of the
ORR, R, is much smaller than R (R, << R.). So, R, can be neglected, and R,
can be treated as RgCV or Rgg\éz (charge transfer resistance for the ORR at
OCV). According to the Butler—Volmer equation, at fuel cell OCV the cathodic
overpotential 1. can be described using Eqn (3.6) [17].

RT
naoFid "¢

Ne = (3.6)
where 7). is the cathode overpotential at fuel cell OCV, [ is the cathodic current
density, R is the universal gas constant (8.314 J mol~' K™"), T is the thermo-
dynamic temperature in Kelvins, n,0 is the electron transfer number in the rate-
determining step of the ORR, F is Faraday’s constant (96,487 C mol '), and i‘(’)2
is the apparent exchange current density of the ORR, with a unit of A cm™~.
As the AC impedance measurement at OCV was performed using a very
small AC disturbing voltage (5 mV), and based on the above discussion, the
obtained R?t(—:\(/)z can be expressed as in Eqn (3.7) by differentiating Eqn (3.6):

ooy _ on. RT
O Bl naoFid,

3.7

Since n,o is known to be 2, the i"o2 can be calculated using Eqn (3.7) if
Rg% can be obtained through EIS measurement at OCV. Thus, the apparent
exchange current densities for the ORR at different temperatures were obtained
by this method and are listed in Table 3.1, where it can be seen that the value
increased with increasing temperature.

KI'ABLE 3.1 Measured Apparent Exchange Current Densities of the ORR \
at 3.0 atm, 100% RH, and Different Temperatures [17]. MEA: Nafion-
112®-Membrane Based With an Active Area of 4.4 cm?

Temperature
()] 23 40 60 80 100 120

i, (Acm™)  1.22x107* 2.43x107* 3.92x107* 4.60x10™* 3.43x10~* 2.24x10™*
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Similarly, the exchange current density of the HOR can also be calculated
using EIS measurement at OCV [28]. In this case, during EIS measurement,
both the anode and the cathode are flushed with hydrogen. The semicircle on
the Nyquist plot at OCV represents twice the charge transfer resistance for the
HOR. The apparent exchange current density of the HOR (i} , A cm~?) can be
calculated with Eqn (3.8): i

RT
ROSY. = 3.8
ct—H, NaH F l.g . ( )
where Rgg\éz is the charge transfer resistance for the HOR at OCV, and n,y is
the electron transfer number of the rate-determining step of the HOR, with
a value of 1.

3.3.2.4. EIS Measurement under Load

As shown in Fig. 1.4 of Chapter 1, under a load, PEM fuel cell performance is
determined by four voltage losses: the voltage loss caused by mixed potential
and hydrogen crossover, which is related to the Pt catalyst status and the
membrane properties; the activation loss, which is related to the electrode
kinetics; the ohmic loss, which is determined by ohmic resistance; and the
voltage loss caused by mass transfer, which is affected by the characteristics of
the gas diffusion layer and catalyst layer. The voltage loss caused by mixed
potential and hydrogen crossover will be discussed in detail in Chapter 7. The
activation loss, ohmic loss, and mass transfer loss can be calculated from the
charge transfer resistance, ohmic resistance, and mass transfer resistance,
which can be determined by EIS measurement and simulation.

Zhang et al. [28] studied the temperature effect on fuel cell performance
with H3PO4-doped polybenzimidazole (PBI)-membrane-based MEAs, using
EIS as a diagnostic tool. During EIS measurement, a Solartron 1260 FRA and
a TDI RBL 488 series programmable loadbank were used to control the PEM
fuel cell loads. EIS measurement was performed in the temperature range of
120-200 °C with H; and air as fuel and oxidant, respectively. The flow rates of
H, and air were controlled by their respective mass flow controllers, with
stoichiometries of 1.5 and 2.0 for Hy and O;, respectively. The impedance
spectra at different current densities and temperatures were recorded in the
frequency range of 0.01-100,000 Hz using ZPlot® software. Figure 3.13 shows
the Nyquist plot of an H3PO4-doped PBI-membrane-based PEM fuel cell
operated at 140 °C and ambient pressure with a current density of 0.2 A cm™>
[28]. Two semicircles appear on the EIS spectrum, one in the high-frequency
range and the other in the low-frequency range. The resistance represented by
the semicircle in the high-frequency range is the charge transfer resistance (Ry)
for electrode reactions, which is dominated by the ORR in the low current
density range. The resistance represented by the semicircle in the low-
frequency range is the mass transfer resistance (Ry,) of the reactant gases. The
intercept of the EIS spectrum at the real resistance axis for 3162 Hz represents
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FIGURE 3.13 Nyquist plot of an H;PO4-doped PBI-membrane-based PEM fuel cell operated at
140 °C and ambient pressure with a current density of 0.2 A cm™ 2. MEA active area: 2.6 cm?; total
Pt loading in the MEA: 1.7 mg cm™ % stoichiometry of H, and O, (in the air stream): 1.5 and 2.0,
respectively [28].

the ohmic resistance, which is dominated by the membrane resistance (R,), and
the intercept at 0.25 Hz represents the total resistance for the fuel cell electrode
reactions. To simulate the charge transfer resistance and mass transfer resis-
tance values, the equivalent circuit shown in Figure 3.13 was used, along with
ZView® software. By this method, the Ry, R, and Ry values of the operated
PBI-membrane-based PEM fuel cells were determined at different current
densities in the temperature range of 120-200 °C. It was found that the
membrane resistance decreased with increasing temperature, indicating that the
membrane conductivity increased with increasing temperature. It was also
found that the charge transfer resistance decreased with increasing temperature,
suggesting that the electrode kinetics was enhanced at higher temperatures.
However, the mass transfer resistance increased with increasing temperature.
The authors attributed this to a tradeoff effect between the gas diffusion change
and the gas solubility change in the catalyst layers, both of which are
temperature dependent. As the temperature increased, gas diffusion increased,
which decreased the gas transfer resistance. Meanwhile, the gas solubility in
the proton ionomers of the catalyst layer decreased with rising temperature,
which boosted the gas transfer resistance. The increasing effect on mass
transfer resistance can exceed the decreasing effect, resulting in an overall
increase in mass transfer resistance with temperature.

As discussed above, EIS can be successfully used to diagnose operating
PEM fuel cells under loads. Using this method, the authors also studied the
effects of temperature [28,43-45], gas stoichiometry [28], RH [34,35], and
operating backpressure [46] on fuel cell performance. In situ EIS has also been
widely used as a diagnostic method to study PEM fuel cell contamination, such
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as in studies of toluene contamination [47—49], metal ion contamination
[50,51], CO poisoning on Pt catalysts [52,53], and NH3 contamination [54,55].

3.3.3. Current and Temperature Mapping

The uniform distributions of both temperature and current over the entire MEA
of a PEM fuel cell play a critical role in determining performance, durability,
and reliability. These uniformities can be measured by mapping the current and
temperature distributions of an operating PEM fuel cell across the entire MEA
active area. However, current generation is always accompanied by heat
production, so it is better to measure the temperature distribution and current
distribution simultaneously across the whole MEA active area.

3.3.3.1. Current Mapping

Many approaches have been developed to measure current distribution, such as
using a partial MEA, subcells, segmented cells/plates, printed circuit boards
(PCBs), and other methods. The partial MEA approach uses several small
MEAs across the whole active area, as shown in Fig. 3.14 [56]. Each of them is
located at a different section of the entire active area; in this way, the total cell
performance is the sum of all the cells’ individual performance values. This
method is very simple to implement. However, its disadvantage is obvious: all
the MEAs must be identical in their electrical, transport, and kinetic properties.

In the subcell approach, several subcells are placed at specific locations in
a whole MEA. All the subcells are isolated from each other and from the main
cell. Figure 3.15 shows the circuit diagram of a main cell-subcell arrangement
[56]. Each subcell and the main cell are controlled by their respective load-
banks, allowing independent adjustment of their respective loads during
operation. This method can provide a good understanding of the current
distribution along the active flow field. However, MEA assembly and flow field
manufacture for the subcell approach are complicated and difficult to achieve.

Segmented cell methods combined with other techniques (such as EIS, CV,
and others) have been widely used for in situ diagnosis of an operating PEM
fuel cell to obtain direct information about not only current distribution but also
other phenomena occurring inside the cell. The segmented approach can be
carried out with different operating conditions [57], electrode structures [58],
and electrode configurations [59]. The basic idea is to divide a cell or cell
component into parallel, conductive segments that are electrically insulated
from each other. The segmented approach can be classified into several tech-
niques according to their different designs, such as segmented electrodes
[56,60,61], segmented current collectors [57,59,62,63], and segmented flow
field plates [58,64—68].

Noponen et al. [66] measured the current distribution in a free-breathing
PEM fuel cell using a designed cell structure with segmented cathode flow field
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FIGURE 3.14 Sketch of MEA design showing active cathode areas in the partial MEA
method [56].

plates. Figure 3.16 shows the structure of the designed cathode-side flow field
plate, and Fig. 3.17 shows the cross-sections of the flow field plate. With this
method, the current distribution in the PEM fuel cell was successfully measured
at different temperatures. The weakness of this approach is that it is difficult to
achieve good contact between the current collector pins and the gas diffusion
layer [66,69].

Hakenjos et al. [65] designed a cell in which the anode flow field was
segmented and the anode gas diffusion layer was partially segmented. All the
segments were connected with their respective current lines and voltage
sensors. Infrared (IR) thermography was used to record the temperature of each
segment so as to measure the temperature distribution through the active area.
With this designed cell, it was possible to measure current, temperature
distribution, and flow field water flooding simultaneously.
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FIGURE 3.15 Circuit diagram of the main cell-subcell arrangement. L,,,, L;, and L, denote the
loadbanks for the main cell and the subcells, respectively. Additional sensing wires (two for each
subcell) are omitted for clarity [56].

The PCB technique was used to make a segmented electrode as early as in
1977 [70]. Brown et al. [71] adopted this method to make a segmented elec-
trode to examine local mass transport in a commercial laboratory electrolyzer.
Cleghorn et al. [72] pioneered the method of using the PCB technique to make
a segmented cell for measuring the current density in PEM fuel cells. Their
designed fuel cell consisted of a segmented anode and a PCB current collector/
flow field plate with serpentine flow channels, as shown in Fig. 3.18.
Figure 3.19 shows the PCB segmented electrode with the current and voltage
sensing lines fed from the eighteen segments to the edges of the PCB. With this
PCB segmented electrode, the current distribution within the active area can be
conveniently measured; plus, the PCB segmented cell is simple to assemble and

Aluminum end plate PVC flow-field plate

Aluminum end plate
Gold-plated stainless B
steel current collector

Current collector height
adjustment screws

PVC flow-field plate

2N

FIGURE 3.16 The left-hand figure illustrates a flow field plate and current collectors, and the
right-hand figure shows the corresponding end plate and adjustment screws [66].
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FIGURE 3.17 Cross-sections from a segmented cathode flow field plate. Left is the vertical cut and right is the horizontal cut. [66].
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FIGURE 3.18 Photograph of a PCB segmented electrode with a seven-channel serpentine flow
field current collector used on the anode side of the cell (a) and a close-up of the PCB (b), showing
the flow channels [72].

easy to enlarge, as it does not require the MEA to be segmented into different
electronically isolated sections.

Similar to PCB technology, a current distribution measurement gasket was
designed by Sun et al. [63] and used to study the influence of operating
conditions on the current distribution in a PEM fuel cell. They created a special
current distribution gasket with current measuring strips, which consisted of
a gasket with the pattern of the flow field used in the fuel cell. Epoxy resin and
glass cloth served as the gasket substrates, its top surface was plated with
copper and gold, and the measuring strips extended out of the cell, for indi-
vidual current measurement. The gasket was inserted between the flow field
plate and the gas diffusion layer. With this gasket, they successfully investi-
gated the effects of operating temperature, pressure, gas flow rate, and RH on
the current distribution.

3.3.3.2. Temperature Mapping

Heat is always generated during fuel cell operation, due to the intrinsic ther-
modynamics of the electrode reactions, hydrogen crossover, and the fuel cell’s

{

FIGURE 3.19 Photograph of the reverse side (a) and close-up (b) of a PCB segmented electrode,
showing the current and voltage sense lines fed from the eighteen segments to the edges of the
board [72].
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internal resistance. Indeed, temperature plays an important role in determining
the performance, durability, and reliability of a PEM fuel cell because it can
affect water management, catalyst activity, and mass transfer. If the tempera-
ture is too high, dehydration of the membrane and other components can occur,
but if the temperature is too low, the reaction kinetics will slow down and water
condensation in the catalyst layer or flow channels will become severe. Both
these conditions will result in performance degradation and in some cases even
fuel cell failure. Therefore, the heat generated in a PEM fuel cell is required to
maintain the operating temperature at a safe level. Similar to current distri-
bution, the temperature is usually not distributed homogeneously over the
whole active area of the MEA, due to MEA nonuniformity, mass transfer, cell
structure, and other factors. Measurement of temperature distribution in a PEM
fuel cell is very important for optimizing fuel cell design and MEA fabrication
so as to avoid hot spots, which will lead to degradation of the membrane,
catalyst, and MEA structure.

In recent years, IR imaging has been successfully used to measure the
temperature distribution in an operating PEM fuel cell. Hakenjos et al. [65]
used IR thermography to record the temperature distribution over the active
area in a segmented cell. Wang et al. [73] designed an experimental fuel cell
with a barium fluoride window that was transparent to IR light and was applied
to close the anode gas channel, as depicted in Fig. 3.20. Via IR imaging
technology, the temperature distribution over the MEA surface beneath the
entire flow channel was measured. Similar studies were also conducted by
Shimoi et al. [74] and Kondo et al. [75]. In a separate study, Kondo et al. [75]
examined the influence of flow field design on temperature distribution using
a calcium fluoride crystal as the IR-transparent window.

Wilkinson et al. [76] developed a technique to measure temperature distri-
bution in an operating PEM fuel cell using microthermocouples embedded on
a flow field plate. The locations of the microthermocouples were based on the
layout of the cathode flow field, as shown in Fig. 3.21. Their results indicated that
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FIGURE 3.20 Structure of an experimental PEM fuel cell with a barium fluoride window for
temperature measurement via IR imaging technology [73].
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FIGURE 3.21 Locations of
thermocouples embedded on an
anode plate. The locations of
these thermocouples were based
on the cathode flow field (e.g.
thermocouple no. 2 is near the
inlet of the cathode flow field)
[76]. (For color version of this
figure, the reader is referred to
the online version of this book.)

the local temperature at specific experimental conditions correlated well with the
local current density determined by the partial MEA approach [56]. This sug-
gested that current distribution over the active area of the MEA in a PEM fuel
cell can be determined via the temperature distribution measurement.

3.3.4. Transparent Cell, X-ray Imaging, and Neutron Imaging
for Water Flow

Water management plays a critical role in achieving good fuel cell performance.
Too much water inside the fuel cell may cause “water flooding,” the phenomenon
of liquid water or water droplets blocking reactant gas transport, resulting in
a sharp decrease in fuel cell performance. However, too little water will lead to
dehydration of the PEM, which will also result in low fuel cell performance.
Therefore, itis important to characterize the water transport inside a PEM fuel cell
to optimize cell operating conditions, MEA fabrication, and flow field design.

3.3.4.1. Transparent Cell

Transparent fuel cells [77-84] are widely used to characterize the water removal
process on the flow field of a PEM fuel cell. As they allow optical access to the
flow field, one can observe the formation of water droplets and the water removal
process in the flow channels. A transparent cell usually includes a transparent
plastic end plate, a copper plate to serve as the current collector, and a flow field
plate on the anode side, cathode side, or both, as shown in Fig. 3.22. For the test
setup, a high-speed camera is required to record the status of liquid water in the
flow channels. Thus, water flooding at different stages or under various condi-
tions can be recorded, as shown in Fig. 3.23 [81]. In this way, the visualization of
water transport and removal in a transparent cell can be used to optimize the
operating conditions, the structural designs of the flow field and gas diffusion
layer, and the screening of materials for the gas diffusion layer.
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FIGURE 3.22 Depiction of a typical transparent PEM fuel cell [77]. (For color version of this
figure, the reader is referred to the online version of this book.)

3.3.4.2. X-ray Imaging

X-ray imaging is a transmission-based technique in which X-rays from a source
penetrate the target object and are detected on its opposite side. This technique
(which includes X-ray tomography and X-ray radiography) has been widely
used in clinical applications to diagnose physical disease. Recently, it has also
been used to measure water distribution in a PEM fuel cell because it has strong
potential for visualization with high temporal and spatial resolutions. Lee at al.

hssiirae .

clogged channel

FIGURE 3.23 Photographs of water flooding status for a flow channel at different stages:
(6) 5 min, (7) 25 min, and (8) 30 min of operation with a hydrophobic diffusion layer [81].



Chapter | 3 Techniques for PEM Fuel Cell Testing and Diagnosis

[85] and Mukaide et al. [86] successfully investigated the water distribution in
a PEM fuel cell using X-ray imaging. Sinha et al. [87] quantified the liquid
water saturation in PEM fuel cell diffusion media using X-ray micro-
tomography. Fluckiger et al. [88] studied liquid water in the gas diffusion layer
of a PEM fuel cell using X-ray tomographic microscopy. Kruger et al. [89]
visualized water distribution in the gas diffusion layer and flow channels of
a PEM fuel cell subsequent to operation, using synchrotron X-ray tomography.
They analyzed the water distribution section by section, as shown in Fig. 3.24
[91], and demonstrated that the gas diffusion layer areas under the rib were
filled with water, whereas those under the channel were almost free of water.
Synchrotron X-ray tomography is a powerful tool to investigate the water
distribution in an operating PEM fuel cell on a microscopic scale.

3.3.4.3. Neutron Imaging

Neutron imaging is one of the promising methods developed in recent years to
conduct in situ diagnosis of PEM fuel cells. This method is based on the
sensitivity of neutrons to hydrogen and is used to monitor hydrogen-containing
compounds, such as water. Since Bellow et al. [90], in 1999, successfully
demonstrated the use of neutron imaging to study the water distribution in
a PEM fuel cell membrane, this technique has been used for in situ monitoring
of (1) the production, transport, and removal of water throughout an operating
PEM fuel cell [91-94] and (2) water in-plane and through-plane distributions
[92], as well as for measuring membrane hydration [95]. Figure 3.25 shows
a schematic of the neutron imaging technique for membrane hydration
measurement. In this process, a heavy water reactor is used as the neutron

FIGURE 3.24 Sketch with slide positions of a cathodic gas diffusion layer. Section A is located
in the flow field structure, whereas sections B-D represent slices in the gas diffusion layer
substrate (left). Water agglomerations were visualized in each section [89].
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FIGURE 3.25 The BT-6 (beam tube 6) imaging facility at the National Institute of Standards and Technology Center for Neutron Research uses a heavy water
reactor as the neutron source [95]. (For color version of this figure, the reader is referred to the online version of this book.)
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FIGURE 3.26 Neutron images of a 50-cm? fuel cell showing (a) the cell construction, gas ports,
and active area (outlined in white) and (b) a colorized image showing the active area outlined in
red. Red, orange, and green correspond to maximum water, blue and black to minimum water [96].
(For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this book.)

source. The neutron beam is processed through collimators, filters, an aperture,
and an evacuated flight tube. The neutrons pass through the target and bombard
a scintillating screen. Each collision with the screen triggers a nuclear reaction,
emitting visible light. Images of the illuminated scintillating screen are
captured with a Varian PaxScan 2520 amorphous silicon detector.

Hickner et al. [96] studied the liquid water distribution in an operating PEM
fuel cell via a real-time neutron imaging technique. Figure 3.26 shows neutron
images of their experimental cell and the MEA active area. The process of
water generation and accumulation was recorded using real-time images, as
shown in Fig. 3.27. Initially, the color is dark and blue, representing minimal

Os 140s 280 s

420 s 560 s 700s

FIGURE 3.27 Images of increasing water content in a PEM fuel cell during a current step from
0 to 1500 mA cm 2 occurring at time 30 s. Cell temperature: 80 °C; 100% RH gas feeds; 1.4-bar
gauge outlet pressure; 1140 std cm’ min~! H,; 2700 std cm’ min~" air [96]. (For color version of
this figure, the reader is referred to the online version of this book.)
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water. This is because the cell was at open circuit status. At 140 s, liquid water
appears. With the cell running continuously, the liquid water accumulates and
then reaches a nearly steady state for some time.

The neutron imaging technique has a high temporal and spatial resolution
and has been verified as a powerful technique for obtaining qualitative and
quantitative information on water content and distribution inside a PEM fuel
cell. However, its application in PEM fuel cells is limited by the need for
a facility that has a neutron source.

3.3.5. Scanning Electron Microscopy

Scanning electron microscopy (SEM) creates an image of a sample by scanning
it with a high-energy beam of electrons. It has been widely used during materials
development to characterize samples in terms of morphology, composition, and
similar qualities. In the development of PEM fuel cells, it has been used to
characterize key materials and components to provide the necessary information
for fuel cell designs. It has also been widely used in the ex situ diagnosis of fuel
cells, usually for characterizing the key components after fuel cell durability
testing to understand fuel cell degradation mechanisms, which are important in
designing MEAs and optimizing operating conditions to improve the durability
of PEM fuel cells. Prasanna et al. [97] studied the effect of MEA fabrication
methods on PEM fuel cell durability by characterizing the cross-sectional surface
of the MEAs before and after durability tests. As shown in Fig. 3.28, the
membrane thicknesses of the MEAs decreased after the durability tests; for
example, the thickness decreased from 42.4 to 29 um for the conventional MEA
after 1000 h of operation. This decrease in membrane thickness is believed to be
caused by hydrogen peroxide produced during the fuel cell electrochemical
reaction. This reduction in membrane thickness after durability testing was also
found by Seo et al. [98] using SEM images of the cross-sectional surfaces of
MEAs. Similar phenomena were also observed in other studies [99] using SEM
to characterize the cross-sectional surfaces of MEAs after operation. Using SEM
images of MEA cross-sectional surfaces, decreases in the thicknesses of both
anode and cathode were also observed [98].

SEM was also used to study Pt migration from the catalyst layer into the
membrane during long-term PEM fuel cell operation. Zhang et al. [99] studied
the effect of hydrogen and oxygen partial pressure on Pt precipitation within
the membrane of a PEM fuel cell after long-term operation under OCV. As shown
inFig. 3.29, abright Pt line or band can be observed on the SEM image of the MEA
cross-sectional surface after 2000 h of operation at OCV. A similar Pt band was
also observed by others after fuel cell operation at OCV [100,101]. Moreover,
SEM also revealed a Pt band during operation of PEM fuel cells under load
[97,98,102]. This phenomenon of Pt migration is considered an important
mechanism of Pt catalyst degradation, namely, Pt surface area loss and Pt
dissolution.
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FIGURE 3.28 Cross-sectional SEM images of MEAs prepared by conventional, catalyst-coated
membrane (CCM), and CCM hot-pressed methods, taken before and after long-term operation. (a)
Conventional—fresh, (b) Conventional—1000 h, (¢) CCM—fresh, (d) CCM—1000 h, (¢) CCM
hot pressed—fresh, and (f) CCM hot pressed—500 h [97].

FIGURE 3.29 Cross-sectional
SEM photomicrograph of an
MEA after operation for 2000 h
at OCV conditions with Hy/air.
Operating  conditions: 80 °C,
100% RH, 150kPa (absolute)
[99].
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3.3.6. Transmission Electron Microscopy

Although similar to SEM, TEM has a much higher resolution. It is often used to
characterize materials to gain microstructural information. In PEM fuel cells, it
is widely used to characterize electrocatalysts and provides useful information
such as the mean size of active metal particles and the particle size distribution
over a whole size range. In PEM fuel cell diagnosis, TEM is often used to
characterize the electrocatalyst after fuel cell operation, and the results are used
to compare the electrocatalyst before and after operation to gain information on
Pt particle changes and carbon corrosion. In this way, both catalyst and support
degradation can be observed. A simple application is the measurement of Pt
particle size. Usually, the Pt particles sinter or aggregate together, resulting in
larger diameters after fuel cell operation, especially after running at higher
temperatures.

As discussed above, after long-term PEM fuel cell operation, Pt dissolution
from the catalyst causes Pt to migrate into the membrane and form a band. TEM
has also been used to study the Pt band in membranes [98,101,103]. For example,
by using TEM, Kim et al. [103] studied the dissolution and migration of Pt after
long-term (>1000 h) operation of a PEM fuel cell under various conditions and
monitored the cross-sectional surface of the MEA. As shown in Fig. 3.30, after
operation at 80 mA cm ™ > under constant-current conditions, Pt dissolution and
migration could be observed at the interface between the cathode and the
membrane, in the membrane, as well as at the interface between the membrane
and the anode. After investigating the Pt band position and the particle sizes in
the band under various conditions, the authors concluded that Pt migrating from
the cathode to the membrane phase underwent repeated oxidation/dissolution by
crossover oxygen, and reduction by crossover hydrogen [103].

3.3.7. X-ray Diffraction

XRD is based on the elastic scattering of X-rays from the electron clouds of the
individual atoms in the system. It is often used to characterize crystal structure,
crystallite size, phase, and preferred orientation in polycrystalline or powdered
solid samples. It can also be used to identify unknown substances by comparing
their characteristic peaks with the standard database for XRD data. In PEM fuel
cells, XRD is widely used to characterize carbon-supported catalysts, detect
their structural properties, and determine the particle size of metal catalysts.
These applications can be found throughout the literature. Figure 3.31 shows
a typical peak on an XRD pattern. The most important parameters of an XRD
peak are peak position (20 angle), peak width (W), and peak intensity (I), but
the half maximum peak intensity (Ijhax/2) and the full width at half maximum
peak intensity (FWHM), as shown in Fig. 3.31, are more useful. The relative
independent peak on the XRD pattern is usually selected and fit with Gaussian,
Lorentzian, or Gaussian—Lorentzian to obtain the 28 angle, I;,,,x/2, and FWHM
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FIGURE 3.30 TEM images of a MEA cross-section after operation at 80 mA cm™> under
constant-current conditions (with air for the first 320 h and oxygen for the additional 170 h): (a)
between the cathode interface and the membrane; (b) in the polytetrafluoroethylene (PTFE) layer;
(c) Between the anode interface and the membrane [103].

values. Then, the particle size can be calculated according to the following
Scherrer equation:

0.92

- Bcos(f) (39)

where D is the average particle diameter in nm; B is the FWHM in radius; and A
is the wavelength, with a value of 0.154 nm for Cu K, X-ray.

In PEM fuel cell diagnosis, XRD is often used to characterize the catalyst or
catalyst layer after fuel cell operation, to determine the Pt particle size and
compare it with the size before fuel cell operation [98].

3.3.8. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic tech-
nique that can be used to analyze the surface chemistry of a material, or measure
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FIGURE 3.31 A typical peak in an XRD pattern. (For color version of this figure, the reader is
referred to the online version of this book.)

the elemental composition, empirical formula, chemical state, and electronic state
of the elements existing in the material. In PEM fuel cells, it has been widely used
in electrocatalyst studies—for example, to determine the electronic structures of
catalysts. For more details on the applications of XPS in fuel cell catalyst studies,
please refer to the review in [104]. Tan et al. [105] used XPS to study the surface
chemistry of elastomeric gasket materials before and after exposure to a simulated
fuel cell environment over time. In this study, a commercial silicon G gasket was
first exposed to a solution consisting of 1 M H;SOy, 10 ppm HF, and reagent-
grade water with a resistance of 18 MQQ, for an accelerated durability test (ADT).
After the gasket was exposed to the ADT solution for a period of time, it was
analyzed using XPS. The results of their study demonstrated that the C/Si ratio in
the silicon G gasket was decreased and the O/Si ratio was increased slightly after
four weeks of exposure in the ADT solution at 80 °C. They attributed this to
the attachment of a methyl group onto the silicon atom, which breaks the chain
in the backbone. They also found changes in another commercial gasket, silicon
S. The changes in the gasket components indicated the chemical degradation of
materials in the simulated fuel cell environment.

3.4. CHAPTER SUMMARY

Testing and diagnosis are very important in evaluating PEM fuel cell perfor-
mance and understanding degradation and failure mechanisms. They can
provide guidelines for optimizing the design and operating conditions of PEM
fuel cells to improve their performance, durability, and reliability, as well as to
develop degradation mitigation strategies. In this chapter, various methods for
PEM fuel cell testing and diagnosis were discussed, and many widely used
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diagnostic techniques were introduced, especially those pertaining to their
applications in PEM fuel cell testing and diagnosis. However, challenges
remain for the further development of fuel cell diagnosis, especially for in situ
diagnosis, to gain a better understanding of operating PEM fuel cells.
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4.1. INTRODUCTION

Temperature is one the most important operating conditions of proton exchange
membrane (PEM) fuel cells, and it can significantly influence cell performance.
Generally, an increase in the temperature can improve performance. In light of
this fact, high-temperature PEM (HT-PEM) fuel cells [ 1-5] operated above 95 °C
(usually 95-200 °C) have recently been developed. This performance improve-
ment at higher temperatures is mainly due to increased membrane proton

PEM Fuel Cell Testing and Diagnosis. http://dx.doi.org/10.1016/B978-0-444-53688-4.00004-8
Copyright © 2013 Elsevier B.V. All rights reserved. 121


http://dx.doi.org/10.1016/B978-0-444-53688-4.00004-8

PEM Fuel Cell Testing and Diagnosis

conductivity [6,7], enhanced electrode kinetics for the oxygen reduction reaction
(ORR) and the hydrogen oxidation reaction (HOR) [1,2,8], and improved mass
transfer of the reactants. In addition, increasing the temperature can also increase
the tolerance of electrocatalysts to contaminants [4,9—-12]. However, higher
operating temperatures can lead to membrane dehydration [3], increased
hydrogen crossover rate [13], and the degradation of components such as elec-
trocatalysts [14,15], gasket materials, and bipolar plates, resulting in a shortened
fuel cell lifetime. Chapter 10 presents a detailed discussion of HT-PEM fuel cells.
This chapter will focus on conventional (i.e. low-temperature) PEM fuel cells that
use perfluorosulfonic acid (PFSA) membranes (e.g. Nafion® membranes) and are
usually operated below 95 °C (typically from room temperature to 80 °C).

In general, fuel cell performance can be affected by several operating
conditions, such as temperature, pressure, and relative humidity (RH). We will
discuss the effects of RH and pressure in Chapters 8 and 9, respectively. In this
chapter, only the temperature effects on the performance of PEM fuel cells will
be discussed in detail.

4.2. ANODE H,; OXIDATION ON PT CATALYSTS

Carbon-supported Pt nanoparticles (e.g. Pt/C) are currently the most efficient
electrocatalysts for the HOR in PEM fuel cells. If pure hydrogen is used as the
fuel, the overpotential of the HOR at the Pt anode is small due to the fast
electrode kinetics of the reaction. Normally, the overpotential is <20 mV, even
at a current density of 1.0 A cm 2. The mechanism and kinetic behavior of the
HOR on a Pt electrode or Pt/Nafion® interface has been studied extensively in
both acidic and alkaline media [9,16-20].

The anode electrochemical reaction of a Hy/O, PEM fuel cell can be
expressed using Reaction (1.I) in Chapter 1. The generally accepted mechanism
of the HOR on a Pt catalyst includes three steps [9,17,21-23]: (1) the
adsorption of H; on the Pt surface, (2) the dissociated chemical adsorption of
the adsorbed Hj, which is considered the rate-determining step of the HOR, and
(3) the fast electrochemical oxidation of adsorbed hydrogen atoms, producing
protons. These three steps are expressed in Reactions (1.IV), (1.V), and (1.V]),
respectively, whereas the electrode kinetics of the HOR has been addressed in
Section 1.3.1 of Chapter 1.

4.3. CATHODE O; REDUCTION ON PT CATALYST

The ORR in PEM fuel cells can be expressed using Reaction (1.II) and is
a multielectron transfer process. The generally accepted mechanism for the
ORR in acidic media is presented in Fig. 4.1 [24-28]. As shown, there are
two pathways: one is a direct 4-electron reaction that produces H,O, and the
other is a 2-electron reaction that produces H,O,, which is undesirable in
PEM fuel cells. Which pathway the ORR will take strongly depends on the



The Effects of Temperature on PEM Fuel Cell Kinetics 123

ki FIGURE 4.1 Observed mechanism of
the ORR on a Pt catalyst [24-28].
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type and the properties of the electrocatalyst. Currently, Pt and Pt/C are
recognized as the most effective electrocatalysts for the ORR in PEM fuel
cells, although other catalyst materials have also been developed and
investigated; these include Pt-M alloy catalysts (where M is a transition
metal, e.g. Fe, Co, Ni, Pd) [29-32]; other precious metal catalysts, such as
Au, Ir, and Rh, [33]; transition metal macrocyclic complexes, such as
transition metal phthalocyanine and porphyrin [34—41]; as well as transition
metal chalcogenides, such as MosRu;Seg [42,43]. On a Pt catalyst surface,
the ORR proceeds primarily via the direct 4-electron transfer pathway, with
H,O as the main product.

The kinetics of the ORR has been addressed in Chapter 1. The exchange
current density and Tafel slope are two important factors that describe the
electrode kinetics. According to Eqns (1.56)—(1.59) and Figure 1.3, the Tafel

2.303RT
(1 — azo)na2oF
the exchange current density (ig2 /Hzo) for the ORR can be calculated. In the

slope, , can be obtained, and if E(’% /H,0 in Eqn (1.59) is known,

literature, two sets of Tafel slopes can be found [24,44—47]. In the low current
density range (corresponding to high cathode potential), the value of the slope
is approximately 60 mV decade ', whereas in the high current density range
(corresponding to low cathode potential), the value of the slope is approxi-
mately 120 mV decade'. This disparity results from the differences in the Pt
surface. When the cathode potential is high (e.g. >0.8 V vs. standard hydrogen
electrode (SHE)), the Pt surface will be partially covered by PtO due to the
following reaction:

1
Pt + 5 0, «PtO E° = 0.88Vvs.RHE “4.D

It has also been reported [48—50] that PtO coverage can be approximately 0.3 at
cathode potentials >0.8 V. Only when the cathode potential is <0.8 V is the Pt
surface close to being pure. Several studies [24,51,52] have demonstrated that
the kinetics of the ORR on a pure Pt surface is different from that on a PtO
surface.

At the cathode of a PEM fuel cell, a pure Pt surface is not easy to achieve
because oxygen is present, leading to a mixed surface of Pt and PtO. Thus, the
fuel cell thermodynamic open circuit voltage (OCV) at 25 °C is always
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<1.23 V. The value most often obtained is about 1.06 V, which is a mixture of
the thermodynamic OCV of O,/H,0 and of Pt/PtO due to the coexistence of the
ORR and Pt oxidation [53,54]. As discussed in Chapter 7, hydrogen crossover
from the anode to the cathode can also reduce the fuel cell OCV.

4.4. POLARIZATION CURVE ANALYSIS USING EIS

In Chapter 1, Figure 1.4 shows a typical polarization curve of a PEM fuel cell.
The voltage loss of a cell is determined by its OCV, electrode kinetics, ohmic
resistance (dominated by the membrane resistance), and mass transfer property.
In experiments, the OCV can be measured directly. If the ohmic resistance
(Rpm), kinetic resistance (R, also known as charge transfer resistance), and mass
transfer resistance (Ry,) are known, the fuel cell performance is easily simu-
lated. As described in Chapter 3, electrochemical impedance spectroscopy
(EIS) has been introduced as a powerful diagnostic technique to obtain these
resistances. By using the equivalent circuit shown in Figure 3.3, Ry, Ry, and Ry,
can be simulated based on EIS data.

Itis well known that the electrode kinetics of the HOR is much faster than that
of the ORR, and thus, the anodic overpotential is much smaller than the cathodic
one. By assuming that the anodic polarization is negligible, one can describe the
steady-state polarization curve by using the semiempirical Eqn (4.1) [3,55-57]:

E = E, — bIn(I) — IRy, — myexp(nmd) 4.1

where E is the fuel cell voltage; E, is the fuel cell OCV-related constant, which
is determined by many factors, such as fuel cell OCV, exchange current density,
hydrogen crossover, and Pt surface composition (i.e. the ratio of Pt to PtO); b is
the Tafel slope; I is the current density; Ry, is the membrane resistance; i, is
the mass transfer coefficient; and n,, is the simulation parameter for curve
fitting. In Eqn (4.1), bIn(J) is the contribution of the fuel cell reaction kinetics
(dominated by the ORR), IRy, is the contribution of ohmic resistance (domi-
nated by membrane resistance), and myexp(nyd) is the mass transfer contri-
bution to the fuel cell polarization (dominated by oxygen transfer in the
electrode). The internal alternating current (AC) resistance of the fuel cell
(Rcel1) can be obtained by differentiating Eqn (4.1) [3]:
OE b

a - 7 + Rm + mmtnmte”lml (42)

If /I in Eqn (4.2) can be defined as the charge transfer resistance (R;) and
Mmitmee™! as the mass transfer resistance (Rp), the fuel cell internal AC
impedance can be expressed as Eqn (4.3) [3]:

Rcell = Rm + Rt + Rmt (43)

Rcell = -

In Eqn (4.3), Ry, is a function of water content and temperature, and both Ry
and R; are functions of current density and temperature. Therefore, to
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understand the effect of temperature on the performance of a PEM fuel cell, it is
necessary to study its effect on these resistances and on their associated
exchange current density, membrane water uptake, and mass transfer property.

Once the values of R, R, and Ry, in Eqn (4.3) are simulated based on the
AC impedance spectra and the equivalent circuit in Figure 3.11, the decreases
in cell voltage (AV;) caused by the individual resistances can be calculated at
a constant current density, and their contributions (AV; %) to the overall decline
in cell voltage (AV,¢)) can be calculated according to Eqn (4.4):

AV,
AVi% = 1% 100 4.4)

cell

This can also be expressed as follows:

AV,% = Ri 100 (4.5)
Rcell

As shown in Fig. 4.2, at both 80 °C and 120 °C, in the low current density range

(<0.5 Acm?), the cell polarization is mainly due to the charge transfer

process, whereas in the high current density range (>1.5 A cm™?), the cell

polarization is dominated by the mass transfer process [3].

4.5. TEMPERATURE EFFECTS ON PEM FUEL CELL KINETICS

The temperature can significantly affect the electrode kinetics in PEM fuel
cells. This section will discuss the effects of temperature on (i) fuel cell ther-
modynamics and OCYV, (ii) the kinetics of both the HOR and the ORR, (iii) the
proton conductivity and hydration of the membrane, and (iv) mass transfer.

4.5.1. Temperature Effect on PEM Fuel Cell
Thermodynamics and OCV

In Hy/air PEM fuel cells, the overall electrochemical reaction is expressed as
Reaction (4.11):

1

For Reaction (4.11), the fuel cell’s theoretical OCV or thermodynamic OCV can

be expressed as Vggo\r/y or Vcoeﬁv, as used in Eqn (1.3) in Chapter 1.

OCV _ yOCV _ gr N
theory — Vcell - EOZ/HZO EHZ/HJr

1
2 4.6)

. : RT an,ad (

— EOZ/HZO — EH;/H* +2.303 °F log Aaﬂzoz
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FIGURE 4.2 Percentage of cell individual voltage drops caused by R,,, R,, and R,,. (a) at 80 °C
and (b) at 120 °C. Nafion®-112 membrane-based membrane electrode assembly(MEA) with an
active area of 4.4 cm?; RH for both H, and air: 100%; 3.0 atm. [3].



The Effects of Temperature on PEM Fuel Cell Kinetics 127

where Ej; H, /H* is the reversible anode potential (V) at temperature 7; ay, and
ay-are the respective activities of Hy and H* s B JJH is the electrode potential
of the Hy/H™ redox couple under standard condmons (1.0 atm, 25 °C), which is
defined as zero voltage; ny is the electron transfer number (with a value of 2 for
the Hy/H" redox couple); R is the universal gas constant (8.314 J K! mol_l);
F is Faraday’s constant (96,487 C mol ™ 1); E62 /H,0 is the reversible cathode
potential (V) at temperature T; ap, and ag+ are the respective activities of Oy
and H'; E0 H,0 is the electrode potential of the O,/H,;0 redox couple under
standard conditions (1.0 atm, 25 °C), which is 1.229 V (vs. the SHE); ng is the
electron transfer number (with a value of 4 for the O,/H;0 redox couple); and
anp,o is the activity of HyO.

For an approximate evaluation of theoretical electrode potentials and fuel
cell voltage, ao,, an,, and ap,o can be replaced by their partial pressures, Po,,
Py,, and Py,0, in the anode and cathode feed streams, respectively. Thus, Eqn
(4.6) can be expressed as Eqn (4.7):

1

RT [ Pu,Pg

OCV __ 0 ) 24 0

Ve = Eb,mo — Efy,ue +2.303 >F log Pro 2 4.7
In Eqn (4.7), E /H+ equals zero at standard conditions, whereas EO JH,0 has

been reported to be a function of temperature and can be expressed as Eqn (4.8)
[58-60]:

Ed, o = 1.229 —0.000486(T — 298.15) (4.3)

Therefore, the thermodynamic fuel cell OCV can be expressed as follows:
>
RT Py, P
VOV = 1.229 — 0.000486(T — 298.15) + 2.303 —— log 701 (4.9
2F Pu,0

Our recent study indicated that the fuel cell OCV decreased with increasing
temperature, as shown in Fig. 4.3 [58]. It can be seen that both the theoretical
and the measured OCV decreased when the temperature increased from 23 to
120 °C. This was mainly because of the effect of temperature on the fuel cell
thermodynamics and hydrogen crossover, which will be addressed in detail in
Chapters 6 and 7, respectively.

4.5.2. Temperature Effect on the Kinetics of the HOR
in PEM Fuel Cells

In Chapter 1, Eqns (1.30) and (1.31) describe the relationship between the
overpotential and the exchange current density of the HOR. In Eqn (1.31),
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FIGURE 4.3 Fuel cell OCV at different temperatures. Nafion®-112-membrane-based MEA with
an active area of 4.4 cm?, at 100% RH and 3.0 atm backpressure [58]. (For color version of this
figure, the reader is referred to the online version of this book.)

2.303RT
—— — is the Tafel slope, which is a function of temperature; n,g is the

AHNoH

electron transfer number for the HOR, whose value is widely reported to be 2.0;
and ay is the charge transfer coefficient, whose value is recognized as 0.5. In
this equation, igz JH* is the apparent exchange current density for the HOR and
is a function of temperature. The relationship between iglz H and T can be
expressed using Eqn (1.34), where II?IZ JH is the intrinsic exchange current
density, which is the exchange current density at infinite temperature. The
relationship between if; .. and Il‘_’Iz - can also be expressed using the

. . H,/
following equation [2,8]:

0.5
P
it e = (EPSA), X I s (P_HZ> (4.10)
Hy

where (EPSA), is the electrochemical surface area of Pt at the anode, and Py,
and Py are, respectively, the operating hydrogen partial pressure in the feed
stream at the anode and the hydrogen pressure at standard conditions.

Recently, we studied the temperature effect on the exchange current
density of the HOR between 23 and 120 °C using a Nafion®-112 membrane-
based PEM fuel cell, and between 120 and 200 °C using a phosphoric-
acid-doped polybenzimidazole (PBI) membrane-based PEM fuel cell. As
shown in Tables 4.1 and 4.2, Iflz e increases as the temperature is increased
from 23 to 200 °C.



fTABI.E 4.1 Measured and Simulated Exchange Current Densities for the HOR and ORR in a Nafion®-112-Membrane-Based
PEM Fuel Cell at 3.0 atm (Absolute), 100% RH, and Different Temperatures, in a Low Current Density Range (iooz/Hzo is the
Measured Apparent Exchange Current Density for the ORR, i? is the Simulated Apparent Exchange Current Density for

~

N
the HOR, and I%z/Hzo and Iﬁlz/w are the Intrinsic Exchange’CFl'er/r:nt Densities for the ORR and HOR, Respectively)[8]
Temperature (°C) 23 40 60 80 100 120

i3, /0 (Acm™?) 1.22x107* 2.43x107* 3.92x107* 4.60x10™* 3.43x107* 2.24x107*
18, 1,0 (Acm™?) 5.02x1077 1.85x107° 3.44x107° 6.25x107° 6.88x10°° 1.05x107°
i% e (Aem™) 0.134 0.198 0.344 0.607 0.604 0.497

1%, e (Acm™?) 1.73x1073 4.06x1077 7.21x107° 1.23x1072 3.25%x1077 6.13x1077

—/
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Measured at AMBIENT Pressure and Zero RH (i002/H20 is the Measured Apparent Exchange Current Density for the ORR,
i&/H* is the Simulated Apparent Exchange Current Density for the HOR, and I?)z/HzO and Iﬂz/w are the Intrinsic Exchange
Current Densities for the ORR and HOR, Respectively)[2]

KTABLE 4.2 Apparent and Intrinsic Exchange Current Densities at Different Temperatures in the Low Current Density Range, \

Temperature (°C) 120 140 160 180 200
i3, /m,0 (A cm™?) 2.30x107° 2.05x107° 2.64x107° 3.60x107° 5.43x1073
18, 1,0 (Acm™2) 8.97x107° 1.05x10°* 1.51x107* 3.18x10°* 7.88x10°*
i, e (Acm™?) 0.72 1.24 1.88 2.50 2.71
1, e (Acm™?) 1.02x1072 2.18x107? 3.51x107? 6.82x1072 1.16x107"

—/

(114
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4.5.3. Temperature Effect on the Kinetics of the ORR
in PEM Fuel Cells

2.303RT
As discussed in Chapter 1, the Tafel slope of the ORR is

(1 = a20)naoF”
which is a function of temperature. Here, oy is the electron transfer coefficient
in Reaction (1.XV) and is also dependent on temperature. On a Pt electrode, the

electron transfer coefficient for the ORR increases linearly with temperature
between 20 and 250 °C, in accordance with Eqn (4.11) [8,44]:

—— 4.11)

where «ag is the electron transfer coefficient of the ORR on a Pt electrode, ag)
equals 0.001678, and T is the temperature in Kelvin.

The relationship between the intrinsic exchange current density (Ig \/Hs o)
and the apparent exchange current density (i) 0 /M, o) can be described using the
following equation [2,8]:

p 0.001678T

» ) o

i0, 0 = (EPSA). X I3 1m0 <P2> 4.12)
0,

where (EPSA), is the electrochemical surface area of Pt at the cathode, and Po,
and P, are the operating oxygen partial pressure in the feed stream at the
cathode and the oxygen pressure at standard conditions, respectively.

As discussed previously, the Tafel slope at low current density (high potential
range) is approximately 60 mV decade ', while the Tafel slope at a high current
density (low potential range) is approximately 120 mV decade '; thus, the
exchange current densities should be different in these two current ranges. It is
also expected that the temperature dependencies of these two exchange current
densities will differ. For example, Parthasarathy et al. [44] studied the tempera-
ture dependence of the ORR at a Pt/Nafion®-117 interface using a microelectrode
method and found that the exchange current density increased with increasing
temperature from 1.69 x 107" Acm ™2 at 30°C to 1.87 x 107 * Acm ™~ at
80 °C in the low current density range, whereas in the high current density range,
itincreased from 2.84x 1077 Acm *at30°Cto 1.39 x 107° A cm ™ at 80 °C.
A recent study [8] of a Nafion®-112-membrane-based PEM fuel cell showed that
the intrinsic exchange current densities of the ORR in the high and low potential
ranges at 80 °C were 6.25 x 10 ® A cm 2 and 3.87 x 10°* A cm ™2, respec-
tively. The temperature effects on the exchange current density of the ORR
between 23 and 120 °C using a Nafion®-112-membrane-based PEM fuel cell and
in the temperature range of 120 —200 °C using a PBI-membrane-based PEM fuel
cell have also been reported [2,8]. As shown in Tables 4.1 and 4.2, the I2 0s/H,0
increases with temperature from 23 to 200 °C.

The relationship between lO H,0 and IO H,0 can be expressed in an
Arrhenius form, as shown in Eqn (l 62). By plottmg log (i) O /M, o) vs. UUT, the
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reaction activation energy (Eg,) of the ORR can be calculated based on the
slope of this plot. Using a Nafion®-112-membrane-based PEM fuel cell, EQ,
values of 28.3kJ mol ' and 57.3 kJ mol~' were obtained in the low current
density range and the high current density range, respectively [8].

4.5.4. Temperature Effect on Membrane Conductivity
and Hydrogen Crossover

It has been widely reported [61-64] that temperature can significantly affect
the proton conductivity (¢) of a membrane. For a PFSA membrane (e.g.
Nafion® membrane), the proton conductivity strongly depends on the water
content of the membrane. Therefore, when studying the effect of temperature
on membrane conductivity, the RH or water content of the membrane must
be considered. At a low RH, an increase in the temperature will cause
membrane dehydration, resulting in decreased proton conductivity, whereas
with a well-hydrated membrane, the proton conductivity will increase with
increasing temperatures. For example, the conductivity of Nafion® 117 at
100% RH increases from 0.1 to 0.2 S cm ™' when the temperature is raised
from 30 to 85°C [65]. Generally, under well-hydrated conditions, the
temperature dependence of conductivity can be expressed in an Arrhenius

form [2]:
2.303E7" (1
log(a) = log(o,) — T" (T) (4.13)

where o, 0,, EI', R, and T are the membrane conductivity (S cmfl), the pre-
exponential factor (SK 'cm™'), the proton conducting activation energy
(kJ mol ™), the ideal gas constant (J mol ' K1), and the temperature (K),
respectively. Figure 4.4 shows the Arrhenius plots for the ionic conductivities
of several X-form (X = H, Li, Na) membranes, along with Nafion® 117 H-form
in the fully hydrated state. It can be seen that in a fully hydrated state, the proton
conductivity increases with increasing temperatures, regardless of whether the
membrane is H-, Li-, or Na-form.

However, for a PFSA membrane operated at high temperatures, the situa-
tion can be more complex due to the tradeoff between increased conductivity
and membrane dehydration when the temperature is increased. As shown in
Fig. 4.5, the resistance of Nafion®-112 membrane decreases slightly when the
temperature is increased from 80 to 100 °C, which indicates an increase in
proton conductivity, but the resistance increases when the temperature is raised
to 120 °C, suggesting a decrease in proton conductivity. This is because the
negative effect of dehydration is larger than the positive effect of temperature
on membrane conductivity.

Chapter 5 provides a more detailed discussion of the temperature effect on
membrane proton conductivity.
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FIGURE 4.5 Nafion® through-plane resistance as a function of current density at three fuel cell
operating temperatures: 100% RH for both the anode and the cathode; 3.0 atm backpressure with
hydrogen and air feeding; Nafion®-112-based baseline MEA with an active area of 4.4 cm? [3].
(For color version of this figure, the reader is referred to the online version of this book.)

Besides affecting the proton conductivity, the temperature can also influ-
ence the hydrogen crossover of PEM fuel cell membranes. During hydrogen
crossover, hydrogen diffuses across the membrane from the anode to the
cathode, leading to a lower fuel cell efficiency and degradation of the
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membrane. Obviously, hydrogen crossover is a diffusion-controlled process. It
has been reported that hydrogen crossover can be affected by membrane
structure [67] and by fuel cell operating conditions such as temperature,
backpressure, and the RH of the reactant gases [13,68,69]. Hydrogen crossover
will be dealt with in detail in Chapter 6.

Temperature affects hydrogen crossover mainly by affecting the hydrogen
permeability coefficient, which is temperature dependent and can be expressed
in an Arrhenius form [13]:

PEM
InWPEM — nyro 4 CETN L (4.14)
B H R )T ‘

where LUEEM is the hydrogen permeability coefficient, ¥y is the maximum
permeability coefficient (e.g. at infinite temperature), EII?;:M is the activation
energy for hydrogen crossover, R is the gas constant, and T'is the temperature in
Kelvin. As shown in Fig. 4.6, the hydrogen permeability coefficient increases
with increasing temperature.
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FIGURE 4.6 Arrhenius plots of the H, permeability coefficient for both Nafion®-112- and
Nafion®-117-membrane-based MEAs at a 3.04 atm backpressure and a 100% RH in the
temperature range of 40-120 °C. Both MEAs have an active area of 4.4 cm®. Anode H, stream
flow rate: 0.1 L min’l; cathode N, stream flow rate: 0.5 L min’l; cathode potential: 0.5V vs.
anode hydrogen electrode [13]. (For color version of this figure, the reader is referred to the online

version of this book.)
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FIGURE 4.7 Effect of cell temperature and humidification on H, crossover current density at
atmospheric pressure. H, and Ar gases were humidified at the same temperature in each case.
Nafion®-112 membrane, Ho/Ar = 300/300 mL min~" [69].

Teranish et al. [69] showed that the H; crossover current density increases
with temperature and RH, as shown in Fig. 4.7; this indicates that the Hj
crossover rate increases with temperature and RH.

4.5.5. Temperature Effect on Mass Transfer in PEM Fuel Cells

The temperature can also affect the gas mass transfer (or mass transport) in
PEM fuel cells. However, when studying the temperature effect on gas mass
transport, the RH, current density, backpressure, and flow rate (or stoichi-
ometry) of the reactant gases should be considered. At low current densities
(<0.5 A cm™?), the fuel cell polarization is under the control of activation
and kinetics, and temperature has little effect on gas mass transport. At high
current densities (>1.5 A cmfz), the fuel cell polarization is under the
control of mass transport, and the effect of temperature can be significant,
depending on other operating conditions. For example, at a low RH, an
increase in the temperature may cause membrane dehydration. At a high RH,
a temperature increase will help to remove the water from inside the fuel cell
electrode and flow channels and will prevent “water flooding” and reduce the
mass transfer resistance. A high gas flow rate, or stoichiometry, will also help
to eliminate the “water flooding” phenomenon. Thus, to study the effect of
temperature on mass transport, a high current density is often used, and
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FIGURE 4.8 Mass transfer resistance as a function of current density at 80 °C, 100 °C, and
120 °C. Nafion®-112-membrane-based MEA with an active area of 4.4 cmz, 3.0 atm backpressure,
and 100% RH; H, flow rate: 0.3 L min~", air flow rate: 1.0 L min~" [3]. (For color version of this
figure, the reader is referred to the online version of this book.)

certain RHs and gas stoichiometries are applied for fuel cell operation.
Figure 4.8 shows some results [3] obtained in a Nafion®-112-membrane-
based PEM fuel cell. The fuel cell was operated at a 3.0 atm backpressure
and 100% RH, and the flow rates of H, and air were controlled at
0.3Lmin"" and 1.0Lmin""', respectively. The Ry values at different
current densities and temperatures were simulated from the AC impedance
spectra. As shown in Fig 4.8, the R, decreased when the temperature was
increased from 80 to 100 °C and then to 120 °C, and the trend was valid in
the current density range of 0.8—1.7 A cm 2, which indicates the benefit of
high-temperature operation.

4.6. THE EFFECT OF TEMPERATURE ON THE OVERALL
PERFORMANCE OF A PEM FUEL CELL

As discussed above, the temperature can influence the OCV of a PEM fuel cell
and thermodynamics, electrode kinetics, membrane conductivity, hydrogen
crossover, and mass transfer process, and this influence will be reflected in the
overall cell performance. However, the dependence of performance on
temperature can be complicated by the fact that other conditions, such as RH,
backpressure, gas stochiometry, flow field design, and electrode structure, also
affect performance.
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The literature contains several studies on how the operating temperature
affects PEM fuel cell performance [2,3,70-75]. For example, Yan et al. [71]
studied the effect of temperature on performance at different gas humidification
temperatures, by using Gore PRIMEA® 57 MEA. Figure 4.9 presents the fuel
cell performance at different temperatures with a humidification temperature of
50 °C. As shown, the fuel cell performance improves when the operating
temperature is increased from 30 to 50 °C. This can be explained by enhanced
electrode kinetics and increased membrane conductivity. However, the fuel cell
performance decreases if the temperature is further increased from 50 to 75 °C.
This may occur because the additional increase can cause the water inside the
membrane and the electrode to evaporate quickly. Any operating temperature
higher than the humidification temperature (50 °C in their experiment) will
lead to a fast water evaporation rate, causing membrane dehydration and lower
membrane conductivity. This negative effect is larger than the positive effect of
kinetics enhancement, which results in decreased fuel cell performance. They
also studied the temperature effect on fuel cell performance at humidification
temperatures of 70 °C, 60 °C, and 30 °C, and achieved better performance at
30 °C than at 60 °C and 70 °C, with a fixed humidification temperature.

Recently, the temperature effect on the performance of an HT-PEM fuel cell
with a PBI-membrane-based MEA (purchased from PEMEAS Fuel Cell Tech-
nologies) in the temperature range of 120-200 °C was also reported [2]. As the
proton conductivity of a PBI membrane does not rely on its water content, the fuel
cell was operated without extra humidification (0% RH) at ambient backpressure.
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FIGURE 4.9 Effect of cell temperature on cell performance at a humidification temperature of
50°C [71].
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FIGURE 4.10 Polarization curves obtained at ambient backpressure, 0% RH, and different
temperatures (as marked). The stoichiometries of H, and air are 1.5 and 2.0, respectively [2]. (For
color version of this figure, the reader is referred to the online version of this book.)

As shown in Fig. 4.10, the fuel cell performance increased with increasing
temperature. At a current density of 1.0 A cm ™2, the cell voltages were 0.366 V
(120 °C), 0415V (140°C), 044 V (160 °C), 0.465 V (180 °C), and 0485V
(200 °C). The maximum power density of the fuel cell increased linearly with
temperature, which indicates the benefit of high-temperature operation.

4.7. CHAPTER SUMMARY

In this chapter, the effects of operating temperature on PEM fuel cell kinetics
and performance were addressed in detail. In general, an increase in the
temperature will enhance the kinetics of both the HOR and the ORR. Fuel cell
thermodynamics and OCV can be significantly affected by the operating
temperature; raising the temperature will lower the fuel cell OCV. The
temperature also influences the proton conductivity and hydrogen crossover
of membranes. Because the water and proton diffusion coefficients increase
with increasing temperature, the proton conductivity will increase for a well-
hydrated PEM. Thus, the temperature affects the fuel cell kinetics, fuel cell
OCYV, membrane conductivity, hydrogen crossover, and mass transfer process.
These effects are reflected in the overall fuel cell performance, but the rela-
tionship of fuel cell performance to temperature can be complicated by the
fact that the flow field design, the fuel cell structure, and operating conditions
such as RH, gas flow rate, and backpressure can also influence fuel cell
performance.
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By using AC impedance spectroscopy, the membrane resistance (Rp,),
charge transfer resistance (R;), and gas mass transfer resistance (Rp,) of an
operating PEM fuel cell, and the associated temperature dependencies of these
resistances, can be separated and simulated by means of a suitable equivalent
circuit.
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5.1. INTRODUCTION

The proton exchange membrane (PEM) is a key component of PEM fuel cells.
It separates the anodic and cathodic compartments and at the same time acts as
a proton conductor by transporting protons generated at the anode to the
cathode. The protons in the membrane are the main charge carriers. Hence, the
conductivity induced by this proton transport is called proton conductivity.
Because protons can get transported in two directions, both across and through
the membrane, there are two types of conductivity: in-plane and through-plane
conductivities. The two types are theoretically different unless the membrane is
isotopic in these two dimensions. In reality, the PEM is not an absolute elec-
tronic isolator. The electronic conductivity, normally much smaller than the

PEM Fuel Cell Testing and Diagnosis. http://dx.doi.org/10.1016/B978-0-444-53688-4.00005-X
Copyright © 2013 Elsevier B.V. All rights reserved. 143


http://dx.doi.org/10.1016/B978-0-444-53688-4.00005-X

PEM Fuel Cell Testing and Diagnosis

proton conductivity, can also contribute to the overall measured conductivity
and is difficult to distinguish from the proton-mediated contribution.

Normally, proton conductivity can be measured by detecting the voltage
drop across a membrane that is induced by the proton current flow when two
H2/H+ metal electrodes, such as Pt black, are separately attached onto each side
of the membrane. On these Pt black electrodes, the reversible electrochemical
reactions are Ho/H™ redox processes, which act as proton supplier and acceptor.
The reversibility of these redox reactions or the activities of the electrodes,
which can change the polarization potentials of the reactions, will affect the
accuracy of voltage detection and conductivity measurements. The operating
temperature and the membrane water content significantly influence the proton
conductivity by affecting hydrogen ionization as well as proton concentration
and mobility in the membrane. Therefore, an accurate measurement of the PEM
proton conductivity still presents a nontrivial experimental challenge. Many
techniques have been suggested and used to obtain proton conductivity; these
include the current interruption method [1-5], the two-point probe and four-
point probe methods [6-8], electrochemical impedance spectroscopy (EIS)
[5,9], electrochemical atomic force microscopy (EC-AFM) [10,11], and the
solid-state pulsed field gradient nuclear magnetic resonance (NMR) technique
[12]. In addition, a new attempt has been made to screen and measure proton
conductivity based on proton transport visualization [13].

This chapter discusses proton conduction mechanisms and then presents an
overview of the various methods for measuring proton conduction, including
typical measurement examples, based on a comparative analysis of published
studies.

5.2. PROTON CONDUCTION MECHANISMS

A review of the literature on the development of proton-conductive materials
reveals a variety of proton carriers, including water (e.g. in hydrated acidic
polymers), oxo-acid anions (e.g. in CsHSO4) or oxo-acids (e.g. phosphoric acid
in adducts of basic polymers), heterocycles (e.g. intercalated into acidic
polymers or immobilized via flexible spacers), and oxide ions (forming
a hydroxide on the oxygen site of an oxide lattice). The essential characteristic
of all these species is their involvement in hydrogen bonding, which enables
long-range proton transport within materials [14]. Proton conduction mecha-
nisms that occur in water when it is present in a homogeneous phase or as
a component of hydrated PEMs will be described briefly in the following
sections.

5.2.1. Proton Conduction in Water

In bulk water, protons are transported mainly via two different mechanisms: the
“vehicle mechanism” and the “Grotthuss (hopping) mechanism,” as illustrated
in Fig. 5.1.
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Grotthuss mechanism (Proton hopping)
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FIGURE 5.1 Schematic of the two types of proton conduction mechanisms [15]. (For color
version of this figure, the reader is referred to the online version of this book.)

In the vehicle mechanism, proton movement occurs with the aid of moving
carriers (e.g. HyO, classically in the form of hydronium ions, H30™), and both
water and protons diffuse at a similar rate. The overall proton conductivity is
mainly determined by the diffusion coefficient of the vehicles.

In the Grotthuss-type mechanism, protons migrate via a highly concerted
process that involves the breaking and formation of hydrogen bonds and proton
translocation (hopping) within the “Zundel” and “Eigen” ions. Because proton
transport involves the “diffusion” of the hydrogen-bond breaking and formation
processes, this mechanism is also termed “structural diffusion” [14]. The two
short-life forms of the hydrated protons are explained as a complex that has
two water molecules centered at a proton, Hs07, and three water molecules in
coordination with a center hydronium ion, HyO4 [14]. Figure 5.2 illustrates
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FIGURE 5.2 Schematic of the structure of “Zundel” and “Eigen” ions, and the hydrogen bond
formation and breaking processes that occur in the two short-life complexes during proton
transport [14]. (For color version of this figure, the reader is referred to the online version of this
book.)
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proton transport by ‘“Zundel” and “Eigen” ions in bulk water, along with
the timescales for the transfer of the protons between the two short-life
structures. In this mechanism, movement of the proton solvent is not
needed, but reorganization of the proton environment—consisting of reor-
ientation of individual species or even more extended ensembles—is neces-
sary to form an uninterrupted path for proton migration. The rates of proton
transfer and reorganization of the proton environment can directly affect this
mechanism.

These two mechanisms compete with each other under different conditions:
Increased temperature and acid concentration and decreased pressure will
attenuate structural diffusion [14,16]. For example, the H-bonded networks in
ice are more extensive than in liquid water, and this leads to better conduction
in ice [17].

5.2.2. Proton Conduction in the Proton Exchange Membrane

As mentioned in Chapter 1, the commonly used PEMs in fuel cells, such as
perfluorosulfonic acid (PFSA) and sulfonated hydrocarbon membranes, have
two functional groups in the polymer structure: the hydrophobic polymer
backbone and the hydrophilic sulfonic acid groups. These properties lead to the
formation of two kinds of domains in the hydrated PEM. One is the polymer
matrix, which gives the membrane morphological stability, whereas the other is
the continuous water channel network [18], which facilitates proton conduc-
tion. These two domains are separated by sulfonic acid groups, as shown in
Fig. 5.3 [19]. The proton conduction mechanisms in the hydrated PEM can be
understood as comprising the dissociation of the protons from the acidic sites,
the subsequent transfer of the protons to the aqueous medium, the screening by
water of the hydrated protons from the conjugate base (e.g. the sulfonate
anion), and finally the diffusion of the protons in the confined water channels
within the polymer matrix [20].

Proton dissociation is a result of the excess positive charge being stabi-
lized in the hydrogen-bonding network, and the excess electron density (due
to the breaking of the —SO3-H bond) being sufficiently delocalized by the
neighboring group of —CF3 or —C¢H4CHj3. The combination of these two
effects results in a minimum energy configuration. Proton dissociation is
virtually affected by the structure and local chemistry of the acidic (and
hydrophilic) sites in the PEM, such as the side-chain fragments and the
hydration degrees. Electronic structure calculations indicate that on inclusion
of the electrostatic interactions in water, the free-energy barrier is substan-
tially reduced for rotation of the acid groups in water media [21]. On the basis
of an optimization of the side-chain fragment CF3OCF; with a single water
molecule, no hydrogen bond forms with the water molecule because of the
strong electron withdrawing effect of the two —CF3 groups, and the reduction
in the electron density on the ether oxygen [22,23]. Paddison et al. [24,25]
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FIGURE 5.3 Schematic of the two zones in hydrated Nafion® and sulfonated poly(ether ether
ketone ketone) (PEEKK). This scheme illustrates the distinctions in the hydrophilic/hydrophobic
separation, the connectivity of the water and ion domains, and the separation of the —SOj3
groups [19]. (For color version of this figure, the reader is referred to the online version of
this book.)

also conducted a series of explicit water electronic structure calculations with
both triflic (as an analog for Nafion®) and para-toluene sulfonic (for PEEKK)
acids. No dissociation of the proton can be observed with either CF3SOsH or
CH3CgH4SOsH until three water molecules are added; the clusters formed
with four and five water molecules [24,26] are found to be similar to those
observed with three water molecules in that the hydronium ion forms
a contact ion pair with the sulfonate anion. However, the hydronium ion tends
to be farther away from the anion as the number of water molecules in the
cluster increases from three to five. When the sixth water molecule is added,
the excess proton (as a hydronium ion) is completely separated from the
anion. Here, the hydronium ion forms a true Eigen ion because it is hydrogen
bonded to three water molecules. The differences in the strength of the
conjugate base (sulfonate anion) also affect the hydrogen bonding in the water
molecules and the consequent transport of protons, especially when the water
content of a membrane is minimal. The effects of the distribution of sulfonic
acid groups and the neighboring side chains have been examined as well
[20,27]. If a fragment of the PEM consists of two side chains, a cluster
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consisting of six water molecules is required to dissociate both protons,
where one of the dissociated protons has formed a hydronium ion in which
hydrogen is bonded to both sulfonate anions and the other proton has formed
a Zundel ion [20].

Regarding proton transport and diffusion in the water channel network of
a PEM, many physical and theoretical models have been developed in an effort
to elucidate water and ion transport in ionomer membranes [14,28-38]. With
high degrees of hydration, that is, >13 water molecules per sulfonic acid group
[14], the majority of excess protons in the PEM are located in the central part of
the hydrated hydrophilic nanochannels. The water is bulklike, with local proton
transport properties similar to those described for water in Section 5.2.1. Both
Grotthuss and vehicular mechanisms are believed to be the predominant modes
of proton conduction in the water channel [33,39]. It has been suggested that
the contribution of the Grotthuss mechanism to conductivity occurs mainly in
the center of a water-swollen pore, and consequently, proton mobility is higher
in this region. The self-diffusion coefficient of a proton and the pore dimensions
will affect proton transport and diffusion. For low degrees of hydration, the
distribution of fixed sites has a substantial impact on proton diffusion in the
PEM. But proton transport is actually more complex. Because of the side-chain
structure of Nafion® membrane, there is also a third transition region, between
the aqueous domain and the hydrophobic polymer backbone [14]. Proton
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FIGURE 5.4 Computed and experimentally determined proton self-diffusion coefficients in
Nafion® 117% and 65% sulfonated PEEKK membranes as a function of water content [20].
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FIGURE 5.5 Computed proton diffusion coefficients as a function of the length of intrusion of
the side chain (/) and as a function of the number (n) of axially positioned arrays of fixed sites for
an arbitrary membrane pore with a fixed length, diameter, total number of anionic groups, and
water content. The pore with the most uniform distribution of anionic groups (i.e. where n=9)
shows the smallest, in fact very little, decrease in the proton diffusion coefficient as the length of
protrusion of the anionic groups is increased [20].

mobility at intermediate and low degrees of hydration is essentially vehicular in
nature. Nonequilibrium statistical mechanics-based calculations of the proton
self-diffusion coefficients in Nafion® and PEEKK membranes over a range of
hydration conditions have addressed this conductivity contribution, as shown in
Figs 5.4 and 5.5 [20]. The diffusion of water (vehicle) and hydrated protons
(H30™) is retarded by confinement in an environment in which the water and
protons are perturbed by the presence of a substantial density of sulfonate
groups.

5.3. METHODS FOR MEASURING CONDUCTIVITY

On the same principle as the routine measurement of electronic resistivity,
Ohm’s law is used to analyze the resistivity of a proton-conductive membrane
against the flow of either alternating current (AC) or direct current (DC). The
proton conductivity can be calculated according to Eqn (5.1):

o= — 5.1)
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where o is the membrane conductivity (S cmfl), R is the measured resistance, [
is the length between the two voltage probes for in-plane measurement or the
thickness of the membrane for through-plane measurement, and A is the cross-
sectional area of the membrane. The measurement methodologies can be found
in the literature [1-13,40,41]. The in-plane and/or through-plane proton
conductivities of a membrane can be obtained by using different approaches,
such as the two-probe method, the four-probe method, and the coaxial-probe
method, under in situ or ex situ conditions. These methods and their applica-
tions will be presented in detail in the following sections.

5.3.1. Current Interruption

The current interruption (or current interrupt) method is generally used for
measuring ohmic losses caused mainly by proton or anion transport resistance
in batteries, fuel cells, and other electrochemical cells. The principle of this
technique is that the ohmic losses vanish much faster than do the electro-
chemical overpotentials on the electrodes when the current is interrupted [42].
As shown in Figs 5.5 and 5.6, the cell is operated at a constant current (7); it is

Slow rise to OCV
(activation losses)

Voltage
-—iRloss —

Before current interrupt

to t

Time

FIGURE 5.6 Ideal voltage transient during a current interruption measurement. The cell is first
operated at a fixed current. At t = ty, the current flow (i) is interrupted, and the ohmic losses vanish
immediately. After the current interruption, electrochemical overpotentials start to relax, and the
voltage increases logarithmically toward the open circuit voltage (OCV). At t =t,, the current is
again switched on, and the overpotential reappears [1].
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then suddenly interrupted by setting the cell current to zero, and the voltage
transient change is immediately recorded. Because the current is suddenly set
to zero, the voltage drop (AV) induced by the resistance immediately disap-
pears, and this AV can be expressed as follows:
AV =iR or R = H 5.2)
L

From Eqn (5.2), the resistance can be obtained.

In an ideal case, the iR loss should be determined simply by measuring the
voltage immediately after the current interruption. However, the accuracy of
this method depends on the delay between the current interruption and the
measurement of the OCV. Therefore, it is very important that the data acqui-
sition for the voltage transient be as rapid as possible to adequately separate the
ohmic and activation losses [1]. The equivalent circuit for a current interruption
measurement of a PEM fuel cell system (Fig. 5.7) consists of a couple of
resistors and a capacitor: The first resistor represents the cell resistance,
including electronic resistance and ionic resistance; the second is in a loop with
a capacitor of the membrane electrode assembly, and this represents the charge
transfer resistance determining activation polarization. When (i) the cell has
a current i with a cell voltage V., (ii) the voltage drop at the first resistor is AV,

O0—O

— Fuel Cell Load

I
&)

Equlvalent
circuit
model of
fuel cell

FIGURE 5.7 The equivalent circuit for a fuel cell that is used to perform circuit interruption
measurements: R.;, fuel cell resistance including electronic resistance and ionic resistance and Ry,
the charge transfer resistance for fuel cell reactions [43].
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and (iii) the voltage drop in the loop is AV,y, which represents activation
polarization. Thus, the cell voltage can be expressed as follows: Ve =
Eo— AV— AVy (here E, is the OCYV, as presented in Fig. 5.6). When the current
suddenly becomes zero, the AV portion of the cell voltage immediately
disappears, and the cell voltage decreases to E,—AV,. The AV, will gradually
drop to zero as the capacitor gets discharged through R;. Finally, the cell voltage
reaches the OCV, as shown in Fig. 5.6. In a real system, many features of the
idealized curve in Fig. 5.6 are concealed by disturbances that arise from
the inductance of the measurement system or from the nonideal properties of
the current switches in the measurement devices. The real voltage curve after
current interruption is overlapped by a voltage overshoot and subsequent
oscillations, and the whole transient can also be changed by noise from elec-
tronics in the measurement system. The problems caused by inductance and
nonideal switches are typically worse at high currents, when the current loop
and the load need to be of a considerable size, and therefore, the inductance is
high. This leads to slow current changes and thus less accurate results.

To conduct proton conductivity measurements, Buchi et al. [3] designed
a current interruption device that used an auxiliary current pulse method and an
instrument for generating fast current pulses (i.e. currents >10 A), and deter-
mined the time resolution for the appropriate required voltage acquisition by
considering the relaxation processes in the membrane of a PEM fuel cell [3].
They estimated that the dielectric relaxation time, or the time constant for the
spontaneous discharge of the double-layer capacitor, , is about 1.4 x 10~ ',
They found that the potential of a dielectric relaxation process decreased to
<1% of the initial value after 4.6t (6.4 x 1071° s) and that the ohmic losses
almost vanished about half a nanosecond after the current changes. Because
there is presently no theory about the fastest electrochemical relaxation
processes in PEM fuel cells, the authors assumed a conservative limit of 1078,
based on observations of water electrolysis membranes. They concluded that
the time window for accurate current interruption measurements on
amembrane is between 0.5 and 10 ns. Another typical application of the current
interruption method was demonstrated by Mennola et al. [1], who used a PEM
fuel cell stack and identified a poorly performing individual cell in the stack.

An example of a voltage transient for an individual cell is shown in Fig. 5.8.
At high air flow rates, cells in the middle of the stack showed up to 21% higher
ohmic losses than average, which was attributed to membrane dehydration.
Mennola et al.’s results showed a good agreement between the ohmic losses in
the entire stack and the sum of the ohmic losses in each individual cell.
Recently, this technique has also been extended to the study of electrode
processes in PEM fuel cells, such as Tafel kinetics, oxygen diffusion, proton
migration, and double-layer capacitance [41,42], and the effects of operating
conditions (e.g. relative humidity, RH) on cell performance [4].

One of the advantages of current interruption is the single data value, which
is easy to interpret. Further, no additional equipment is required because the
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FIGURE 5.8 Voltage transient for an individual cell in a PEM fuel cell stack during current
interruption. Extrapolation is indicated by the dotted line. Current density before interruption is
400 mA cm ™ [1].

interruption is brought about by the cell load. The primary disadvantage of this
method is that it is difficult to determine the exact point of instantaneous
voltage gain. The voltage behavior may be monitored in real time with an
oscilloscope, or several discreet voltage readings may be taken at different
interruption times and then extrapolated back to zero time. This method also
imposes a significant perturbation on the cell, even when the interruption is of
a short duration (i.e. tens of microseconds); this potentially has some unde-
sirable and irreversible side effects on the cell performance. Further, the data
are degraded when long cell cables are used, as a result of the excessive
“ringing” caused by cable inductance.

5.3.2. Electrochemical Impedance Spectroscopy

As noted in Chapter 3, EIS, also called AC impedance spectroscopy, is
a powerful technique for fuel cell studies and has been widely used for PEM
fuel cell testing and diagnosis [9,44—46]. During EIS measurement, an AC
signal—usually very small—is applied to perturb the system, and then the EIS
data in the applied frequency range are obtained. Using EIS, the membrane
conductivity can be measured in situ during fuel cell operation, and this gives
more information than in a steady-state experiment. As a powerful diagnostic
tool for evaluating fuel cells, the main advantage of EIS is its ability to resolve
the individual contributions of the various factors that determine the overall
PEM fuel cell performance: ohmic voltage loss, kinetic voltage loss, and
voltage loss caused by mass transfer. Such a separation provides useful
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information for fuel cell design optimization and for selection of the most
appropriate operating conditions.

For EIS measurement, a frequency response analyzer (FRA, e.g. Solartron
1260) and a load bank are usually required. In our previous work [47], we used
a Solartron 1260 FRA and an RBL 488 series (100-60-400) load bank from TDI
Power. The Solartron 1260 FRA can generate DC, AC, and their combined
control signals. For an AC sinusoid signal, the analyzed frequency range can be
from 10 pHz to 32 MHz. The RBL 488 series is a single-channel load bank and
can be controlled with signals via an external program. The magnitude of the
voltage signal input to the load bank, which is a DC, AC, or a combination
signal, can be in the range of 0—10 V. Figure 5.9 shows the connections between
the Solartron 1260 FRA, RBL 488 load bank, and fuel cell for EIS measure-
ments. The FRA port, “GEN OUTPUT,” sends a software-command signal to
the load bank through ports “REM” and “S-,” located on the load bank rear
panel, to control the fuel cell load. The cell voltage response goes to FRA “V1”
and “V2” for analysis. The impedance information obtained is collected by
means of a computer system and is then monitored and analyzed by using
ZView and ZPlot software.

As an example, Fig. 5.10 shows the in situ EIS result for a PBI-membrane-
based PEM fuel cell operated at 140 °C and ambient pressure at a current
density of 0.2 A cm ™2, obtained in our previous work [46]. As can be seen,
there are two semicircles on the spectrum, one in the high-frequency domain
and the other in the low-frequency domain. The first semicircle represents the
resistance from the fuel cell reaction kinetics, including the cathodic ORR and
anodic HOR processes, although the main contribution is from the ORR. The

RBL 488

Fuel cell Solartron 1260

FIGURE 5.9 Connections between a Solartron 1260 FRA, RBL 488 load bank, and fuel cell for
EIS measurement [47].
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FIGURE 5.10 Nyquist plot for a phosphoric-acid-doped polybenzimidazole- (PBI) membrane-
based PEM fuel cell operated at 140 °C and ambient pressure at 0.2 A cm ™2 The insert shows the
proposed equivalent circuit mode for a PEM fuel cell. STy, = 1.5, ST,;, = 2.0 [46].

second semicircle represents the mass transfer process. The intercept in the
high-frequency domain on the real axis represents the ohmic resistance of the
fuel cell, which is dominated by membrane resistance. Thus, the membrane
resistance under real fuel cell operating conditions can be measured, and the
proton conductivity of the membrane can be calculated according to Eqn (5.1).
The insert in Fig. 5.10 shows an equivalent circuit used to simulate the
impedance data in our work. Ry, is the high-frequency resistance (HFR, the
intercept on the real axis at the high-frequency end), which represents
the membrane resistance. R, is the charge transfer resistance (or kinetic resis-
tance), dominated by the ORR process; CPE; (constant phase element)
represents the Ri-associated catalyst layer capacitance properties; Ry, is the
resistance related to the mass transfer processes of gas (O, and H») diffusion in
the catalyst layers; and CPE, represents the R-associated capacitance.

If only the proton conductivity in a PEM fuel cell is of interest, it is not
necessary to measure the EIS across the whole frequency range; it suffices to
measure the high-frequency range. The HFR, Ry, as shown in Fig. 5.10,
represents membrane resistance. Typical HFR measurement frequencies range
from 500 Hz to 3 kHz. In any case, the same frequency must be used for data
comparisons to be valid.

5.3.3. Ex Situ AC Impedance Spectroscopy

In the literature, AC impedance spectroscopy has been widely used for ex situ
measurements of the tangential direction conductivity (TDC) [48-50], normal
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direction conductivity [7,48,51-53], and transverse direction conductivity
[54,55] of membranes. The TDC method is known to be relatively insensitive to
the contact impedance at the current-carrying electrodes [49] and has been used
as a conventional method of evaluating membrane materials for their proton
conductivity. The use of AC impedance spectroscopy to measure proton
conductivity usually requires an FRA and a specially designed conductivity
cell. During measurement, the conductivity cell is usually put in a controlled
environmental chamber to keep the membrane at a certain temperature and RH.

Regarding the conductivity cell geometry, two configurations have been
developed to measure proton conductivity: the two-point probe method [52-60]
and the four-point probe method [7,49,50,56,60-65]. These will be discussed in
the following sections.

5.3.3.1. Two-Point Probe Method

In the two-point probe configuration, two electrodes serve as both current and
voltage sensing probes, as shown in Fig. 5.11 [60]; in the diagram, “open
window A” allows the membrane to be exposed to the environment. For this
method, the current and voltage are measured from two identical probes.
Because the electrode/membrane interfacial impedance is always included in

o

— — Screw

+«— PTFEblock

Open
window A

Pt strips

FIGURE 5.11 Schematic diagram of a conductivity cell for proton conductivity measurement
with the two-point probe method. The membrane size is about 2.4 cm x 1.0 cm; the distance
between the two Pt strips is 0.4 cm [60].
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the measurement loop, its contribution to the overall membrane impedance
may cause some error. However, our recent study [60] showed that the
experimental results obtained with the two-point probe method are reliable
compared with those obtained with the four-point probe method. Ma et al. [8]
also reported that the membrane resistance can be separated from the interface
impedance by equivalent circuit fitting, and stable and reliable experimental
results can be achieved using the two-point probe method.

Figure 5.12 shows the impedance spectra of the Nafion® 115 membrane,
obtained by the two-point probe method with different distances between
voltage sensing probes (Pt strips), at room temperature and under fully hydrated
conditions [60]. Each impedance spectrum shows a semicircle in the high-
frequency domain and a straight line with an angle of 45° in the lower-frequency
domain. The membrane resistance is extracted from the lower-frequency
intercept of the semicircle at the Z., axis. It can be seen from Fig. 5.12 that at
low frequency, the behavior of the Pt/Nafion® interface is blocked by the 45°
line, indicating that interface impedance has very little impact on the results of
membrane conductivity.

5.3.3.2. Four-Point Probe Method

To effectively eliminate interfacial impedance from conductivity measure-
ments, a four-point probe method has been widely used [7,49,50,60—62,64].
Compared with the two-point probe configuration, two additional Pt probes

-2750 / ¢
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1750
<)
. E.1250 i
N
-750
250 sy

0 500 1000 1500 2000 2500 3000
Z'e (Q)

FIGURE5.12 AC impedance spectra of Nafion® 115 membrane obtained by the two-point probe
method with different distances between voltage sensing probes (Pt strips), at room temperature
and under fully hydrated conditions. 2P = two-probe; S = strip; 0.4, 1.6, and 2.7 represent the
distance in centimeters between the two probes [60].
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PTFE block

Pt strips

Open window B

FIGURE 5.13 Schematic of a conductivity cell for proton conductivity measurement with the
four-point probe method. The membrane size is about 4.6 cm x 1.0 cm [60].

(Pt wires or Pt strips, designated as inner probes) are laid between the two outer
Pt probes that serve as voltage sensors, as shown in Fig. 5.13; the two outer Pt
strips serve as AC current injectors. In this configuration, the current is passed
between the two outer Pt strips, and the conductance of the membrane
is calculated from the AC potential difference between the two inner probes.
This method is relatively insensitive to contact impedance at the current-
carrying electrodes and is therefore well suited to membrane conductivity
measurements.

Figure 5.14 shows the AC impedance spectra of the Nafion® 115 membrane,
obtained in the four-point probe method by using Pt strips as both inner and
outer probes, at room temperature and under fully hydrated conditions [60].
Each AC impedance spectrum contains one semicircle in the high-frequency
domain and an arc in the low-frequency domain. Here, the low-frequency arc
shrinks with increasing distance between the two voltage probes, and the whole
AC impedance spectrum tends toward an ideal semicircle, which indicates that
the distance between the two inner probes affects the measurement results, and
that the low-frequency impedance can be reduced by increasing this distance.

In principle, the results measured by the four-point probe method should be
more accurate and reliable than those measured by the two-point probe method.
However, the latter method is easier. In addition, it has been reported [56]
that different measurement frequency ranges should be applied for different
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FIGURE 5.14 AC impedance spectra of the Nafion” 115 membrane obtained by the four-point
probe method with Pt strips as both inner and outer probes, at room temperature and under fully
hydrated conditions. 4P = four-probe; S = strip; 0.4, 1.6, and 2.7 represent the distance in centi-
meters between the two voltage probes [60].

measurement methods to separate out the low-frequency impedance. Our
recent study [60] showed that the distance between the two voltage probes
could influence the measurement accuracy, and a relatively larger distance is
desirable to obtain reliable results. At a certain distance, similar measurement
results were obtainable with both the two-point and the four-point probe
methods [60].

5.3.4. Electrochemical Atomic Force Microscopy

More recently, EC-AFM [11,66,67] has been applied to study the morphology
and proton conductivity of Nafion® membranes. Using EC-AFM, the spatially
resolved proton current driven by the electrochemical reactions occurring on
the two sides of the Nafion® membrane can be measured. The experimental
setup is shown in Fig. 5.15. A commercial AFM is equipped with an electro-
chemical cell and a biopotentiostat. The AFM tip is modified with a platinum
electrode to act as the cathode catalyst for the fuel cell reaction, whereas the
Nafion® membrane coated with Pt catalyst on the side opposite the AFM tip
serves as the anode of the electrochemical cell. The applied voltage leads to
water oxidation and generates protons on the electrode with the Pt catalyst. The
current can then be detected when the AFM tip is in contact with an ion channel
that is connected with the ionic network in the membrane. Because water is
required for the electrochemical reactions, the experiment must be performed
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Cathode: Oz+4H*+4e' —» 2H.0

Anode: 2H,0 —» O, +4H" + 4e"

FIGURE 5.15 In situ method for measuring proton conductivity in Nafion® membrane by using
EC-AFM. The applied voltage induces water oxidation at the electrode. The protons are only
transported through the membrane when the conductive AFM tip makes contact with an ion
channel. These protons are used for the ORR at the AFM tip. [11,66,67]. (For color version of this
figure, the reader is referred to the online version of this book.)

under hydrated membrane conditions. As shown in Fig. 5.15, the experiment is
conducted in an environmental chamber to control the humidity and
temperature.

The EC-AFM technique allows one to record images of membrane topog-
raphy and current simultaneously, as shown in Fig. 5.16. Both the images are
clear and stable under a constant RH and voltage. In Fig. 5.16(a), the hydro-
philic and hydrophobic domains of the membrane cannot be distinguished.
However, in Fig. 5.16(b), the ionically conductive areas in the membrane can be
identified by the white spots. Thus, the number of image spots can be profiled
against the current. This technique also allows the measurement of the PEM
proton conductivity when the water content is varied by changing the RH
values. Figure 5.17 shows a histogram of the number of image points with
a certain current against current threshold values for the Nafion®-112
membrane at three different relative humidities: 35%, 65%, and 80%. At low
RH (35%), there is only a small peak at 0.7 nA, indicating that the ionic channel
size has decreased and only a few ionically active areas exist on the surface. At
65% RH, a pronounced maximum peak and a small peak are visible at 1.3 and
0.47 nA, respectively. At high RH (80%), the major peak has moved from 1.3 to
1.7nA and has broadened. This broadening indicates that the ionically
conductive area has increased, which suggests that the membrane channel has
swollen and that the surface hydrophilic regions have grown considerably.

Aleksandrova et al. [10] recently employed the EC-AFM technique to
measure the proton conductivity of Nafion® with a high spatial resolution, by
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FIGURE 5.16 Simultaneously recorded (a) AFM topography and (b) current images of the
Nafion®-112 membrane coated on one side with the 1.0 mg cm ™2 Pt catalyst (Nafion® side to the
tip; 300 x 500 nm?, scan rate =2 Hz, RH = 65%); (c) Line profiles of topographic (gray) and
current (black) images [11].

using an identical atmosphere on both sides of the membrane instead of
different atmospheres. The measured current reflected the distribution of the
conductive areas at the membrane surface; in addition, the time-resolved
conductivity mapping provided an indirect insight into the connectivity of the
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FIGURE 5.17 Histogram of the number of image points with a certain current against current
threshold values for Nafion®-112 membrane at three different relative humidities: 35%, 65%, and
80%. The sharp peaks suggest that at a given RH, there may be an optimum pore size for proton
conduction [11].

hydrophilic paths in the membrane and their dynamic behavior, including
the diffusion processes within the pore network. This further indicates that
EC-AFM is a powerful tool for measuring proton conductivity. However, this
technique is basically still limited to surface studies.

5.4. TEMPERATURE EFFECT ON PROTON CONDUCTIVITY

Temperature is one of the key operating parameters in PEM fuel cells, and it
can greatly influence the membrane proton conductivity, as has been reported in
the literature [49,50,61]. Temperature affects the conductivity mainly by
changing the membrane’s water uptake and proton diffusion coefficient. It is
well known that proton conduction in a PEM is associated with water transport.
Indeed, the proton conductivity of a membrane is largely dependent on its water
content [68,69]. As shown in Fig. 5.18, the conductivity of the Nafion® 117
membrane at 30 °C increases with its water content. A conductivity of
0.06 S cm™! can be obtained at a A value of 14 [69].

Normally, experimental results show that the water uptake of a membrane is
greater at higher temperatures [70-72]. Figure 5.19 shows the water uptake of
Nafion® 117 and 125 membranes on immersion in liquid water at different
temperatures after they are dried under vacuum at 80 °C (N-form) and 105 °C
(S-form). As shown in the figure, the water uptake increases with increasing
temperature for both membranes immersed in liquid water, regardless of
whether the membrane is the N-form or S-form. The water uptake also
increases with temperature in water vapor, as shown in Fig. 5.20. As water
uptake increases, so does the membrane’s proton conductivity, as illustrated in
Fig. 5.18.
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FIGURE 5.18 Nafion® 117 membrane conductivity as a function of water content at 30 °C [69].
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FIGURE 5.19 Water uptake of two Nafion® membranes on immersion in liquid water at
different temperatures after drying under vacuum at 80 °C (N-form) and 105 °C (S-form) [71].

Besides water uptake, an increase in the temperature can also increase both
the proton diffusion coefficient [73] and the water self-diffusion coefficient of
membranes. Because proton transfer across a membrane is associated with
water diffusion, an increase in the temperature will further improve the proton
conductivity.
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FIGURE 5.20 Effect of temperature on water uptake vs. activity of water vapor for the Nafion®
membrane [72]. (For color version of this figure, the reader is referred to the online version of this
book.)

Zawodzinski et al. [69] studied the proton conductivity of Nafion® 117
membrane in the temperature range of 25-90 °C under constant water content
(A = Nu,0/Nso,u = 22), and they found that the temperature dependence of
proton conductivity showed a correlation that could be described using an
Arrhenius plot; Fig. 5.21 clearly indicates that the proton conductivity
increased with temperature. Recently, our group [46] studied the temperature
effect on the performance of a PBI-membrane-based fuel cell in the tempera-
ture range of 120-200 °C and proved that the relationship between temperature
and the proton conductivity of a PBI membrane could be expressed using the
following Arrhenius equations, a finding that has been reported by others as
well [61,74-76]:

A E.
o= T exp (RT> (5.3)
In(oT) = In(ay) — 22 (%) (5.4)

where o, 09, E}', R, and T are, respectively, the membrane conductivity
(Scm™Y), the preexponential factor (SK 'cm™'), the proton conducting



Membrane/lonomer Proton Conductivity Measurements 165

-1.8 1

-2.0

Ln Conductivity
[ |

'22 T .
u (]

-2.4 T T T
0.0026 0.0028 0.0030 0.0032 0.0034

1T (K)

FIGURE 5.21 Arrhenius plot showing temperature dependence of membrane conductivity.
Nafion® 117 membrane; temperature range: 25-90 °C; water content in the membrane: A =
NHZO/NSO3H =22 [69].

activation energy (kJ mol "), the ideal gas constant, and the temperature (K).
Based on the membrane resistances measured by in situ AC impedance at
different current densities in the temperature range of 120-200 °C, and using
Eqn (5.4), the calculated average values of E' and In(og) are 19.9 kJ mol ' and
10.8 S K~ ' ecm™' [46], respectively.

5.5. RELATIVE HUMIDITY/WATER CONTENT EFFECT ON
PROTON CONDUCTIVITY

It is well known [49,50,69] that the proton conductivity of a PFSA membrane
strongly depends on its water content. Similar to temperature, RH influences
proton conductivity mainly by affecting the membrane’s water uptake and the
proton and water self-diffusion coefficients.

In the literature, the water content or water uptake ratio is often expressed as
A [69,70] or N [68,77], the ratio of the number of water molecules in the
membrane to the number of sulfonic acid groups (-SO3H) in the membrane. In
two studies [68,77], N was evaluated from the peak areas of H" NMR spectra
and plotted as a function of RH, revealing that N increased with RH. The water
uptake ratio, N, was expressed using Eqn (5.5) [68]:

N = 0.8486 + 0.24954x — 0.01127x> — 0.0003x> — 3.5878
x 10 — 6x* + 1.6277 x 1078x° (5.5)
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where x represents RH; x must be >2%, otherwise Eqn (5.5) is invalid. This is
because at <2% RH, the membrane is too dry and the proton conduction
mechanism is different—for example, it changes from a vehicular mechanism-
dominated process above 2% RH to a hopping-mechanism-dominated one
when <2%. Other experimental results [49,69,70] also show that water uptake
increases with RH. As shown in Fig. 5.22, both the liquid water and water vapor
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FIGURE 5.22 Water vapor sorption in Nafion® 115 membrane measured at (a) 30 °C, (b) 60 °C,
and (c) 80 °C with different drying temperatures (Tq,y). Liquid water sorption is plotted as a guide
to the right of each graph [70].
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sorption of the Nafion® 115 membrane increased with increasing RH, from
0.1 to 0.95, regardless of the membrane drying temperature. The same trend
was also obtained for membranes immersed at three different temperatures:
30 °C, 60 °C, and 80 °C.

The water diffusion coefficient can be measured by using 'H NMR [69,78]
or optical methods [79] in the absence of a concentration gradient and
dependence of the water diffusion coefficient on the membrane’s water content
has been reported. As shown in Fig. 5.23, when the extent of membrane
hydration is increased, the membrane’s water self-diffusion coefficient
increases. Because proton diffusion in the membrane is associated with water
transfer, a higher water diffusion coefficient aids proton conduction.

The effects of water content or RH on proton conductivity are described in
the literature [45,49,50,61,69]. As shown earlier in Fig. 5.18, the proton
conductivity of the Nafion® 117 membrane increases with water content. At
low water content values, not all the acid sites in the membrane are dissociated
and the interactions among water molecules via hydrogen bonding are low,
leading to a low rate of proton transfer that results in relatively low conduc-
tivity. Our recent study [45] investigated the RH effect on the performance of
a Nafion®-112 membrane-based PEM fuel cell at 120 °C with ambient back-
pressure. The AC impedance spectra at different RHs were recorded in situ, and
the membrane resistances were simulated; the membrane conductivities at
120 °C with different RHs were then calculated according to Eqn (5.1). As

Water diffusion coefficient
(%108 em? s1)

[—]

0 2 4 6 8 10 12 14 16 18 20 22
)\-zNHzoleo,H

FIGURE 5.23 Self-diffusion coefficient of water in Nafion® as a function of the extent of
membrane hydration [69].
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FIGURE 5.24 Membrane conductivity as a function of current density at 120 °C and 1.0 atm
backpressure, with different RHs. Nafion®-112-based membrane electrode assembly with an
active area of 4.4 cm?. The thickness of the Nafion®-112 membrane was taken to be 50 pm [45].
(For color version of this figure, the reader is referred to the online version of this book.)

shown in Fig. 5.24, the proton conductivity increased with RH, the result of
increased water content in the membrane at higher RHs.

5.6. CHAPTER SUMMARY

PEMs are key materials in PEM fuel cells, and the proton conductivity of
a PEM can largely determine the performance of a fuel cell. Thus, an under-
standing of proton conduction and a knowledge of how to measure the proton
conductivity of PEMs are essential prerequisites for developing novel
membrane materials for PEM fuel cells. This chapter first addressed the various
proton conduction mechanisms, then discussed in detail the methods for
measuring proton conductivity, including current interruption, EIS, two-point
probe and four-point probe AC impedance methods, and EC-AFM. The
influences of both temperature and RH/water content on the proton conduc-
tivity of PEMs were also discussed. Generally, an increase in the temperature
and/or RH can improve the proton conductivity of a PEM.
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6.1. INTRODUCTION

Proton exchange membrane (PEM) fuel cells usually employ PEMs (e.g. per-
fluorosulfonic acid membranes such as the Nafion® membrane) to conduct
protons and simultaneously separate the anode compartment from that of the
cathode. When using pure hydrogen as the fuel in a Hy/air PEM fuel cell, nearly
100% fuel efficiency and zero emissions can be achieved. However, the PEMs
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are porous and allow a finite amount of gas permeation, in particular Hy. This
phenomenon of hydrogen diffusion from the anode, across the membrane, to
the cathode is called “hydrogen crossover” and leads to a reduction in fuel
efficiency as well as a drop in cathode potential. Hydrogen crossover is an
undesirable phenomenon in operating PEM fuel cells.

The performance of an operating membrane electrode assembly (MEA) can
be expressed by using Eqn (6.1) [1]:

Veen = E°°Y — Ny — Me — LeenReent (6.1)

where Vg is the fuel cell voltage at the current density of I, E°V is the fuel
cell open circuit voltage (OCV), n, and 7. are, respectively, the anodic and
cathodic overpotentials, and R is the internal resistance of the fuel cell,
including membrane resistance, material bulk resistances, and all the contact
resistances inside the fuel cell components; the internal resistance is dominated
by the membrane resistance.

It has been estimated that the voltage loss caused by this membrane
resistance accounts for about 30% of the total voltage loss [2]. From Eqn
(6.1), it can be seen that fuel cell performance can be increased by reducing
the membrane resistance. The simple and effective way to reduce the
membrane resistance in a PEM fuel cell is to use a thinner membrane. For
example, in the early stages of PEM fuel cell development, Nafion®-117
membranes (thickness: ~175 um) were used, followed by Nafion®-115
membranes (thickness: ~125 pm), Nafion®-1135 membranes (thickness:
~87 um), and Nafion®-112 membranes (thickness: ~50 um). Most recently,
Nafion®-211 and Nafion®-111 membranes (thickness: ~25 pm) have been
developed and used in PEM fuel cells. Although fuel cell performance can be
improved under the same operating conditions with a thinner membrane,
a higher hydrogen crossover rate can be induced, which results in fuel effi-
ciency reduction. In addition, hydrogen crossover can also cause a series of
other problems, such as fuel cell OCV reduction, membrane degradation due
to attack by hydrogen peroxide radicals, formation of pinholes in the
membrane, and even catalyst degradation. Besides membrane thickness, other
factors such as operating conditions (e.g. temperature, gas relative humidity,
RH) can also affect the hydrogen crossover rate.

The following sections of this chapter will discuss in detail the effects of
hydrogen crossover on fuel cell performance and the measurement of hydrogen
CroSSOVer.

6.2. HYDROGEN CROSSOVER THEORY (MODEL)

In a PEM fuel cell, hydrogen molecules can diffuse from the anode and then
cross over the membrane to the cathode, which is a diffusion-controlled
process. As discussed in Chapter 2, a typical MEA usually consists of an anode
gas diffusion layer (GDL,), anode catalyst layer (CL(,), PEM, cathode
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FIGURE 6.1 Schematic of hydrogen crossover in the MEA of a PEM fuel cell [3].

catalyst layer (CL()), and cathode gas diffusion layer (GDL)). During the
crossover through the MEA, hydrogen diffuses across the PEM and all the four
other layers. This process is illustrated in Fig. 6.1. This theory of hydrogen
crossover has been proposed in our previous work [3].

According to Fick’s first law, the steady-state H, crossover rate (J3,°"") can
be treated as the hydrogen diffusion (or crossover) rate through the whole MEA
and can be expressed by using Eqn (6.2):

=over D 2 a C
Jl};z = ( - )( H, — Hz) (6.2)

IMEA

where Cflz and CIC{2 are, respectively, the concentration of H, at the interface
between the anode bulk H, gas phase and the GDL, surface, and the
concentration at the interface between the cathode air (or nitrogen) gas phase
and the GDL () surface; Dy, is the overall hydrogen diffusion coefficient across
the MEA; and lyga is the thickness of the whole MEA. Based on the MEA
structure, /ppa is the sum of the five layers and can be expressed as in
Eqn (6.3):

Ivea = lgpy, + lep + leem + Iy, + Gy, (6.3)

where I§n; , 18y, Ipem, &, and [Gpy; are the thicknesses of the GDL ), CL(,),
PEM, CL ), and GDL), respectively.

Based on the above hydrogen crossover theory as depicted in Fig. 6.1, the
overall resistance for Hy diffusion (Imga /Dy, ) through an MEA is the sum of
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the resistances for H; diffusion through the five layers, and can be expressed as
in Eqn (6.4):

IMEA lepL |, oo, em | o | lGpo
=L 4 L =7 b Db (6.4)
Dy, D¢gpr, Doy Deem Dg, Dgpr,

where D%y, , Dy , Dppm, D¢y , and Dy, are the diffusion coefficients of H; in
the GDL,), CL(,), PEM, CL), and GDL(), respectively. Dy, can be deduced
from the rearrangement of Eqn (6.4) and expressed as in Eqn (6.5):

Z%DL + laCL + lpem + lf:L + IEDL
() + (5) + (o) * (55) + (322
DGDL DCL Dpgm DCL DGDL

Equation (6.5) clearly indicates that the diffusion from every layer depicted
in Fig. 6.1 contributes to the overall H; diffusion across the MEA. Because H;
that diffuses from the anode to the cathode would fully react with O, electro-
chemically or chemically at the PEM/CL . interface, the Hj that diffuses along
the paths of [&; and [§p; should be equal to zero. Thus, Eqn (6.5) can be
simplified as Eqn (6.6):

Dy, =

(6.5)

ZEDL + l?:L + lpem
I 2 l
)+ () + (o)
Dgpr D¢, Dpem

For the GDL,) and CL4), the diffusion coefficients of D%, and D% can be
expressed as in Eqns (6.7) and (6.8), respectively, based on the Bruggeman
correlation [4,5]:

Dy, =

(6.6)

Dgp. = Df, [egpr (1 - SaGDL)]T (6.7)

D = Dig‘lg [S%L(l - SéL)T (6.8)

where D%Iz is the vapor-phase H, diffusion coefficient (with a typical value of
2.63 x 10 >cm’s ™" at 80 °C [4,5]); e, and &2 are the porosities of the
GDL,) and CL ), respectively; s&p; and s are the water saturation degrees
inside the GDL,) and CL,), respectively, and have typical values in the range
of 0—1; and  is the tortuosity, which is often assumed to be 1.5.

Although in the literature, Dpgy; for Nafion® membranes has been formu-
lated empirically as a function of temperature (7) [6], the effects of back-
pressure (P) and RH should also be considered when measuring hydrogen
crossover in real situations.

The widely used Nafion®-112 membrane is approximately 50 um thick,
whereas the GDL is about 200 um thick. The diffusion coefficients of H;
crossover, D, D¢, and Dpgy, through the GDL(,), CL(y), and PEM in
a conventional Nafion®-112 membrane-based MEA at 80 °C are in the order of
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approximately 1072 cm?s™', 10 *cm?s ™', and 10 ®cm?s™', respectively.
Combining these values into Eqn (6.6), it is obvious that H, crossover through
an MEA is dominated by hydrogen diffusion in the membrane, which is mainly
due to the smallest among the above values, that is, Dpgy. Thus, the contri-
butions from hydrogen diffusion in both the GDL,, and CL, are negligible.
Therefore, Eqn (6.6) can be simplified further to Eqn (6.9) by ignoring those
contributions:

IMEA _ lpEm
Dy, Dpem

(6.9)

Equation (6.9) indicates that the overall diffusion coefficient value of H,
crossover (or diffusion) through the MEA, obtained experimentally, is equal to
that through the PEM. This has been recognized widely in the literature. For
example, the dependence of H, crossover on the membrane thickness was
confirmed by Kocha et al. [7], who compared the H, crossover currents
measured with both Nafion®-112 and Nafion®-111 membranes in the
temperature range of 25-80 °C; their results suggested that the dominant factor
limiting the H, crossover rate is the diffusion coefficient through the
membrane.

In Eqn (6.2), the value of C,i12 is equal to zero if one assumes that the
hydrogen diffused from the anode can be oxidized completely at the PEM/CL )
interface. Thus, Eqn (6.2) can also be written as Eqn (6.10):

D
Jgeer = () ey (6.10)
: IMea/ "

and according to Eqn (6.9), it can be rewritten as Eqn (6.11), indicating that the
Hj crossover rate through the MEA is equal to that through the PEM.

D
i = ( PEM) G, 6.11)

An alternative expression for Eqn (6.11) is Eqn (6.12):

- KiEMDppn\
T = (—H2l )Pﬁz (6.12)
PEM

where KEIEM is the H; partial-pressure-related solubility coefficient in the PEM,

with a unit of mol cm > atm™', and Py, is the Hy partial pressure at the
interface of the CL(,) and PEM, with a unit of atm (this can be approximately
treated as the Hj partial pressure in the anode feed stream). The product of the
solubility coefficient (KEII:ZM) and diffusion coefficient (Dpgp) can be defined
as the permeability coefficient of H, in the PEM, ¢E§M9 with a unit of
mol cm™ ' atm ™' s, expressed as in Eqn (6.13):

Yt = KM Dpey (6.13)
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By combining Eqns (6.12) and (6.13), one can express the hydrogen
crossover rate across the MEA as in Eqn (6.14):

IPPEM
Ty, = < - )P?{z (6.14)

lpEm
Similar to Dy, (or Dpem), wlr_?fM is also a function of 7, P, RH, and the nature
of the membrane [8]. For a defined fuel cell system, the value of /pgy in Eqn
(6.14) can be considered to be fixed; thus, wfll;:M and PZ‘H2 may become the more
dominant factors that influence the H; crossover rate.
By rearranging Eqn (6.14), the permeability coefficient, w%l;:M, can then be
determined by Eqn (6.15):

JX'{)VErlPEM

PEM _ YH

Vh, = ZPT (6.15)
In Eqn (6.15), the value of /pgy is known for a defined PEM fuel cell system

(e.g. Ippm = S0 um for a Nafion®-112-membrane-based MEA); the values of

Jp,"" and Pf, can be measured experimentally, and then g&E];:M can be

calculated at different temperatures, pressures, and RHs.

6.3. IMPACTS OF HYDROGEN CROSSOVER ON FUEL CELL
PERFORMANCE AND DURABILITY

6.3.1. Hydrogen Crossover Effect on Fuel Efficiency

Because the membranes used in PEM fuel cells are porous materials, hydrogen
that has crossed over from the anode to the cathode can react with oxygen at the
PEM/CL,) interface and produce heat and water. Obviously, this process
reduces the fuel efficiency. Moreover, diffused hydrogen that reacts with
oxygen can also lead to a reduction in the oxygen concentration at the PEM/
CL.) interface, resulting in a decreased cathode potential.

6.3.2. Hydrogen Crossover Effect on Fuel Cell OCV

Hydrogen that diffuses from the anode to the cathode will be oxidized elec-
trochemically at the PEM/CL, interface under the cathodic potential,
according to Reaction (6.1):

H, —2H" + 2e” 6.1)

At the same time, the oxygen reduction reaction proceeds at the cathode at the
PEM/CL . interface, and this process is often expressed as in Reaction (6.1I):

1
502+ 2H' +2¢” —»H,0 (6.1
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Reactions (6.I) and (6.11) form a local cell at the cathode, which depresses
the cathode potential, resulting in the reduction of fuel cell OCV. This has been
proven by our recent study in the temperature range of 23—-120 °C [9]; the effect
of hydrogen crossover on fuel cell OCV will be discussed in detail in Chapter 8.
In addition, it is also possible for the chemical reaction between the crossed
hydrogen and the oxygen at the cathode Pt catalyst surface to produce hydrogen
peroxide or water, 1/2 O, + H, —»H,0 and O, + Hp —H,0,, which leads to
a reduction in O, concentration and OCV. However, the electrochemical reac-
tions shown in Reactions (6.I) and (6.1I) are the dominant reactions.

6.3.3. Hydrogen Crossover Effect on Membrane Degradation

As discussed above, when hydrogen diffuses from the anode to the cathode,
the hydrogen can react chemically with the oxygen at the cathode Pt catalyst to
produce hydrogen peroxide radicals [10-12]. These radicals have been
confirmed to attack the membrane, which leads to its chemical degradation.
Meanwhile, the highly exothermic chemical reaction between the crossed H;
and the O, at the cathode’s Pt catalyst can also produce heat and often
generates local hot points, which can lead to local pinholes in the membrane
[12]; pinhole generation in turn increases the hydrogen crossover rate. Thus,
a destructive cycle of membrane degradation and accelerated membrane
failure is established.

6.3.4. Hydrogen Crossover Effect on Cathode Degradation

It has been confirmed that the hydrogen crossover can also cause cathode
degradation [11,12]. The hydrogen peroxide radicals produced by the reaction
between hydrogen and oxygen at the cathode attack the membrane and the
ionomers (e.g. Nafion® ionomer) in the CLc), and this leads to their chemical
degradation and loss of proton conductivity. Thus, the three-phase reaction
boundary in the CL ) will be decreased due to the lack of proton conductors.
Moreover, the formation of local hot points because of the reaction of H, and
O, at the cathode will accelerate the sintering of Pt catalyst particles due to the
local high temperature, decreasing the electrochemical surface area (ESA) of
the Pt catalyst. This has been proven by Yu et al. [12].

6.4. TECHNIQUES FOR HYDROGEN
CROSSOVER MEASUREMENTS

During the development of PEM fuel cells, many techniques have been devised
to measure the gas permeation rate and/or hydrogen crossover rate of
membranes. These techniques include ex situ and in situ methods. Among
them, the in situ electrochemical technique is a direct and effective method to
measure the hydrogen crossover rate of membranes in PEM fuel cells.
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6.4.1. Membrane Permeability Measurement

In a Hy/air PEM fuel cell, the gradient of the hydrogen concentration across the
membrane drives H, to permeate from one side of the membrane to the other.
The hydrogen crossover rate (JI’;'Z‘"’” ) through a membrane can be expressed as
in Eqn (6.2) or Eqn (6.14). The hydrogen permeability coefficient, 1//%?“, can
be expressed as in Eqn (6.15).

Several techniques can be used to measure the hydrogen crossover rate,
including the volumetric method, time-lag technique, gas chromatography
method, and the electrochemical monitoring technique. For example, by
applying higher pressure at one side of the membrane, Sakai et al. [13]
measured the H, permeability coefficient in Nafion membranes by using the
volumetric method.

Instead of measuring H; flow rate for a given sample area via the volumetric
method, the time-lag technique measures the time to fill a fixed volume
downstream of the membrane [14-16]. The gas chromatography method
measures the concentration change downstream of the membrane when the
same total pressure but different gas concentrations are applied across the
membrane [17]. For example, when measuring the hydrogen crossover rate,
hydrogen gas is applied on one side of the membrane and another gas (e.g. N»)
is made to flow into the other side of the membrane, while the pressures on both
sides are kept the same. The H; crossover rate can be determined by measuring
the hydrogen concentration in the N, flow.

The electrochemical monitoring technique is another effective way of
measuring the gas permeability coefficient of PEMs. In this method, one side of
the membrane is attached to a working electrode and is exposed to an elec-
trolyte, and then the current generated by Hj diffusion through this membrane
is measured over time to estimate the H, permeability coefficient of the
membrane. A fuel cell setup can be used for this technique. In this way, the
hydrogen crossover rate can be measured in situ for an operating PEM fuel cell,
which will be discussed in the following two sections.

6.4.2. Linear Scan Voltammetry

Linear scan voltammetry (LSV) is an electrochemical method that can be
used to measure hydrogen crossover in situ [10,18]. In this method, a fuel
cell setup is used. Humidified H; is made to flow into the anode (or cathode),
which serves as both reference electrode and counterelectrode. An inert gas
(e.g. N or Ar) is made to flow into the cathode (or anode), which serves as
the working electrode. The potential of the cathode (or anode) is swept
using a potentiostat instrument (e.g. Solartron 1287) from the rest potential
(normally <200 mV) to 500 mV, with a scan rate of 1-5mV s . The
hydrogen permeating from the anode (or cathode) is oxidized electrochem-
ically on the cathode (or anode) to produce a current density. This current
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density can reach a plateau, which demarcates a limiting current density,
which can be considered to be the maximum current density obtainable by
hydrogen crossover. Thus, based on the measured hydrogen crossover
current density, the hydrogen crossover rate (J}‘,’Z”V”) can be calculated using
Eqn (6.16):

B = (6.16)
where I 7" is the measured hydrogen crossover current density (A cm ), nis
the electron transfer number of hydrogen oxidation (n = 2), and F is Faraday’s
constant (96,487 C molfl). Therefore, the unit of J,’f[z”v” is mol cm 2s~ L.

Figure 6.2 shows the LSV recorded on an Hj/Ar fuel cell in the potential
range of 120-500 mV at different temperatures from 40 to 80 °C. As shown
in this figure, the current density generated by the hydrogen oxidation
increased with potential and reached a constant value at potentials >170 mV
in each case. In this study, the authors treated limiting current density in
the potential range of 300-350 mV, which is the double-layer region of
platinum. In this potential range, the effect of hydrogen adsorption/desorp-
tion on platinum has an insignificant effect on the measured hydrogen
Crossover.
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FIGURE 6.2 Linear sweep voltammograms for H,/Ar cell at various cell temperatures. H, and
Ar gases were humidified at T..; = —4 °C in each case. Atmospheric pressure, Hy/Ar =300/
300 mL min~" [10].
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FIGURE 6.3 Schematic of the setup for hydrogen crossover measurement.

6.4.3. Steady-State Electrochemical Method

The limiting current density can also be measured with a potentiostat by
applying a fixed potential for a time span [3,7,9]. Figure 6.3 shows a sche-
matic of the fuel cell setup for hydrogen crossover measurement. Before
measurement, a fuel cell assembled with a normal MEA is usually condi-
tioned at the operating conditions. After that, a humidified inert gas (e.g. N»)
stream is introduced into the cathode to remove the air. Once the fuel cell
OCV is <0.1V, the humidified H, and N, are made to flow into the fuel cell
anode (or cathode) and cathode (or anode), respectively. A potentiostat (e.g.
Solartron 1287) is then connected to the fuel cell for H, crossover measure-
ments, with the working electrode probe connected to the cathode (or anode)
and the counter/reference electrode probes connected together to the anode
(or cathode). A steady-state electrochemical method is used to record the
current generated from the oxidation of crossed H, from the anode (or
cathode) at an applied potential of 0.5 V relative to the potential of the Hj-
flushed electrode. At this potential, all H, that permeated across the membrane
should be completely oxidized. The current is usually recorded over a period
of 5-20 min, till it attains a limiting current under a steady state. The limiting
current density is indicative of the amount of hydrogen that has crossed over
under a steady state.
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FIGURE 6.4 Hydrogen crossover current density measured on a Nafion®-112-membrane-based
MEA at a fixed potential of 0.5V vs. H*/H,. Measuring conditions: 80 °C; 100% RH; 1.0 atm
backpressure.

Figure 6.4 shows the hydrogen crossover current density measured on
a Nafion®-112-membrane-based MEA using the steady-state electrochemical
method. It can be seen that the limiting current density can reach a steady level
after 50 s. With this limiting current density, the hydrogen crossover rate,
Ji,”"", can be calculated easily based on Eqn (6.16). Then, the permeability
coefficient, I,DEEM, can be obtained according to Eqn (6.15) if the hydrogen

pressure and membrane thickness are known.

6.5. DEPENDENCE OF HYDROGEN CROSSOVER
ON T, RH, AND P

As stated in Section 6.1, the hydrogen crossover rate is dependent on the fuel
cell operating conditions. The following sections will address the influences of
these operating conditions on hydrogen crossover, based on some typical
examples.

6.5.1. Temperature Dependence of Hydrogen Crossover

As one of the important operating conditions for PEM fuel cells, temperature
has a significant effect on hydrogen crossover. Our recent study [3] indicated
that the hydrogen crossover rate increases with increasing temperature. As
shown in Table 6.1, when the temperature increases from 80 to 120 °C, the
hydrogen crossover rate increases from 2.04 x 10 ¥ molem ?s™" at 80 'C
with 100% RH and 3.04 atm backpressure, to 2.69 x 10 ® molcm s~ ' at
100°C and 3.05 x 10 ®*molcm *s™' at 120 °C, with the same RH and



182 PEM Fuel Cell Testing and Diagnosis

KTABLE 6.1 Measured H, Crossover Rate at Various Temperatures, \
Backpressures, and Relative Humidities Using a Nafion®-112-Based
MEA. The Thickness of the Nafion® 112 was Adopted as 50 um [3].
Measured H, Crossover Rate
(molcm™2s7")
Backpressure (atm)

Temperature (°C) RH (%) 3.04 2.02 1.00

80 100 2.04E-08 1.30E-08 3.78E-09
70 1.91E-08 1.20E-08 4.14E-09
50 1.80E-08 1.16E-08 4.51E-09
25 1.74E-08 1.14E-08 5.30E-09

100 100 2.69E-08 1.48E-08 4.13E-09
70 2.82E-08 1.43E-08 5.91E-09
50 2.57E-08 1.35E-08 7.00E-09
25 2.23E-08 1.42E-08 8.23E-09

120 100 3.05E-08 1.65E-08 8.13E-09
70 4.16E-08 2.33E-08 1.19E-08
50 5.02E-08 2.90E-08 1.61E-08
25 6.28E-08 4.26E-08 2.17E-08

\J ~/

backpressure. The same trends were observed for other RHs, from 25 to 75%,
and with backpressures of 2.04 atm and 1.0 atm. Other studies have found the
same trends [7,10,11,18]. For example, as shown in Fig. 6.5, the hydrogen
crossover current density increased when the temperature was increased from
40 to 80 °C. The authors attributed this to the increased flexibility of the
membrane with increased temperature [10].

6.5.2. RH Dependence of Hydrogen Crossover

An increase in the RH also leads to an increased hydrogen crossover rates,
which has been proven by both Inaba et al. [10] and Teranishi et al. [11].
Figure 6.5 clearly indicates this trend. The authors attributed this result to the
increase in membrane flexibility with increasing RH. The membrane water
content can also increase with increasing RH, and both the solubility coefficient
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FIGURE 6.5 Effect of cell temperature and humidification on H, crossover current density
at atmospheric pressure. H, and Ar gases were humidified at the same temperature in each case.
H,/Ar = 300/300 mL min~" [10].

(K{EM) and the diffusivity coefficient (Dff™) increase as well. However, at
high temperatures (>80 °C), the effect of RH on hydrogen crossover is more
complicated. As shown in Table 6.1, the hydrogen crossover actually decreases
with increasing RH at cell temperatures of 100 and 120 °C, a reversal of the
trend at 80 °C. This is because when the temperature is increased from 80 to
100 °C and to even 120 °C, the increase in RH can cause an increase in water
partial pressure (Py,0). As the inlet total pressure of the cell (PI"l!) is the sum

of Pp,0 and Py, (PN = Py,o + Py,), the increase in Py,0 rt;tg;ns that Py,
has to decrease. According to Eqn (6.14), when the hydrogen crossover rate
decreases with increasing RH, this is due to the decrease in Py,. Although both
the solubility coefficient (Kj™) and the diffusivity coefficient (DyM)
increase when the membrane’s water content increases, the positive effect of
the increase in the permeability coefficient might be smaller than the negative
effect of decreased Py,. Thus, the overall effect is that the hydrogen crossover
rate decreases with increasing RH at temperatures of 100-120 °C.

6.5.3. Pressure Dependence of Hydrogen Crossover

Pressure can also have an important effect on hydrogen crossover. Table 6.1
shows that the hydrogen crossover rate increased with increasing backpressure
at all the cell temperatures and RHs. As mentioned above, the total inlet
pressure is the sum of Py,o and Py,, and increasing the backpressure will cause
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FIGURE 6.6 In situ hydrogen crossover current density versus hydrogen partial pressure in
Nafion®-112 membrane [7].

an increase in Py, at the same cell temperature and RH. According to Eqn
(6.14), the hydrogen crossover rate will increase with increasing Py, Kocha
et al. [7] proved that the hydrogen crossover current density can be increased by
increasing the partial pressure of hydrogen. As shown in Fig. 6.6, at all the
temperatures studied from 25 to 80 °C, the changes in hydrogen crossover
current density follow this trend.

6.6. SUMMARY

Hydrogen crossover is an undesirable permeation of fuel in Hy/air PEM fuel
cells that is inevitable due to the porosity of PEMs. In PEM fuel cells, hydrogen
crossover can not only decrease both the fuel efficiency and the cathode
potential drop but it can also induce fuel cell failure by accelerating membrane
degradation, even to the point of membrane failure. When hydrogen crosses
over from the anode to the cathode, it reacts with oxygen to form hydrogen
peroxide radicals, which then attack the membrane and create pinholes,
resulting in membrane failure. These radicals can also attack the ionomer inside
the CL, resulting in severe catalyst layer degradation. Hydrogen crossover can
also accelerate cathode degradation by the formation of hotspots that lead to
decreased Pt ESA.

In this chapter, the theory of hydrogen crossover and the techniques for
determining the hydrogen crossover rate have been presented. Among these
different techniques, the in situ electrochemical method is the most simple and
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effective. The experimental and theoretical models indicate that the steady-
state hydrogen crossover rate is a function of operating temperature, RH, and
backpressure.
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7.1. OPEN CIRCUIT VOLTAGE THEORY

A proton exchange membrane (PEM) fuel cell directly converts the chemical
energy stored in its fuel (e.g. hydrogen, or low-carbon fuels such as methanol)
into electrical energy through anodic and cathodic electrochemical reactions. For
Hy/air or Hy/O, PEM fuel cells, the electrochemical reactions are usually
expressed as Reactions (1.1) to (1.1II) in Chapter 1. The thermodynamic electrode
potentials for half-electrochemical Reactions (1.I) and (1.II) can be expressed as
in Eqns (1.1) and (1.2). The overall reaction, expressed in Reaction (1.III)
(1/20, + Hp <> H,0), is a combination of Reactions (1.I) and (1.IT), so the
theoretical fuel cell voltage can be obtained by combining Eqns (1.1) and (1.2).
In fact, the theoretical cell voltage is the fuel cell open circuit voltage (OCV),
Vgeco\r/y, which can be expressed as in Eqn (1.3). As Vt(l)lec()\r/y is the theoretical

thermodynamic voltage at OCV, Eqn (1.3) can also be written as follows:
1

2
dH, (102

RT
OC 0 0
Efoy = Eby 0 — iy +2:303 5 log (71.1)

theor
Y au,o
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where Eggo\;y is the theoretical OCV for an H,/O, or Hy/air PEM fuel cell;
E;Iz {HA af)ld Egz /1,0 are the standard anodic and cajhodic potentials, respec-
tively; EHz H equals zero at any temperature; EO,z /H,0 18 @ temperature-
dependent parameter; ay,, do,, and ap,o are the activities of Hy, O2, and H,O,
respectively; and R and T are the universal gas constant and the temperature,

respectively. Here, Eg2 /H,0 Can be expressed as in Eqn (7.2) [1,2]:

EY o = 1.229 —0.000846 x (T —298.15) (7.2)

Therefore, Eqn (7.1) can be rewritten as Eqn (7.3):

1

2
ay, a
2070 ) (73

theory

RT
EQCY = 1.229 — 0.000846 x (T — 298.15) + 2.303 ——log
2F ay,0

Thus, at standard conditions, the value of Et(ﬁg(}’ is 1.229 V.
For an approximate calculation of theoretical OCV using Eqn (7.3), ao,,
ay,, and ap,o can be replaced by their partial pressures in PEM fuel cells, as

Po,, Pu,, and Py,0, respectively. Then, Eqn (7.3) can be written as Eqn (7.4):

1

PHZ P%z

RT
ESCY = 1.229 — 0.000846 x (T — 298.15) + 2.303 ﬁlog (7.4)

theor
Y Pu,0

In an operating PEM fuel cell, the temperature (7) is known, and Po,, PH,,
and Py,0 inside the fuel cell are measurable. Then, Et(})lg(}’ry can be calculated
according to the above parameters. At temperatures close to the standard
temperature, the value of Et?lgo\;y should be close to 1.229 V. However, in
practice, the measured OCV value is always lower than that theoretically
calculated using Eqn (7.4). This is because several factors can affect the OCYV,
including temperature, the status of the Pt catalyst surface, and hydrogen

crossover, which will be discussed in the following sections.

7.2. MEASURED OCV

During the practical operation of a PEM fuel cell, the OCV of the cell is its
voltage at zero current density, meaning that at OCV, the circuit is open
without any power output. OCV values can be measured directly with

a voltage meter, and are designated as Er?lg;gured' As shown earlier, in Fig. 1.8,

the EOCY 4 of a practical operated single PEM fuel cell is around 1.0V,

measure:

usually 0.95-1.05V, which is much smaller (~20% less) than the Et?lg(xy

calculated according to Eqn (7.4) (which, as indicated above, is ~1.229 V).

The reasons for this large difference between the values of Et?lgo\gy and EOCY |

were not clear for several decades of fuel cell development, although there
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were many hypotheses. Vilekar and Datta [3] summarized some explanations
in the introduction to their article. Hoare [4] and Bockris and Srinivasan [5]
suggested that one or more side reactions accompanied the oxygen reduction
reaction (ORR) on the Pt surface at extremely low current densities. The
possible side reactions, involving O,, Hj, the carbon support C, impurities
CH,, and Pt at the PEM fuel cell cathode, are listed in Table 7.1. The presence
of side reactions can result in a mixed potential between these reactions and
the ORR, leading to a significant decrease in OCV that makes it much lower

than the Ef})lg(};y. The formation of H,O; through side reaction 7 in Table 7.1 is

the common explanation for the lower OCV. However, the concentration of
H;0; is far too small to account for the big difference between the measured
and theoretical OCVs [5]. Another explanation includes the formation of Pt
surface oxides due to one or more Pt corrosion reactions, as expressed in Table
7.1. However, in a PEM fuel cell system, the Pt oxidation reaction cannot go
on indefinitely, and hence, it cannot be considered the only reason for the lower
measured OCV [3]. Bockris and Srinivasan [5] studied the half-cell open
circuit potential of the ORR in a liquid electrolyte and attributed the lower
measured OCV to the mixed potential arising from the existence of organic
impurities. But such organic impurities would not be present at the same level
during long-term operation of a fuel cell, despite operating conditions such as
temperature, pressure, relative humidity (RH).

KTABLE 7.1 Possible Side Reactions Involving O,, H,, Carbon Support C, \

Impurities CH,, and Pt at the PEM Fuel Cell Cathode [3,5]

Reaction Standard Electrode

No., p Overall Reaction Potential, cbgyo V)

1 H,O, +2H" 4 2e~ < 2H,0 1.77

2 PtO3 4+ 2H" + 2e~ s PtO, + H,0 1.48

3 O, +4H* +4e” s 2H,0 1.229

4 PtO; + 2H' + 2~ = P{OH), 1.11

5 Pt(OH), + 2H" +2e~ s Pt+2H,0 0.98

6 PtO +2H" +2e~ < Pt+ H,O 0.88

7 0, +2HY +2e” s H,0, 0.68

8 C+2H,0 s CO, +4H" +4e~ 0.207

9 CH,+2H,0 S CO, + (x+ 4)H™ ?
+(x+4)e”

10 2H" +2e” s H, 0.00
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Laraminie and Dicks [6] attributed the lower Egg;slured to H, crossover and/
or to internal electrical short circuiting caused by the small electronic
conductivity of the electrolyte membrane. Similarly, Sompalli et al. [7] sug-
gested that the lower Egg%’ured is derived from the parasitic current caused by
a combination of H; crossover and ohmic shorting via the membrane, the
former being the main contributor and the latter the minor. But the results of
Cleghorn et al. [8] and Vilekar and Datta [3] indicated that ohmic shorting did
not noticeably affect the observed OCV drop. Vilekar and Datta [3] concluded
that the large difference between the values of Et?lg’ry and EOCY | was caused
exclusively by hydrogen crossover, based on a theoretical model of mixed
potential with parameters. However, if this were true, the OCV difference
would decrease significantly if hydrogen crossover could be suppressed by
using a thicker PEM. Yet in fact, the difference was still about 200-250 mV,
even when a Nafion®-117 membrane (with a thickness of ~175 wm) was used.

Zhang et al. [2] studied the PEM fuel cell OCV in the temperature range of
23-120 °C and explained the large difference between the values of Efﬁgg’ry and
Egg;slured on the basis of their experimental results and theoretical calculations.
They concluded that at certain operating conditions, the decrease in the OCV of
a PEM fuel cell compared to its theoretical value is mainly caused by hydrogen
crossover and the mixed potential induced by the Pt oxidation and ORR

reactions.

7.3. FACTORS AFFECTING OCV

Mixed potential, hydrogen crossover, and temperature are the main factors that
affect the OCV of a PEM fuel cell. The followings sections will discuss each of
these in detail.

7.3.1. Effect of Mixed Potential on OCV

Mixed potential on the cathode side has been considered one of the most
important causes of the large difference between the values of Et(t)lecg/ry and
Egg;gured. This mixed cathode potential results from the 4-electron ORR and
one or more side reactions that occur on the cathode. These side reactions
involve O,, Hy, the carbon support C, impurities, contaminants, and the Pt on
the cathode, and have been addressed in section 7.2 and listed in Table 7.1.
Among these side reactions, the Pt oxidation reaction on the cathode plays
a dominant role, as discussed in our previous article [2]. The mechanism of a Pt
electrode reaction in an O,-saturated acidic solution can be explained by
a local-cell mechanism [2,9,10]. This local cell is composed of two electrode
reactions, the O,/H,O cathode reaction (O, +4H' +4e” < 2H,0,
E? = 1.229V (vs. normal hydrogen electrode, NHE)) and the Pt/PtO anode
reaction (Pt+ H,0 < PtO +2H" +2¢", Ef,t /PO = 0.88V (vs. NHE)). The
local electrochemical reaction on the Pt surface can lead to a PtO surface
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coverage of up to 30%, with 70% of the surface remaining as pure Pt. At the
steady-state mixed potential, a complete PtO layer is never achieved, which
keeps the Pt oxidation reaction moving forward. The reported and widely
accepted mixed potential caused by the above-described local cell is around
1.06 V (vs. NHE) at standard conditions (25 °C, 1.0 atm) [9,10]. The mixed
potential (Vpixed) is a function of the oxygen partial pressure (Po,) in an
operating PEM fuel cell, and their relationship can be expressed using
Eqn (7.5):
dVnixed 2.3RT

= 7.5
dP02 naoaoF ( )

where «, and n,o are the electron transfer coefficient and the electron transfer
number in the rate-determining step of ORR, respectively. Based on Eqn (7.5),

the temperature-dependent values of E[?lg(\e]d can be calculated after measuring

the Po, at different temperatures. Table 7.2 lists the Eﬁﬁ‘éd at temperatures from

23 to 120 °C, with 3.0 atm total air pressure and 100% RH. As shown in Table
7.2, the EOCY, decreases from 1.060 V at 23 °C to 1.040 V at 120 °C. To

mixed

KTABLE 7.2 OCVs at 3.0 atm, 100% RH, and Different Temperatures [2] \

Temperature (°C) 23 40 60 80 100 120
Theoretical OCV (EQCT), (V) 1.241 1.228 1210 1.192 1.169 1.136

Nafion-117-based 1.011 1.009 1.005 1.000 0.975 0.948
Measured OCy  membrane electrode
(EOCV ) (V) assembly (MEA)

measured
Nafion 112- 1.042 1.041 1.039 1.021 1.008 0.985
based MEA
Mixed OCV (EQCV.) (V) 1.060 1.060 1.059 1.056 1.051 1.040
OCV drop caused by 0.182 0.168 0.152 0.135 0.119 0.096

surface Pt—O, reaction
(AERSS,) W)

Nafion-117- 0.025 0.024 0.022 0.024 0.037 0.052
OCV drop caused hased MEA

by H, crossover

(AEQY, over) (V) Nafion-112- 0.054 0.049 0.053 0.056 0.071 0.088
based MEA
Nafion-117- 1.249 1.234 1.213 1.180 1.164 1.133

Corrected OCV  based MEA

(EOCV )(V)

corrected Nafion-112- 1.247 1.226 1.210 1.191 1.164 1.133
based MEA

\ ~/
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quantify the effect of mixed potential on the OCV of a PEM fuel cell, the values
of the voltage drop caused by the surface Pt—O, reaction at OCYV, AE82C_VPt, were
also calculated, according to Eqn (7.6):

AEQTY, = Egoor, — ESS (7.6)

theory mixed

where Et?lec(xy is the theoretical OCV calculated according to Eqn (7.4). The

values of Ang_th at different temperatures <3.0 atm total operating pressure
and 100% RH are listed in Table 7.2 as well. As shown there, the voltage loss
caused by the mixed potential at 23 °C is as high as 182 mV, suggesting that
mixed potential is one of the main factors that influences fuel cell OCV. Table
7.2 also shows that the voltage loss caused by mixed potential decreases with
increasing temperature, from 182 mV at 23 °C to 96 mV at 120 °C.

The calculated mixed OCV (ECY ) and the voltage drop caused by the

mixed
surface Pt—O; reaction at OCV (AE(O)EYR) as a function of temperature are also

plotted in Fig. 7.1 for comparison.

7.3.2. H, Crossover Effect

H, crossover is the phenomenon of hydrogen crossing from the anode to the
cathode through the PEM in a PEM fuel cell. This is an inevitable but unde-
sirable phenomenon in operating PEM fuel cells. As discussed in Chapter 6, H;
crossover not only decreases fuel efficiency but it also leads to membrane decay
and even fuel cell failure. Hydrogen that crosses over from the anode will be
oxidized electrochemically on the cathode; this reaction can be expressed using
Reaction (1.I) in Chapter 1. Similar to Pt oxidation on the cathode, this

1.30
125 1g CorrectedOCV
1.20 1 Theoretical OCV
s 1.15 4 : 2
ry ] OCV drop by local-cell mixed reactions]
% 1.10 Mixed OCV p Ry
1.05 4
§ 1.00 OCV drop by hydrogen crosso®er
§ 0.95 4 Measured OCV
O 0.90 - —e— Calculated
E. 0.85 1 —=— Measured
° 5804 —&— Mixed OCV
0.75 —a— Corrected OCV, Nafion 112
e Corrected OCV, Nafion 117
0.70 T T T T T T T T r

20 30 40 50 60 70 80 90 100 110 120

Temperature (°C)

FIGURE 7.1 Fuel cell OCVs as a function of temperature. Operating conditions: Hy/air, 3.0 atm
backpressure, and 100% RH [2]. (For color version of this figure, the reader is referred to the
online version of this book.)
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hydrogen oxidation reaction will form a local cell with the ORR on the cathode,
which will lead to decreased fuel cell OCV [2,3] by forming a mixed potential,
as the Pt oxidation reaction does. The voltage loss at OCV caused by Hj
crossover can be calculated if the H, crossover rate or the current density
generated by the oxidation of crossover H, can be measured/calculated.

Hydrogen crossover current density has been measured by using a steady-
state electrochemical method, as addressed in Chapter 3 and in our previous work
[2], during which the fuel cell cathode was used as the working electrode, flushed
with nitrogen to remove O,, and then set up at a potential of 0.5 V relative to the
H,-flushed anode, which was used as the reference electrode and counter-
electrode. At this potential (vs. the hydrogen reference electrode), all H, atoms
that cross over from the anode to the cathode will be oxidized, which enables one
to measure the hydrogen crossover current density. The measured current
densities generated due to the electrochemical oxidation of hydrogen that crossed
the membrane are plotted in Fig. 7.2 as a function of temperature. As shown
there, for both the Nafion®-112- and the Nafion®-117-membrane-based MEAs,
the hydrogen crossover current density increases with increasing temperature.

According to the Butler—Volmer equation, the cathode kinetic current
density can be expressed as in Eqn (7.7):

"a0-Pt/PO%0,_py /o’ e a0—-pt/Pt0 (100 _py Jpio” e
I. = igz/Hzo e RT —e RT (1.7
where [ is the cathode current density; n,0_p,/po (= 2) is the electron
transfer number for the rate-determining step of the ORR on a Pt/PtO electrode
surface; i‘(’)2 /H,0 is the apparent exchange current density for the cathode O,

8
? 4
2
3 87
o «Nafion 112 based MEA
° 5 1
'ng- " ®Nafion 117 based MEA
SE
o [¥]
- <l 3 1
zE
2 4
§ +
IG 1 r_/‘
o~
T 0 . . . . . .
0 20 40 60 80 100 120 140

Temeprature (°C)

FIGURE 7.2 H, crossover current densities as a function of temperature at OCV with different
MEAs. Operating conditions: 3.0 atm backpressure, 100% RH [2]. (For color version of this figure,
the reader is referred to the online version of this book.)
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fTABLE 7.3 Apparent Exchange Current Densities for the ORR, i002/HzO’

at Different Temperatures, 3.0 atm, and 100% RH [2]

Temperature

O 23 40 60 80 100 120

1B, /M0 1.2x107% 2.4x107* 3.9x107* 4.6x107* 3.8x107* 2.2x107*
O, reduction

(Acm™)

\J /)

reduction (Table 7.3), which can be calculated using Eqn (1.61) by measuring
the AC impedance at OCV; and «f) p, /PO = 0.00168 K~! in the temperature
range of 25-250 °C.

The cathodic potential loss caused by Hj crossover, AEggVX_O\,er, can be
calculated according to Eqn (7.7) by taking the H, crossover current density to
be I... In this calculation, it is assumed that the crossover H, could react with O,
to produce a corresponding cathode current density of the same magnitude,
resulting in a cathode potential depression. The calculated values of
AE&C};_OVCT are listed in Table 7.2. As shown there, the value of AEgE};_OWr
increased with increasing temperature. For example, the value increased from
54 mV at 23 °C to 88 mV at 120 °C for a Nafion®-112-membrane-based MEA
at 3.0 atm pressure and 100% RH. Table 7.2 also shows that the voltage drop
caused by hydrogen crossover is always smaller than that caused by mixed
potential, across the whole temperature range from 23 to 120 °C; this indicates
that mixed potential plays a more dominant role than does hydrogen crossover.

Membrane thickness can affect the fuel cell OCV by influencing the
hydrogen crossover rate. A thinner membrane has a higher gas permeability,
which leads to a larger hydrogen crossover current density and thereby results
in a larger voltage loss at OCV. As shown in Table 7.2, the values of
AEgg\;_over for the MEA containing Nafion®-112-membrane (thickness
~50 um) MEA are larger than those of the membrane containing Nafion® 117
(thickness ~175 pm), across the entire temperature range from 23 to 120 °C.

7.3.3 Temperature Effect

Temperature is an important operating parameter and can also affect the fuel
cell OCV by influencing the partial pressures of Hy (P, ), Oz (Po,), and HO
(Pm,0) in the fuel and oxidant gas streams. Figure 7.3 shows the temperature-
dependent partial pressures of Py,, Po,, and Py,0 in the feed streams of a fuel
cell operated at 100% RH and 3.0-atm backpressure with pure H, as fuel and air
as oxidant. Py,o increases dramatically with increasing temperature, whereas
Py, and Po, decrease quickly with increasing temperature, especially once the
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FIGURE 7.3 Partial pressures of O, H,, and H,O in fuel cell feed streams as a function of
operating temperature. Operating conditions: 3.0 atm backpressure; 100% RH [2]. (For color
version of this figure, the reader is referred to the online version of this book.)

temperature is >80 °C [2]. According to Eqn (7.4), the theoretical OCV of
a PEM fuel cell will decrease when the operating temperature increases due to
the increase in both temperature and Py,0, and to the decrease in both Py,
and Po,.

Temperature can also affect the OCV by influencing the hydrogen crossover
rate. Usually, a higher temperature results in the membrane having greater gas
permeability, which can be measured using the crossover current density caused
by the electrochemical oxidation of the crossover hydrogen on the cathode. Thus,
a larger voltage loss in the OCV will result. This has been proven by the values of
AEQCY at different temperatures, as listed in Table 7.2.

H, —x-over

The table also lists the theoretical OCV (EQCY. ), measured OCV (EOCY ),

theo: measured

corrected OCV (EQGY ok AER,-over» and AEQCY, values for a Nafion®-112-

membrane-based MEA at a backpressure of 3.0 atm, with 100% RH, in the
temperature range of 23-120 °C. The EQCY . can be expressed by Eqn (7.8):

corrected

oCV  _ OCv ocv ocv
Ecorrected - Emeasured + AEP[—OZ + AEH2—x—over (78)

As shown in Table 7.2, the values of E?O%\elcted at all the tested temperatures
are very close to the Etohg(};y values. Figure 7.1 also shows that the values of
Eg)(r:r\gcted are very close to those of Egec(x across the whole temperature range.
Thus, the main factors that influence the OCV of a PEM fuel cell are the sum of
the hydrogen crossover, and the mixed potential caused by the formation of
a local cell due to the ORR and Pt oxidation electrochemical reactions on the

cathode.
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7.4. APPLICATIONS OF OCV MEASUREMENT
7.4.1. OCV Measurement as a Diagnostic Method

OCV measurement is an effective method of monitoring MEA failure, espe-
cially membrane failure (e.g. via the formation of pinholes) [11]. After a PEM
fuel cell is assembled, it is usual to check the OCV of the cell by flowing a little
H; and air before practical operation. A low OCV value (e.g. <0.8 V) could
indicate potential defects in the membrane, gaskets, or even bipolar plates. For
an operating PEM fuel cell, a low OCV may suggest a problem in the cell, such
as a broken membrane. This means that gasket failure, cracks in bipolar plates,
and broken membranes are easy to detect, as they usually lead to an abnormally
low OCV. However, pinholes in the membrane cannot be straightforwardly
discerned during practical fuel cell operation. Lu et al. [11] developed a simple,
effective method to confirm the presence of membrane pinholes by increasing
the anodic pressure and measuring the resulting reduction in fuel cell OCV.
They used two MEAs, one without and one with membrane pinholes, and
followed a five-step testing procedure to measure the variations in the fuel cell
OCVs. The testing procedure was as follows (each step lasted about 1000 s): (1)
balance the anode and cathode pressure at 0.1 MPa; (2) raise the cathode
pressure to 0.2 MPa; (3) restore the cathode pressure to 0.1 MPa; (4) raise the
anode pressure to 0.2 MPa; and (5) decrease the anode pressure to restore it to
0.1 MPa. The changes in OCV with time during the procedure were recorded
for the fuel cells with and without pinholes in their respective MEAs. As shown
in Fig. 7.4(a), the OCYV of the fuel cell without membrane pinholes decreases
slightly (~20 mV) for both H,/O, and Hy/air operation when the anode pressure
is increased to 0.2 MPa from 0.1 MPa, which could be caused by the increase in
hydrogen crossover due to the pressure difference between the anode and the
cathode. In the case of the fuel cell with pinholes in the MEA (Fig. 7.4(b)),
when the anode pressure is increased to 0.2 MPa, the fuel cell OCV decreases
significantly to 200 mV for H,/O; operation and 700 mV for Hy/air operation.
This is because the pressure difference causes more hydrogen to penetrate the
membrane from the anode to the cathode through the pinholes.

CV measurement can also help localize the position of leakage or
membrane failure in a fuel cell stack during lifetime testing. Stumber et al. [12]
used OCV profiling as a diagnostic tool during a 10-cell stack lifetime test.
They combined OCV profile measurement with current mapping and obtained
useful information regarding crossover leakage formation and location.

7.4.2. Accelerated Durability Testing at OCV

As an accelerated testing method, the OCV hold test plays an important role in
accelerated durability tests [13—18]. The OCV hold test is believed to accelerate
the chemical degradation of the membrane, which results in higher gas
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FIGURE 7.4 OCYV of a fuel cell without (a) and with (b) pinholes in the membrane [11].

permeability. Recently, it has also been suggested that the operation of a PEM
fuel cell at OCV for an extended time could lead to the formation of a Pt band in
the membrane, due to the electrochemical deposition of Pt from the catalyst.
The membrane will then further degrade within and near the Pt band location.

Ohma et al. [16] studied membrane degradation behavior during an OCV
hold test and found that Pt bands were formed in their three membrane samples,
as shown in Fig. 7.5. The OCV hold test conditions are listed in Table 7.4. The
results indicated that the location of the Pt band was mainly determined by the
gas composition at both the anode and the cathode, as well as by the gas
permeability of the membrane. The formation of a Pt band enhanced membrane
decomposition during the OCV hold test, which increased the fluoride ion
emission rates.
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FIGURE 7.5 Transmission electron microscopy images of sample cross-sections [16]. (For color

version of this figure, the reader is referred to the online version of this book.)

KTABLE 7.4 OCV Hold Test Conditions [16]

~

Sample 1 Sample 2 Sample 3
Anode gas 10% H, H, H,
Cathode gas O, O, O,
Cell temperature (K) 363 363 363
Backpressure Ambient Ambient Ambient
Anode dew point (K) 334 334 334
Cathode dew point (K) 334 334 334
Anode flow rate (N m™) 0.5x107° 0.5x107° 0.5x107°
Cathode flow rate (N m™?) 0.5x1073 0.5x1073 0.5x1073
Duration of OCV hold (h) 110 110 110

\J

~/

Kundu et al. [17] also investigated the degradation of fuel cells during OCV
durability testing. OCV durability testing is believed to promote chemical
degradation of the electrolyte membrane material via radical attack, as well as
degradation of the catalyst layer. Fuel cell degradation during OCV durability
testing includes reversible and irreversible processes, as shown in Fig. 7.6. The
results indicated that irreversible voltage decay at OCV was caused by
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FIGURE 7.6 Reversible and irreversible degradation as well as irreversible degradation rates for
a fuel cell. MEA active area: 80.1 cmz; cell temperature: 90 °C; RH: 100% [17].

irreversible material changes, such as hydrogen crossover and loss of active
electrochemical surface area.

7.5. CHAPTER SUMMARY

The OCV of a PEM fuel cell was addressed in this chapter. OCV can be
decreased by increasing the operating temperature. At certain operating
conditions, the OCV is mainly determined by the hydrogen crossover rate and
the mixed potential formed by the electrochemical reactions of Pt surface
oxidation and the ORR.

OCYV measurement can be a useful diagnostic tool in fuel cell operation or
stack lifetime testing. An abnormal OCV usually indicates fuel cell failure,
such as a broken membrane, a gasket leak, and/or bipolar plate failure. OCV
measurement can also help in obtaining information from within the fuel cell
and in localizing the position of broken MEAs.

The OCYV hold test can be used in accelerated fuel cell durability tests to
understand the failure mechanisms that lead to fuel cell degradation at OCV.
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8.1. INTRODUCTION

Conventional proton exchange membrane (PEM) fuel cells (typically operated
at <90 °C) make use of a perfluorosulfonic acid (PFSA) membrane (e.g. Nafion
membrane) as the PEM. A certain level of relative humidity (RH), typically
near saturation (>80% RH) is required to achieve high PEM fuel cell
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performance because the proton conductivity of PFSA membranes depends on
their water content. Therefore, the RH is one of the important factors to
consider in PEM fuel cell performance. Both modeling and experimental
results have shown that the RH can influence PEM fuel cell performance by
affecting the proton conductivity of membranes [1-9], the proton activity in the
catalyst layers [4,6-8,10], electrode reaction kinetics [5,8,9,11], and the mass
transfer process [4-6,8,11].

As a PEM fuel cell is a complicated system, the effect of RH is also related
to other operating conditions, such as temperature, pressure, flow field design.
This chapter will address the effect of RH on fuel cell performance through
theoretical analysis and typical experimental examples.

8.2. DEFINITION OF RELATIVE HUMIDITY
8.2.1. General Concept of Relative Humidity

Humidity is a parameter that helps describe the water content in a gas and
water mixture. There are many different methods to express humidity:
absolute humidity, RH, dew point temperature, or mixing ratio. In PEM fuel
cell technology, RH is commonly used. The RH is a measure of the amount of
water vapor in the air relative to the maximum amount of water vapor that air
can hold at a specific temperature, and is usually expressed as a percentage
value. The RH at temperature 7 (RH(7)) is defined as the ratio of the partial
pressure and the saturated vapor pressure of water, and can be expressed as in
Eqn (8.1) [12]:

o P Hzo(T)
Pir,o(T)
Here, Py,0(T) is the partial pressure of water at temperature 7and Py (T) is
the saturated vapor pressure above water at temperature 7. Actually, the satu-
rated vapor pressure is the partial pressure of water when a mixture of air and
liquid water is at the equilibrium state, where the rate of evaporation is equal to
the rate of condensation. When the air cannot hold any more water vapor, it is
said to have reached a saturated state.
Figure 8.1 shows a closed chamber to explain the formation of water vapor.
In equilibrium, the number of water particles leaving the surface of the liquid
water is equal to that rejoining it, and the number of gaseous water particles
remains statistically constant. The partial pressure of the water vapor is equal to
P%ZO(T), which can be expressed by the Clapeyron Equation:
dp (12120(T) LV
= (8.2)
dr TAV
where Ly is the latent heat, T'is the absolute temperature, and AVis the volume
change of the phase transition. If we assume that the vapor gas is an ideal gas,

RH(T) x 100 8.1)
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gaseous water

liquid water

FIGURE 8.1 Explanation of the formation of water vapor in a closed water chamber. At the eq-
uilibrium state, the number of water particles (vapor) leaving the surface of liquid water equals the
number of particles rejoining it. The gaseous water particles exert pressure against the wall of the
chamber [1]. (For color version of this figure, the reader is referred to the online version of this book.)

we can describe P} o(7) as a function of temperature (#) in °C; this expression
is known as the Magnus Equation:

PYo(T) = aexp (%) 8.3)

Here, o = 623.424 Pa, B = 17.62, and y = 243.12 °C, and the range of 7 above
water is —45 to 60 °C.

It is well known that P}y o(T) (with a unit of atmospheres) increases with
increasing temperature (with a unit of Kelvins), and this relationship can be
expressed as in Eqn (8.4) [13,14]:

P} o(T) = 6.02724 x 107 + 4.38484 x 10™#(T — 273.15) + 1.39844
x 1075(T — 273.15)* +2.71166 x 1077(T — 273.15)* +2.57731
x 107°(T — 273.15)* +2.82254 x 10~'(T — 273.15)°
(8.4)

Figure 8.2 clearly shows the relationship between Py o (T) and temperature.
It can be seen that Py o(T) does not behave linearly with temperature, but
rather it increases more and more rapidly at higher temperatures.

8.2.2. Relative Humidity in PEM Fuel Cells

The water balance inside a PEM fuel cell can be strongly affected by the RHs of
the inlet gases, such as H, and O,. To gain a clear understanding of the RH effect,
one should understand the water balance inside a fuel cell. As shown in Fig. 8.3,
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FIGURE 8.2 Calculated saturated water vapor pressure as a function of temperature [13,14]. (For
color version of this figure, the reader is referred to the online version of this book.)
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FIGURE 8.3 Schematic of water balance inside an operating PEM fuel cell [14].
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in an operating PEM fuel cell, water is usually introduced into the fuel cell at
both the anode and the cathode with fuel and oxidant flows, respectively, so that
it reaches the anode and cathode catalyst layers through their respective flow
fields and gas diffusion layers. At the interface of the anodic catalyst layer and
membrane, a part of the anode water is combined with protons and electro-
osmotically dragged into the cathode catalyst layer through the membrane. This
dragged water can be expressed as Wgpe. At the cathode catalyst layer, the
oxygen reduction reaction (ORR) takes place, and this produces some water and
releases Wyp,g. If the RHs at the anode inlet and the cathode inlet are controlled
at the same level, some of the water will diffuse back to the anode from the
cathode through the membrane because of the water concentration gradient
between the anode and the cathode. At the anode, the remaining water (including
the backdiffused water and part of the humidified water) is drained out by the
exhaust fuel gas (Hj). Similarly, the residual water (including the produced
water, the osmotically dragged water, and part of the humidified water) at the
cathode side is drained out by the exhaust oxidant gas (O, or air). The water
balance inside an operating PEM fuel cell is shown in Fig. 8.3, where W, and
W¢ o Tepresent the water that flows into the fuel cell at the anode and the
cathode, respectively; W5 ... and W¢ ., represent the water that is drained out of
the fuel cell at the anode and the cathode, respectively; W&, and W¢; represent
the water in the anode and the cathode catalyst layers, respectively; ngduced
stands for the water produced by the ORR at the cathode catalyst layer; Wy
indicates the water osmotically dragged from the anode to the cathode; and
Waifrusion 1ndicates the water that diffused back from the cathode to the anode.

The concept of RH in a PEM fuel cell stream can be defined as follows. The
RHs at the cathode (RHI™®* and RHO"°!) and the anode (RHIM®t and RH2et)
are the percentages of corresponding water vapor partial pressure in the cathode
stream (Pf{'ziglet and P{;$"") and anode stream (Pf] zi(“)let and P%fz%‘ﬂet), divided
by the saturated water vapor pressure (PP (7)) at the fuel cell operating
temperature T. Rchnlet, RH‘C)“ﬂet, RHlanl‘“‘t, and RH;’“”‘“‘t can be expressed using
Eqns (8.5)—(8.8), respectively [14]:

c-inlet
RH™M = 295 100% (cathode inlet) (8.5)
Ppo(T)
outlet __ f’l-z%met
RH™ = ——==—-x 100% (cathode outlet) (8.6)
Ppo(T)
aH-iglet
RHMt — LY __ » 100% (anode inlet) (8.7)
¢ Pi,o(T)
a-outlet
RHW = — 1RO 5 100% (anode outlet) (8.8)

Pir,o(T)
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8.2.3. Distributions of RH in PEM Fuel Cells

From Fig. 8.3, it can be deduced that at a steady state, the water balance inside
the cathode and the anode of an operating PEM fuel cell can be expressed as in
Eqns (8.9) and (8.10), respectively [14]:

outlet __ _ inlet P o b
nH0 = Moo T Memo + M0 — w0  (cathode) (8.9)
outlet __ _ inlet 0 b
naH,0 = Mam,0 — M0 T 7m0  (anode) (8.10)

outlet outlet E :
where nUH,0 and ny 0 are the water draining rates (here the rate is the mole

rate with a unit of mol s_l) in the outlet streams at the cathode and the anode;
nic‘ﬂeﬁzo and ni"¢ | are the water feeding rates in the inlet streams at the cathode
and the anode, respectively; nngao is the water production rate by the ORR at
the cathode; nf; , is the water osmotic-dragging rate by protons from the anode
to the cathode; and n°_;  is the water backdiffusing rate from the cathode to
the anode.

For a PEM fuel cell that is operated under a load of I (current, with a unit of
A), the relationship between RHMt and RHO" can be expressed as in Eqn

(8.11):

Vinle]:_tI o RT
RHyoutlet _ Rygintet [ “c—H: [ 14+ 2m)I — 2Fn®
C Ve, )+ 2y o (v L2 2o

8.11)

Similarly, the relationship between RHI"® and RHS"!®! can be expressed as
in Eqn (8.12):

Ryoutlet _ Ryginlet Véiln—lgzo + RT (Fnb 0o — mI) (8.12)
¢ oA\ ) PPNV

In Egns (8.11) and (8.12), Vcin_lﬁzo and VSE%"Z‘O are the cathode water flow
rates in the inlet and outlet streams, respectively, with a unit of L s*l; V;‘lleﬁzo
and V;’Etllito are the anode water flow rates in the inlet and outlet streams,
respectively, with a unit of L s_l; 1 is the fuel cell current (with a unit of A); Ris
the gas constant (0.08,206 L atm K" mol™); T'is the temperature (with a unit of
K); 2 is the electron transfer number for each HyO molecule produced by
a 4-electron ORR; F is the Faraday constant (96,487 A s molfl); and m is the
amount of water osmotically dragged per proton transfer from the anode to the
cathode (m is also called the osmotic drag coefficient). For a water-vapor-
equilibrated system, the value of m is likely to be a constant number over
a broad range of water content values, from a nearly dry membrane (~2H;O per
SO3) to a fully hydrated membrane (with water vapor ~14H,O per SO3). The
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values reported for this constant number vary from 1.0 to 1.4 [15,16]. Equations
(8.11) and (8.12) are based on the assumptions that air, H,, and water vapor
obey the ideal gas law, and the water produced by the ORR and osmotically
dragged by protons can be totally evaporated and removed by the outlet
stream [14].

For an operating PEM fuel cell, Vé’Etllf;O and V;’Etllfzto can easily be calculated
by collecting the water for a given time at the fuel cell cathode and anode
outlets. Then, Vé“_lﬁzo and V;“_lﬁzo can be determined, as the controlled fuel and
oxidant flow rates and their respective RHs (RHI™®' and RHI™®!) at the anode
and cathode inlets are known. Then, ”271-[20 at a certain current can be calcu-
lated according to Eqns (8.9) and (8.10). Thus, RH"®* and RH"! can be
calculated according to Eqns (8.11) and (8.12).

8.3. HUMIDIFICATION METHODS IN PEM FUEL CELLS

As discussed in Chapter 5, PEM fuel cells widely use PFSA membranes, whose
proton conductivity strongly depends on their water content. To achieve high
membrane proton conductivity and good PEM fuel cell performance, it is
necessary to add water to fuel cell systems to maintain a sufficient membrane
hydration level. Water is often added externally with the reactant gases at the
anode and the cathode. So far, several humidification methods, such as bubble
humidification and direct liquid water injection, have been developed for PEM
fuel cells.

In a laboratory test system, the reactant gas is usually humidified by passing
it through a water bath in a bubble humidifier that is controlled at a desired
temperature. This process assumes that the dew point of the air is the same as
the temperature of the bubble humidifier. This temperature can be controlled
independently of the cell temperature to achieve the desired gas RH. Water
vapor is absorbed by the gas, and water uptake is a function of the water—gas
interfacial area. This is a conventional humidification method and is widely
used in small-scale laboratory fuel cells due to its simplicity and low cost, but it
is not very practical to be used in large-scale stacks. The main disadvantages of
the method are its limited water transfer capacity and slow response to the
changes in the RH level.

Direct liquid water injection [17] is another method for humidifying the
reactant gases. In this method, water is injected by a pump into two heated
stainless steel coils, where it is preheated to the cell operating temperature. This
method involves the use of pumps to pressurize the water, as well as a solenoid
valve to open and close the injector, which increases the cost and complexity of
the fuel cell system. Another concern is electrode “flooding” by the liquid
water.

Direct vapor injection is another easy way to humidify the reactant gases in
PEM fuel cell systems. Vapor is directly introduced into the reactant gases.
Thermal energy in the vapor can heat the reactant gas to the desired temperature
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to entrain all of the water vapor. A temperature-controlled cooler is required to
lower the gas temperature and condense the excess water to obtain humidified
reactant gas for the PEM fuel cell. This method provides high water transfer
capacity and is suitable for large-scale PEM fuel cell systems.

Rather than introducing water into the fuel cell system, the membrane can
also be humidified directly by internal methods. Wicks [18,19] are usually
incorporated into the structure of the gas diffusion layer or flow field plate.
These wicks adsorb water and draw it to the membrane. In this method, the heat
produced in the fuel cell can be used as an energy source for vaporizing the
water. However, the incorporated wicks may cause difficulty in fuel cell seal-
ing. Alternatively, instead of introducing water to humidify the membrane, self-
humidifying membranes [20-24] are also used in PEM fuel cells. Catalyst
particles are often embedded in the self-humidifying membrane, and they
catalyze the reaction between oxygen and crossover hydrogen to produce water
to humidify the membrane.

8.4. EFFECT OF RH ON FUEL CELL REACTION KINETICS

In PEM fuel cells, the following parameters are typically used to evaluate the
fuel cell reaction kinetics: open circuit voltage (OCV), Tafel slope, and
exchange current density. The OCV is related to thermodynamics and the
reactant gas partial pressures. The hydrogen crossover and mixed potential
caused by the ORR and Pt/Pt—-O coupling can reduce fuel cell OCV by 200—
300 mV [25,26], as has been discussed in Chapter 7. The Tafel slope is used to
measure how much activation polarization is required to reach a given reaction
rate. The smaller the Tafel slope, the better the electrode performance. The
exchange current density is the rate of the reaction occurring forward and
backward at the reversible potential, and it measures the readiness of the
electrochemical reaction. The higher the exchange current density, the lower
will be the energy barrier limiting the movement of charge from the electrolyte
to the catalyst surface, and vice versa. Also, the higher the exchange current
density, the smaller will be the activation loss at a given net current density, and
this results in a higher fuel cell performance.

8.4.1. Analysis of Fuel Cell Reaction Kinetics
The measured fuel cell voltage (Ve))) can be expressed as in Eqn (8.13):
Vcell = EOCV - 770 - na - nm (813)

where 7. and 7, are the overpotentials at the cathode and the anode, respec-
tively, and 7, is the membrane resistance polarization, which dominates the
ohmic polarization of PEM fuel cells. 1., and 7, can be defined by the Butler—
Volmer and mass diffusion theories [27]. In general, the reaction kinetics in
PEM fuel cells is dominated by the cathode electrochemical reaction, due to the
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sluggish electrode kinetics of the ORR. Therefore, the value of 7, is much
smaller than that of 7., and can be omitted from Eqn (8.13). In a very low
polarization range (7. < 30 mV), Eqn (8.13) can be approximately expressed as
Eqn (8.14):

RT
Veell = EOCV - 5 Leenn — IeenRim (814)
naOFl02

In a high polarization range (. > 30 mV), Eqn (8.13) can be approximately
expressed as Eqn (8.15):

RT RT RT LIt
Ve = EO<V + ———In(i), ) — ———1In(leen) — In| — Bl
oMo QoNgo QolaoF  \ I, — Leen

- IcellRm
(8.15)

In Eqns (8.14) and (8.15), «, is the charge transfer coefficient for the ORR
and is related to the temperature and RH; n,, is the electron transfer number in
the rate-determining step of the ORR; ig is the apparent exchange current
density (AECD) of the ORR; I};C is the apparent diffusion limiting current
density for the ORR; and Ry, is the measured membrane resistance. In Eqns
(8.14) and (8.15), E°V is a fuel cell thermodynamic term. The second right-
hand-side element in Eqn (8.14) and the second and third right-hand-side
elements in Eqn (8.15) are kinetic terms, the fourth one in Eqn (8.15) is the term
determined by mass transfer, and the last term in both equations is related to the
membrane resistance. By differentiating Eqn (8.15) against fuel cell current
density (Icen1), Eqn (8.16) can be obtained:

oV, RT 1 RT If
el — e + Ry (8.16)
Olcen QoNgoF Ieenl QoMo Icell(ldc - Icell)

In Chapter 3, electrochemical impedance spectroscopy (EIS) was intro-
duced as a powerful technique for PEM fuel cell diagnosis. EIS measurement
can be conducted at OCV and under load. The AECD of the ORR (iOOZ) can be
calculated using Eqn (3.8), based on the simulated RQ™Y, (charge transfer
resistance at the OCV for the ORR) from the Nyquist plot obtained by EIS that
is shown in Fig. 3.12. The values of the membrane resistance (R,), charge
transfer resistance (R;) and mass transfer resistance (Ry,;) in a PEM fuel cell at
different current densities can also be simulated using measured EIS, based on

aVcell

0lcen
total fuel cell AC impedance. The first right-hand-side term in Eqn (8.16)

RT 1

ool el

the equivalent circuit shown in Fig. 3.11. In Eqn (8.16), —

represents the

represents Ry {Rt = } the second term represents
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RT It .

Ryt S Rt = , and the third term represents the

3 p
QoNgoF Icell(ldc — ILeen)

membrane resistance (R).

As an important operating condition that influences fuel cell performance,
RH should affect the parameters shown in Eqns (8.14) and (8.15), specifically
the values of E° CV, i°02, I(flc, R, Ry, and Ry The following sections will discuss
these issues in detail.

8.4.2. Effect of RH on the Partial Pressures of Reactant Gases
in the Feed Streams

For an operating PEM fuel cell, the O, partial pressure (szi”le’ ) in the cathode
inlet feed stream can be expressed as in Eqn (8.17):

o 1 . . 1 . .
Pb;nlet _ 176 (Pénlet _ P]c{zl?)let) — 176 (P::nlet _ POHZORchnlel) (8.17)
and the H; partial pressure (Pﬁ;“le‘) in the anode inlet feed stream can be
expressed as in Eqn (8.18):

P;i_l—zinlet — (Piinlel _ P;I-Ziglet) _ (P;nlel _ P%ZORH;n]et) (818)

Similarly, the partial pressures of O, and H, in the cathode and anode
outlets can be expressed as in Eqns (8.19) and (8.20), respectively:

1 1
~outl 1 —outl 1 1
%201” et — 7 (P‘C)U[ et _ p¢ 2Out et) _ . (Pgul et _ po X RHgm et) (8.19)
Pa-zoutlet ( P;)utlet Pil-zogtlet) ( Pgutlet P%ZOR I Igutlet) (820)

where P8, Pi%stet, P&IEC and P S3Uet are the water partial pressures in the
gas streams of the fuel cell inlet and outlet at the cathode and the anode,
respectively, and Pinlet, poutlet pinlet 5 poutlet are the gas pressures of the fuel
cell inlet and outlet at the cathode and the anode, respectively, and can be
monitored by their respective pressure sensors. Equations (8.17)—(8.20) clearly
show that the reactant partial pressures at the fuel cell inlets are different from
those at the fuel cell outlets. Therefore, the average partial pressures, Fgfvmge
for O, and F;ﬁverage for Hy, expressed by Eqns (8.21) and (8.22), respec_tively,
should be more useful in appropriately describing fuel cell partial pressures.

c-inlet c-outlet
Fc-average . Po2 + Po2

= 8.21
0, ) (3.21)
e Pa-inlet + Pa-outlet
a-average H, H,
Py, = (8.22)
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In practical terms, the inlet partial pressure can be used instead of the
average partial pressure to describe the fuel cell reactant partial pressure if the
pressure drop from the fuel cell inlet to the outlet is small [14]. This often
happens in the study of a small single cell with high reactant gas flow rates.

Figure 8.4 shows the O, and H; inlet partial pressures as a function of inlet
RHs on a Nafion®-112-membrane-based PEM fuel cell operated at 120 °C and
1.0 atm backpressure. It can be seen that the values of both Pg;“lef and Pf‘{j“le‘
decrease as the inlet RH increases. This is because Pﬁz‘ge‘ and Pﬁ;g‘et increase
dramatically when the inlet RH increases. As shown in Fig. 8.4, the inlet water
partial pressure increases linearly in the RH range of 25-100%. From Eqns
(8.21) and (8.22), we can deduce that the values of both P "¢ and Pj = &
decrease with increasing RH. )

8.4.3. Effect of RH on Fuel Cell Reaction Thermodynamics
The OCV of an Hy/O, PEM fuel cell can be thermodynamically expressed by
using Eqn (8.23) [14]:
RT —a- 1 -
OCV __ 0 a-average —Cc-average
B = B+ 2 [ln(PHz ) +3in (POZ )} (8.23)

where E°“Y is the fuel cell OCV and E° is the fuel cell voltage at standard
conditions. This equation is based on the assumption that the water activity
equals one at the interface between the catalyst layer and the membrane. For
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FIGURE 8.4 Inlet partial pressures of O, and H, in the fuel cell feed streams as a function of
inlet relativity humidity at 120 °C and 1.0 atm backpressure. Nafion®-112-membrane-based
membrane electrode assembly (MEA) with an active area of 4.4 cm? [14]. (For color version of
this figure, the reader is referred to the online version of this book.)
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a single cell with a small pressure drop between the fuel cell inlet and outlet,
ngavemge nd Pa1 ETEE can be replaced with szinlet and P¥ zinle‘. According to
Eqn (8.23), it can be deduced that the fuel cell OCV decreases when both
PC TEEE and Pa AVEIES decrease. For example, when the fuel cell inlet RH
1ncreases from 25 to 100% at 120 °C and 1.0 atm backpressure, PC VETIES will
be reduced from 0.164 to 0.086 atm, and Py from 0.783 to 0411 atm,
Based on Eqn (8.23), the fuel cell OCV W111 decrease by approximately

16.4 mV, which will decrease the fuel cell performance.

8.4.4. Effect of RH on the Exchange Current Density of the ORR

The parameter 10 in Eqns (8.14) and (8.15) represents the AECD for the ORR
in a PEM fuel cell and is related to the temperature, the RH, PC TVEEE the
cathode electrochemical Pt surface area ((EPSA)., with a unit of cm cm_z,
which implies the Pt active surface area per cm” of the electrode), and the
intrinsic exchange current density (Ig2 (Pt)). The relationship can be described
using Eqn (8.24) [14,27]:

——average

_C_average> (0.001552RH, % +0.000139)T

i0, = (EPSA).I3 <70;0 (8.24)
0O,

In Eqn (8.24), (EPSA), can be measured by means of cyclic voltammetry, as
discussed in Section 3.5.1 of Chapter 3; PC VTS can be obtained according to
Eqn (8.21); and i, can be experimentally obtained, as stated in Section 8.4.1 of
this Chapter. Then, Igz(Pt) can be calculated based on Eqn (8.24); the results are
given in Table 8.1.

/TABI_E 8.1 Measured and Simulated Kinetic Parameters at 120 °C and \
1.0 atm Backpressure with Different Inlet RHs. Nafion®-112-Based MEA.
Pi"Iet and RH"e! were Treated as being Approximately Equivalent to

PC average and RH_ ", and Were Used for Calculation [14]

—inlet

7C average (

RH (%) i3 (Acm™) EPSA (cm’cm™®) Pg atm) 13 py (Acm™)

100 8.6x107* 53.9 0.08624 7.97x107°
70 6.3x107* 49.8 0.10502 5.51x107°
50 52x107* 46.4 0.12628 2.22x107°
35 4.9%x107* 42.9 0.14716 1.93x107°
25 3.9x107* 36.0 0.16435 1.59%107°

\Z ~/
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As shown in the table, Igz(Pt) increases with increasing RH, which suggests
that an increase in the RH will speed up the electrode kinetics of the ORR in
PEM fuel cells. This observed trend is consistent with other reported results [4—
6,8—11,28,29]. (EPSA). also increases with increasing RH (Table 8.1). These
results can be attributed to the restructuring of the ionomer surface, as sug-
gested by Uribe et al. [29]. The ionic clusters and channels will shrink at a low
RH level, and the ionic channels can even collapse at a very low RH. As
a result, some of the hydrophobic components in the ionomer structures come
into direct contact with the Pt surface at a low RH level [14]. It has also been
reported that a hydrophobic interfacial configuration can apparently lead to
poor ORR reactivity [29].

8.4.5. Effect of RH on the Tafel Slope of the ORR

In the low current density range of an operating PEM fuel cell, the Tafel
equation is used to describe the voltage loss caused by activation polarization
and is expressed as follows:

Mot = @+ blog (i) (8.25)
R-T o
a = —2.303 ao-n-Flog(l ) (8.26)
R-T
b = 2.303 (8.27)
oo nF

Here, b is the Tafel slope, with a unit of V (dec)™'; R is the ideal gas constant
(8.314 Jmol' K™); T is the absolute temperature (K); F is the Faraday
constant; «, is the charge transfer coefficient for the ORR and is related to
temperature and RH; and n is the electron transfer number in the rate-deter-
mining step of the ORR. It has been reported [28,30] that the RH of the reactant
gas affects the Tafel slope.

Xu et al. [4,28] investigated the effect of RH on electrode kinetics at 120 °C
with Nafion®-112-membrane-based PEM fuel cells. Figure 8.5 shows the
influences of RH on the IR-corrected cell voltage in a low current density range
(<100 mA cm™).

The Tafel slopes for the ORR under different operating conditions can be
calculated based on the data shown in Fig. 8.6. The respective calculated Tafel
slopes are 131 mV (dec)™ at 20% RH, 105mV (dec)™ at 35% RH,
82 mV (dec)™! at 50% RH, 75 mV (dec)™ at 72% RH, and 72 mV (dec)™" at
100% RH. All these values deviate from the theoretical value, calculated based
on 2.303RT/F. The authors attributed the deviation to a decreased catalyst
activity and/or the effect of anode overpotential, and even to a change in the
ORR mechanism [4,28].
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FIGURE 8.5 IR-corrected cell voltage at 120 °C in a low current density range (<100 mA cm™>)
at different RHs. Both H, and O, partial pressures were kept at 1.0 atm. The flow rate was kept
constant at 100 ml min~" for both the gases [4,28].
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FIGURE 8.6 The effect of RH on ORR kinetics. RH, = RH, = 34% (A), RH, = RH. = 60% (O),
RH, =RH.=78% (), RH, = RH. =90%(V); P, = Pc =1 atm; pure H, and O, [30].



Relative Humidity (RH) Effects on PEM Fuel Cells 215

Thonen et al. [30] established a one-dimensional, steady-state agglomerate
model to investigate the effects of gas humidity on the Tafel slope in both low
and high current density regions. As shown in Fig. 8.6, two Tafel slopes appear
in the entire current density region in the RH range of 34-90%. The obtained
Tafel slopes are given in Table 8.2. The value of the kinetic Tafel slope varies
from 101 mV (dec) ™" at 34% RH to 67 mV (dec)' at 90% RH. The ratio of the
first slope to the second slope is between 1.7 and 1.8. The appearance of two
Tafel slopes indicates that the cathode reaction could be limited by the ORR
kinetics and by either proton migration or oxygen diffusion in the agglomer-
ates. The value of the second Tafel slope also decreases with increasing RH.
Meanwhile, the oxygen diffusion coefficient (Table 8.2) in the Nafion® film
increases with increasing RH. It has been concluded that the second Tafel slope
might be caused by oxygen diffusion being limited in the agglomerates.

8.4.6. Effect of RH on Charge Transfer Resistance

As discussed in Section 8.4.1, the charge transfer resistance (R;), expressed by
the first right-hand term in Eqn (8.16), can be simulated from the AC imped-
ance spectra based on the equivalent circuit shown in Fig. 3.11 of Chapter 3.
Figure 8.7 shows the simulated R; as a function of current density at 120 °C and
1.0 atm backpressure with different cathode gas inlet RHs. It can be seen that R;
decreases with increasing RH, which indicates that the fuel cell reaction
kinetics at higher RHs is faster than at lower RHs. This is consistent with the
trend in the dependence of i"o2 and IE’)2 (py) ON RH, as observed in Table 8.1.
From Fig. 8.7, it can also be seen that R, decreases with increasing current
density. This could be attributed to the increase in hydrophilic area as more
water is produced by electrochemical reaction at higher current densities.
Simulating the data in Figure 8.7 according to R; can give the RH-dependent

fTABLE 8.2 Kinetic and Transport Parameters as Determined by Fitting \

the Agglomerate Model to the Experimental Curves [30]
Kinetic Tafel Slope Second Tafel Slope O, Diffusion Coefficient
RH  (mV(deo)™ (mV (dec)™ (mol m™3s77")
34% 101 180 3.0x107"
60% 79 140 5.7x107"
78% 70 125 8.0x107"
90% 67 114 13.1x107"

\Z ~/
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FIGURE 8.7 Charge transfer resistance as a function of current density at 120 °C and 1.0 atm
backpressure, with different inlet RHs. N afion®-112-membrane-based MEA with an active area of
4.4 cm® [14]. (For color version of this figure, the reader is referred to the online version of this
book.)

values, and then an empirical equation of «g as a function of RH at 120 °C can
be deduced as in Eqn (8.28):

ao = 0.6099RH™' + 0.0546 (8.28)

This equation clearly shows that ap increases with increasing RH. It is
known that ag is a function of temperature at 100% RH, and can be expressed
as Eqn (8.29) [25,27]:

ap = 0.001678T (8.29)

By comparing Eqns (8.28) and (8.29), we can express the dependence of ag
on temperature and RH as in Eqn (8.30) [14]:

ao = (0.001552RH™" +0.000139)T (8.30)

Equations (8.30) show that «g increases with increasing temperature and
RH.

8.5. EFFECT OF RH ON MASS TRANSFER

RH affects not only the electrode kinetics of the ORR but also the mass transfer
of oxygen within the catalyst layer. As shown in Fig. 8.8, the mass transfer
resistance (Rp) in the high current density range (>0.4 A cm™) decreases
when the RH increases from 35 to 100%. This Ry results mainly from oxygen
gas transfer inside the catalyst layer [27,31,32]. At low RH levels, the
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FIGURE 8.8 Mass transfer resistances in the high current density range (>0.4 A cm™) at 120 °C
and 1.0 atm backpressure, with different RHs. N afion®-112-membrane-based MEA with an active
area of 4.4 cm? [14]. (For color version of this figure, the reader is referred to the online version of
this book.)

hydrophobicity of the catalyst layer is high, which results in a reduced amount
of dissolved oxygen [4] and low hydrogen and oxygen permeabilities in the
ionomer of the catalyst layer [33]. This is because the gas mainly diffuses
through the hydrated ion clusters and channels in the polymer, as suggested by
Sakai [34].

Xu et al. [4] investigated the effect of RH on oxygen transport in a PEM fuel
cell at 120 °C using a Nafion®-112-membrane-based MEA. Their results
revealed that the catalyst layer structure is a crucial factor that affects reactant
transport in PEM fuel cells at high temperature and low RH. At a reduced RH,
the Nafion® ionomer inside the catalyst layer is dehydrated, and small Nafion®
ionic clusters form in the electrode. This leads to a decreased oxygen perme-
ability in the Nafion® ionomer and results in a severe diffusion problem.
Figure 8.9 shows the polarization curves in the high current density region
under different RHs. The cell voltages are corrected by both the membrane
resistance and the charge transfer resistance to better reflect the effect of RH on
oxygen mass transport. As shown in Fig. 8.9, the polarization curves are nearly
straight lines over almost two decades at high RH levels of 100% and 72%,
indicating that the influence of water flooding on oxygen transport can be
negligible. As the RH decreases to 50%, 35%, and 20%, the polarization curves
bend down steeply with increasing current densities. Especially at 20% and
35% RH, the cell voltage decreases significantly with current density, leading
to much smaller limiting current densities at both the RHs. For example, at
a current density of 600 mAcm™ the voltage difference between the
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FIGURE 8.9 IR-correct polarization curves in the high current density region under different
RHs at 120 °C. Both H, and O, partial pressures are controlled at 1.0 atm. The stoichiometries of
H, and O, are 3 and 4, respectively [4].

polarization curve at 100% RH and that at 20% RH is about 105 mV. This large
loss arises from oxygen transport.

The above two examples are for high-temperature PEM fuel cells (usually
operated at >90 °C) without internal “water-flooding” issues. They indicate
that the mass transfer resistance decreases with increasing RH. However, for
a conventional PEM fuel cell operated at <90 °C, the fuel cell structure and
design need to be considered to prevent “water flooding” at high RH levels.
When “water flooding” occurs, water droplets block the flow channels on the
flow field, or the passages for gas transportation, leading to a sharp increase in
mass transfer resistance and a decrease in PEM fuel cell performance. There-
fore, for conventional PEM fuel cells, Ry, may first decrease with RH, reaching
its lowest value at an optimum RH level, and may then increase sharply with
further increases in RH, due to “water flooding.” At this optimum RH level, the
best fuel cell performance will be achieved.

8.6. EFFECT OF RH ON MEMBRANE RESISTANCE

Membrane resistance (Rp,) usually represents the proton transfer resistance
within the membrane, and can be measured through the high-frequency inter-
ception of AC impedance spectroscopy at the real axis of the Nyquist plot, as
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FIGURE 8.10 Membrane resistance as a function of current density at 120 °C and 1.0 atm
backpressure with different RHs. Nafion®-112-membrane-based MEA with an active area of
4.4 cm? [14]. (For color version of this figure, the reader is referred to the online version of this
book.)

discussed in Chapters 3 and 5. Figure 8.10 shows Ry, as a function of current
density at 120 °C, ambient pressure, with different RHs. It can be seen that Ry,
decreases significantly with increasing RH. For example, the membrane
resistance at 25% RH is about five times higher than that at 100% RH. The
membrane adsorbs more water at higher RHs and makes it well hydrated. Thus,
more ionic clusters or channels are filled with water. It has been reported that
proton mobility increases with water content [35]. Therefore, protons can get
transported easily as free ions through the water-filled clusters or ionic channels
inside the polymer membrane networks, resulting in a lower membrane resis-
tance. Figure 8.10 shows that Ry, is almost constant across the whole current
density range studied, which is consistent with Eqn (8.16), where Ry, is inde-
pendent of ..

Based on the data for Ry, in Fig. 8.10, the membrane conductivities (o,
S cm™') at different current densities in the RH range studied can easily be
obtained. Figure 8.11 shows the plots of membrane conductivity with RH. It
can be seen that o increases with RH. This is because the increased water
content in the membrane results in an increased proton mobility. In the low RH
range (20-50%), o initially increases quickly, then it increases smoothly as RH
continues to increase. This trend of ¢ increasing with RH shown in Fig. 8.11
was also reported by other groups [1-3,36]. Figure 8.11 also shows that the
effect of operating current density on ¢ is negligible, which proves that R, is
independent of I, as shown in Eqn (8.16).
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FIGURE 8.11 Membrane conductivity as a function of current density at 120 °C and 1.0 atm
backpressure, with different RHs. Nafion®-112-membrane-based MEA with an active area of
4.4 cm?. The thickness of the Nafion®-112 membrane was taken to be 50 um [14]. (For color
version of this figure, the reader is referred to the online version of this book.)

8.7. EFFECT OF RH ON PEM FUEL CELL PERFORMANCE

Based on the discussion above, it can be said that RH significantly influences
R, Ri, Rny, the reactant gas partial pressure, and the electrode kinetics in
a PEM fuel cell, and hence can have a large effect on the overall performance of
a cell. Figure 8.12 shows the fuel cell performance at 120 °C and ambient
backpressure with different inlet RHs. Clearly, the performance decreases
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FIGURE 8.12 PEM fuel cell performance at 120 °C and 1.0 atm backpressure with different RHs.
Nafion®-112-membrane-based MEA with an active area of 4.4 cm?®; hydrogen and air flow rates
were kept at 0.75 and 1.0 L min™', respectively; the anode and cathode inlet RHs were kept constant
[14]. (For color version of this figure, the reader is referred to the online version of this book.)
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dramatically with decreasing RHs. For example, at a current density of
0.34 A cm_z, the cell voltages are 0.675V (100% RH), 0.642 V (70% RH),
0.556 V (50% RH), 0.414 V (35% RH), and 0.358 V (25% RH). It can be seen
from Fig. 8.12 that the maximum power density of the MEA at 120 °C
increases linearly from 0.122 to 0.572 W cm™ when the inlet RH increases
from 25 to 100%. The improvement in fuel cell performance at high RH values
is a synthetic result of changes in reactant (O, and H;) partial pressures, fuel
cell reaction thermodynamics and kinetics, mass transfer, and membrane
conductivity, as discussed in earlier sections of this chapter.

Figure 8.13 shows cell voltage as a function of current density at 120 °C
under five different RHs, from 20 to 100%. For each condition, the hydrogen
and oxygen pressures were fixed at 1.0 atm, and hence, the total pressure at
each side varied with the change in RH. It can be observed that the effect of RH
on fuel cell performance is distinguishable in different polarization regions
(low, medium, and high current density regions). The overall performance
significantly decreases when the hydration level in a single cell is reduced. The
cell voltage at a current density of 600 mA cm™ is selected to evaluate the cell
performance. As shown in Fig. 8.13, the fuel cell voltages are 0.617 V, 0.593 V,
and 0.512 V at the RHs of 100%, 72% and 50%, respectively. When the RH is
reduced to 20%, the cell voltage drops to 0.226 V. The polarization curves do
not show a bending tendency until 400 mA cm™, and the limiting current
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FIGURE 8.13 I-V polarization curves at 120 °C under different RHs. Pure oxygen and hydrogen
with a constant pressure of 1.0 atm [4].
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densities are >1000 mA cm 2 for 72% and 100% RH. At 20%, however, the
polarization curve shows a severe mass transfer loss even at a current density of
400 mA cm ™.

The above two examples are for high-temperature PEM fuel cells, which
usually experience no “water flooding,” which indicates that the overall fuel
cell performance increases with RH. However, the effect of RH on fuel cell
performance is complicated at low temperatures. Below 90 °C, “water flood-
ing,” may occur inside the fuel cell catalyst layer, flow field channel, and gas
diffusion layer at high RH levels, resulting in a decreased overall PEM fuel cell
performance. Thus, there is an optimum RH level for a conventional operating
PEM fuel cell, depending on the fuel cell structure and design, plus other
operating conditions. The fuel cell performance will be compromised if the fuel
cell is operated above or below this optimum value.

8.8. CHAPTER SUMMARY

RH is one of the key parameters that affect fuel cell performance and kinetics.
In this chapter, the definition and general concept of RH were presented, and
RH distribution in PEM fuel cells was described. The effects of RH on PEM
fuel cell performance were then addressed in detail.

The RH affects fuel cell performance by influencing the cell thermody-
namics, reaction kinetics (e.g. Tafel slope, exchange current density), OCV,
membrane conductivity, and mass transfer. With increasing RH, the partial
pressures of the reactant gases will drop due to the resulting increase in water
partial pressure. Thus, the fuel cell OCV will decrease thermodynamically. A
reduction in the RH will cause an increase in the Tafel slope and a decrease in
the exchange current density.

In this chapter, the effects of RH on Ry,, R, and Ry, are also addressed
thoroughly. Both the R;, and R, increase with decreasing RH. The proton
conductivity is increased for a well-hydrated membrane as the proton mobility
is increased with RH. At high temperatures (e.g. 120 °C) and in the absence of
“water-flooding,” inside the fuel cell, Ry, increases with RH due to the increase
in the oxygen and hydrogen permeability in the ionomer of the catalyst layer.
These effects can be reflected by an overall fuel cell performance.

At high temperatures, fuel cell performance increases with RH. However,
the effect of RH on fuel cell performance becomes complicated at low
temperatures. For conventional PEM fuel cells, depending on the cell design
and structure, an increase in the RH may cause “water flooding” and result in
a decrease in the overall PEM fuel cell performance.
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9.1. INTRODUCTION

As one of the key operating conditions of proton exchange membrane (PEM)
fuel cells, the operating pressure plays a significant role in determining PEM
fuel cell performance. A fuel cell can be operated under a wide range of
pressures, from ambient to 5 atm [1]. Operating pressure can influence the fuel
cell performance by affecting the fuel cell open circuit voltage (OCV), the
partial pressures of the reactant gases, hydrogen crossover, exchange current
densities, and mass transfer in the electrode reactions [1-3]. Usually, the
performance of a PEM fuel cell in terms of voltage and power density can be
improved by increasing the operating pressure [1,4—6]. However, pressurization
of the PEM fuel cell system can bring about increased gas permeation (e.g.
hydrogen or oxygen crossover), water management issues [1,7], increased cost,
size, and weight, and parasitic energy loss. Kazim [8], for example, conducted
a comprehensive exergoeconomic analysis of a 10-kW PEM fuel cell stack and
concluded that the energy cost could be increased by operating at higher
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pressures. Boyer et al. [9] indicated that operating a fuel cell under higher
pressure could help overcome the oxygen transfer limitation but would
decrease the fuel efficiency and increase the complexity and cost of the fuel cell
system. Al-Baghdadi et al. [10] showed that a higher operating pressure could
generate a more even distribution of local current density due to high oxygen
concentration in the catalyst layer. However, Sun et al. [6] concluded that
higher pressure could result in a nonuniform current distribution.

Thus, the operation of a PEM fuel cell at high pressures has both advantages
and disadvantages. This chapter examines in detail, the effects of operating
backpressure on fuel cell performance.

9.2. OPERATING PRESSURE IN PEM FUEL CELLS

In PEM fuel cells, the distribution of reactant gases is not uniform across the
flow field from inlet to outlet. Thus, a pressure (or reactant concentration)
gradient is generated between the inlet and the outlet, which is indicated by
a pressure drop (AP) across the flow field. Hence, the inlet pressure (P™*Y and
the outlet pressure (P°""Y in a PEM fuel cell are different, and their rela-
tionship can be expressed by using Eqn (9.1):

Pinlet — P()llﬂel + AP (9'1)

In a fuel cell, the backpressure (Pbackpressurey iq the same as the P°UU°, so Eqn
(9.1) can also be expressed as Eqn (9.2):

Pinlet _ Pbackpressure 4+ AP (92)

During fuel cell operation, the system pressure can be determined by
controlling P™e' or PPackPressure Backpressure control is used more often in
practical fuel cell operation than inlet pressure control.

Because of the pressure gradient along the flow field, the average fuel cell
pressure (P) can be more convenient for accurately describing a fuel cell’s
operating pressure; P can be expressed as in Eqns (9.3) or (9.4):

F _ (Pinlet + Pbackpressure) (93)

N —

F _ (zpbackpressure 4 AP) (94)

N —

The average pressures at the anode and the cathode can then be expressed as
in Eqns (9.5) and (9.6), respectively:

—_

Panode = 5 (Zpgsgzsressure + APannde) (95)
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1

5 backpressure
Peathode = 5 (2Pcath0de + APcathode) 9.6
5—— pback
where Ponodes Poncge -, and APynoqde are the average pressure at the anode,

the backpressure at the anode, and the pressure drop at the anode; Pcathodes
Plngggzssure, and AP.ymode are the average pressure at the cathode, the back-
pressure at the cathode, and the pressure drop at the cathode.

The total pressure (P2 ) at the anode side is the sum of the hydrogen
pressure (Py,) and the water pressure (P?[f(%e) at the anode, and it can be

expressed as in Eqn (9.7):
Ptotal — Pl-lz + PHzO (97)

anode anode
So, the average anode pressure is the sum of the average H; partial pressure

(Pn,) and the average anode water vapor partial pressure (P;f(% .

Eqns (9.5) and (9.7), Py, can be expressed as in Eqn (9.8):

_ 1 acKpressure
PH2 = E (2Psn0]((i§: + APanode) - P;ﬁ%e (98)

). According to

It is well known that saturated water vapor pressure (P%ZO(T)) is a function
of temperature [11,12] and scarcely changes with pressure. As discussed in
Chapter 8, the relative humidity (%RH) can be expressed as the ratio of water
vapor pressure (PHZO) to saturated water vapor pressure at temperature 7'

P
(%RH = H20> . Thus, for the anode, Eqn (9.8) can be written as Eqn (9.9):

0
Pi,o(T)
T 1 T T
- (2 phegresare Apan(,de) — Po(T) X %RHyose ~ (9.9)

If the anodic RH is controlled at 100%, then Eqn (9.9) should be rewritten as
Eqgn (9.10):

Pus = 5 (2P 4 APyse) = Pho(T) 0110
Because the water pressure does not change at a constant operating
temperature and RH, the average hydrogen partial pressure should propor-
tionally increase with increasing backpressure.
Similarly, the average cathode pressure is the sum of the average O, partial
pressure (Po,), average N, partial pressure (Py,), and average water vapor

partial pressure at the cathode (ngode), assuming that the average air pressure

is the sum of Po, and Py, . Similar to Eqn (9.8), the average O, partial pressure
(Po,) can be expressed as in Eqn (9.11):

-5 1 ackpressure D 2
Po, = E <2PEatki(opde + APCﬂthOde) —Pn, - Plc-la_l(hjode O.11)
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Assuming that the volume ratio of oxygen in air is 21%, Eqn (9.11) can be
rewritten as Eqn (9.12):

N 1 TeSSurt
Py, = |:§ (ZPE:[C;?sz‘u ¢4+ APca[hode) — P%ZO(T) X %RHCathode:| % 0.21

(9.12)

At an RH of 100%, the above equation should be rewritten as follows:

1 acKpressure
Po, = [5 (2P§a;§de + APcathode> — P%ZO(T)] x 0.21 (9.13)

Obviously, the average oxygen partial pressure increases with back-
pressure when the fuel cell is operated at a constant temperature and RH. In
our previous work [1], the average oxygen partial pressures at 70 °C and
100% RH with different backpressures and current densities were calculated
based on Eqn (9.13), the controlled cathode backpressures, and the measured
cathode pressure drops between fuel cell inlet and outlet. As shown in
Fig. 9.1, the average oxygen partial pressure increases as the operating
backpressure increases from 1.0 to 3.04 atm across the entire current density

range of 0-2.2 A cm 2.

o
)

)
e
~

0.6

—e—Backpressure 1.00 atm

Average (z partial pressure (atm

0.1 4 —m—Backpressure 2.02 atm
—aA—Backpressure 3.04 atm

0 T T T T T r T
0 0.3 0.6 0.9 12 1.5 1.8 2.1 2.4

Current Density (A-cm?)

FIGURE 9.1 Oxygen partial pressure as a function of current density at 70 °C and 100% RH
with different backpressures. Gore®-membrane-based membrane electrode assembly (MEA) area:
46 cm?. Gas diffusion layer (GDL): 25-DC. Stoichiometries of H, and air: 1.2 and 2.5, respec-
tively. Single serpentine flow channel with both a width and depth of 1.0 mm [1].
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9.3. THEORETICAL AND SEMIEMPIRICAL ANALYSIS OF
BACKPRESSURE EFFECTS ON FUEL CELL PERFORMANCE

As discussed in Chapter 1, when an Hy/air (O;) PEM fuel cell is operated at
a current density of I.;, the cell voltage (V1) can be expressed as follows:

2.303RT 2.303RT

ocv o
Ve = Egp’ + mlog( 0, /1,0) po— og(ify, i+ )
1 —l
2.303RT ]Og Icell I 0,/H,0 2 303RT og 1 Hz/]—ﬁ’cell R
— — 1 - ] — Leell
(1 aZO)naZOF Ji 02/H0 — Leen aHnaHF 1 Ho " — Lenl

(9.14)

In Eqn (9.14), EQSY is the measured fuel cell OCV; % y

the apparent exchange current densities of the hydrogen oxidation reaction
(HOR) and oxygen reduction reaction (ORR); ay and ayq are, respectively,
the electron transfer coefficients from H; to the anode catalyst surface and
from the cathode catalyst surface to Os; nygy and ngpo are the corresponding
electron transfer numbers in the determining steps of the HOR and ORR

o+ and i ’o /1,0 €

reactions; and?lo2 /H,0 and 71{2 JH+ are the mass transfer limited current
densities. The Ry, in Eqn (9.14) is the membrane resistance, whose value is
dependent on temperature, humidity, backpressure, and current density.

As discussed in our previous publications [1], pressure has four major effects:
(1) on the thermodynamics, by affecting the fuel cell OCV, (2) on the electrode
kinetics, by affecting the exchange current densities (i%2 H and ioo2 /Hzo),

(3) on mass transfer, by affecting the mass transfer limited current densities

—l —l . :
(I 0,/H,0 and [ H, /H+) in Eqn (9.14), and (4) on membrane resistance.

OCV o 0 T -t
Therefore, Egq' Iy, e 10, /1,00 1 0,/H,0° 1 Hy/H > and R, are all related to the
operating pressure. To achieve a fundamental understanding of the effects of
operating pressure on a fuel cell, the relationships of these parameters to the
operating pressure should be known. .
In a semiempirical approach, the relationships of if} S 10 JH,0° ! o, /m,0
and I H,/i+ to both temperature and average partial pressure can be obtained

from experimental data in the temperature range of 23-100 °C, as reported in

—l
. . o o
awork on fuel cell reaction kinetics [13]. The values of I, 0 10, /1,07 1 0,/H,0°

1
and ?Hz /H+ can be expressed as in Eqns (9.15) to (9.18), respectively [14]:

e = = Au(Py,)*’ (9.15)

igz/HzO = AO(P02)0'001678T (9.16)
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N

Iy, = Auw)Pu, 9.17)
—l .
I'o,/m,0 = Aow)Po, (9.18)

where Ap is related to the catalyst active surface area and the intrinsic exchange
current density of the HOR; Ag is related to the catalyst active surface area and
the intrinsic exchange current density of the ORR; Ay, is related to the
diffusion coefficient and Henry’s constant of Hj; and Agq, is related to the
diffusion coefficient and to Henry’s constant of O,. All of these can be
expressed as a function of temperature, according to Arrhenius’s theory. For
example, if the data listed in Table 9.1 in the temperature range of 23—-100 °C,

measured by Song et al. [13], can be simulated to obtain the expressions of Ay,

. . —l —l
Ao, AH(L): and AO(L)’ then Z(IEIZ/HJ” l%z/HzO’ IOZ/HZO’ and IHZ/H+ can be

expressed as in Eqns (9.19)—(9.22), in their respective numerical forms:

2.347 % 10°
i = 2.252 1026Xp< - 7X> (

0.5
- PHZ) (9.19)

; _ 1.525 x 103\ /___\ 1.678x1073T
i3, 1o = 3695 x 10 2exp( _ T) (Poz) (9.20)
1 1.438 x 103\ ___
T = 120 LYooy
KTABI_E 9.1 Measured and Simulated Kinetic Parameters at 3.0 atm \

(Absolute) Backpressure, 100% RH, and Different Temperatures. The
Values of ay, aso, n,n, and n,o were Taken to be 0.001,678T, 2.0, 0.5,
and 1.0, Respectively. The Cathode Catalyst Surfaces were Pt/PtO in the
Low Current Density Range and Pure Pt in the High Current Density
Range, and the Anode Catalyst Surface was Pure Pt in Both Ranges [13]

Temperature, (°C) 23 40 60 80 100
Py, (atm) 3.02 2.97 2.84 2.57 2.04
Po,, (atm) 0.634 0.623 0.597 0.540 0.489
iR, (Acm™?) 0.134 0.198 0.344 0.607 0.604
—l s
Iy e (Acm™) 3,01 3.71 4.39 5.46 5.54
i3, (Acm™?) 1.22x107* 2.43x107* 3.92x10* 4.60x10™* 3.43x10™*
—l s
I'o, 00 (Acm™2)  1.32 1.48 1.59 1.82 1.95

~/




Pressure Effects on PEM Fuel Cell Performance 231

Po, 9.22)

! 9.332 x 102
TOz/HZO = 4.707 x IOIexp< #X)

If these four equations are substituted into Eqns (9.14), (9.9), and (9.12),
a semiempirical equation can be obtained, from which the fuel cell polari-
zation curve can be calculated at a desired temperature, backpressure
(obtained using gas partial pressure, according to Eqn (9.9) or (9.12)), and
RH. Figure 9.2 shows the calculated polarization curves at two different
backpressures (2.0 and 3.0 atm absolute backpressure, respectively).
Evidently, the backpressure has an effect on performance. Note that during
calculation, the values of both Ecoe(flv and R, were measured from their
corresponding experiments.

9.3.1. Backpressure Effect on Fuel Cell (OCV)

As reported in the literature [1,2], due to O, reacting with the Pt catalyst and H;
crossover, the measured OCV in a fuel cell is normally lower than the ther-
modynamic OCV. Equation (9.14) describes the experimentally measured
OCYV; however, the OCV can be expressed semiempirically as in Eqn (9.23)
[2,14]:

EQY = Egeory — AEQ™p — AERSY, (9.23)

cell theory H,—xover

1.20

—#— Absolute backpressure = 3.0 atm
—4—Absolute backpressure = 2.0 atm

0.80 -

e
()
Ep . \.\'\'\-\
©°
=
8 040

0.20 1

0.00 . . : ‘ — : —

0.00 025 0.50 075 1.00 1.25 150 175 200

Current Density (A-cm?)

FIGURE 9.2 Calculated fuel cell polarization curves at backpressures of 2.0 atm and 3.0 atm.

. backpressure backpressure
In the calculation, Pcalhopde = Pmodg 3 APathode = APanode = 0.2 atm; P°H20(80 °C) =

0.455 atm; T = 80 °C; ay, o, nep, and n,o=0.5, 0.001,6787, 1.0, and 2.0, respectively; and
R = 0.130 Q cm? are assumed [14]. (For color version of this figure, the reader is referred to the online
version of this book.)
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where Eﬁ)lg(};y is the theoretical OCYV, AESZCYPt is the OCV drop caused by

a mixed reaction between the Pt surface and O,, and AEgchvxfover is the OCV

drop caused by Hj; crossover from the anode side to the cathode side.
Differentiating Eqn (9.23) with respect to backpressure PPackpressure

(assuming that both anode and cathode backpressures are controlled at the same

. backpress backpress
value, i.e. Pbackpressure _ Pa;lgdgressure + Pc:tch ggzssure)’ the effect of back-

pressure on the OCV can be expressed as follows:

OCV OCV OCV
_OFe” _ (OBt _ (D(AEo, ")
O Pbackpressure o - 0 Pbackpressure 0 Pbackpressure
eell = T Iceni—o T ILeen=o
OCV
o a(AEHzfxfover)
O Pbackpressure
T lcen=o
(9.24)

DEQCY
where am“i{% is the effect of backpressure on the fuel cell
Talcell:()

theoretical OCV. This theoretical OCV can be expressed as follows:

1
RT. [ Py,Po,?
ocv H, ' 0,
Etheory = EOOZ/HZO - Eglz/m + ﬁlﬂ< on > (9.25)
H,0
where EIO{2 e is the electrode potential of the Ho/H redox couple at standard

conditions (1.0 atm, 7), defined as zero at any temperature; E°02 H,0 is the
electrode potential of the O,/H,O redox couple at standard conditions (1.0 atm,
T), which has a temperature dependency of approximately 0.846 mV deg™
(e.g. at 25 °C, the value is 1.229 V (vs. standard hydrogen electrode), whereas
at 80 °C, its value is 1.182 V); F is Faraday’s constant; and R and T have their
usual values.

Figure 9.3 shows how OCV changes with backpressure, with OCV calcu-
lated according to Eqn (9.24); for a more detailed discussion of this figure,
please see Ref. [14].

9.3.2. Backpressure Effect on Fuel Cell Kinetics (Electrode
Kinetics and Mass Transfer Process)

The fuel cell kinetics is expressed by the terms on the right-hand side in Eqn
(9.14), except for E?e(flv, which has been dealt within Eqn (9.24), and I.e;jRm,
which will be discussed later. In actuality, fuel cell kinetics should include

both the electrode kinetics and the mass transfer process. If Eqn (9.14) is
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FIGURE 9.3 Calculated theoretical OCV, measured OCV, and mixed O,—Pt/H,-crossover induced

. . backpressure _ pbackpressure
OCYV drop changes, as a function of backpressure. The calculation assumes P, o1 = Prode s

APcathode = APanoge = 2.0 atm, POHZO(SO °C) = 0.455 atm, and T = 80 °C [14]. (For color

version of this figure, the reader is referred to the online version of this book.)

differentiated with respect to backpressure, the backpressure effect on fuel cell
kinetics can be obtained:

( WVeen > _RT 1
opheckpressure o 20mnanF 0.5(2PSPEE 4 AP ae) — YoRHanode PR o

anode
RT? 1

+0.001678 1 F backpressure 0

(1 — @20)n220F 0.5(2Pu 5™ + APeanode) — %RHeathode Y0
RT 1
+IC€|1a nulF backpressure 0 0
HMaH (0.5(2Pnc + APunode) — Y%oRHanode PRy0)
(An(r) (0.5(2PRP ™ 4 APynoge) — YoRHanode Py,0) — Leen)
» RT 1
1l ; "
(1 = a0)na20F (0.5(2PY N 4 APeaghode) — %oRHeathode Py, 0)

(OZIAO(L) (0-5(2P132§i(§£ssure + APcalhode) - %RHcathodeP]O-[zo) - cell)
(9.26)

According to Eqn (9.26), the anode, cathode, and total cell voltage changes,
induced by electrode kinetics, which occur with backpressure can be calculated
as a function of current density. Figure 9.4 shows the calculated results at a 3.0-
atm backpressure. It can be seen that in the current density range controlled by
electrode kinetics (< ~0.8 A cm™?), the anode voltage change with increasing
or decreasing backpressure is more sensitive than the cathode voltage change,
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020
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FIGURE 9.4 Calculated anode, cathode, and total cell voltage changes with backpressure

. . . backpressure __ pbackpressure
as a function of current density. In the calculation, P = P ode =

3.0 atm; APcuhode = APanoge = 0.2 atm; Py (80 °C) = 0.455 atm; T = 80 °C; apy, ao,
gy, and n,g equal to 0.5, 0.001,6787, 1.0, and 2.0, respectively; Ag, AQ, A%(L), and AB(L) are,
respectively, 2252 x 10> Acm™2-(atm)™*3, 3.695 x 1072 A cm™2 (atm) %2678 1 241 % 107
Acm™2atm, and 4.707 x 10" A cm™~2atm [14]. (For color version of this figure, the reader is referred
to the online version of this book.)

and the change increases monotonically with increasing current density.
However, in the mass transfer controlled range (>1.2 A cm™?), the voltage
change at the cathode with increasing or decreasing backpressure is much more
sensitive than that at the anode, because the mass transfer limiting current
density of the cathode is smaller than that of the anode.

In fact, the magnitude of the cell voltage change with increasing or
decreasing backpressure should be dependent on the operating backpressure,
which can be seen from Eqn (9.26). The magnitude of the kinetic cell voltage
change with backpressure is mainly determined by four parameters—Agy, Ao,
An), and Ag)—as shown in Eqns (9.15)—(9.18), because they are determined
by fuel cell reaction exchange current densities and mass transfer limiting
current densities. In general, different kinds of MEAs and different operating
conditions can yield different performance levels, based on which these four
parameters (Ay, Ao, AgL), and Apr)) can be simulated using I-V polarizations.
If these four parameters are known, Eqns (9.19), (9.23), and (9.26) can predict
the effects of backpressure or partial pressure on the fuel cell performance.

Exchange current densities can be evaluated using the charge transfer
resistance values (Rgcv) of the electrode reactions at OCV, and RgCV can be
obtained by simulating the AC impedance spectra using a suitable equivalent
circuit [2]; in principle, the larger this resistance value, the slower the electrode
kinetics. In actuality, AC impedance spectroscopy can also be used to deter-
mine the electrode kinetics under fuel cell load conditions.
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The overall impedance of the cell can be obtained by differentiating Eqn
(9.14) with respect to the change in current density:

R (avcen> - RT 1
cell = — = L Hy/Ht N
alcell T, Packpressure aHnaHF ICCH( I Hz/H+ _ Icell)

—l RT 1

+ 1 02/1_[20 + Rm

—l
cell( I 0,/H,0 — Icell)

9.27)

Oéol’laoF I

Because the cell voltage decreases as the current density increases,
(0Veen /Olcell) 7 pracioressee has @ negative value. To ensure a positive value,

a negative sign is put before it. In the low current density range (electrode
1 |

kinetic range), both THz /g and 702 /i,0 are much larger than the current

density, and Eqn (9.23) can be simplified as follows:

RT 1 RT 1
Reen = —+ — +Rn (9.28)
agneyF Ieen  aonaoF Leen

Because the current density in Eqns (9.28) is related to the cell voltage,
OCYV, exchange current densities, and mass transfer limiting current densities,
the cell resistance should be a function of these parameters. Since these
parameters are related to the partial pressures of a gas, the cell resistance should
also be a function of the partial pressures or backpressures.

Figure 9.5 [1] shows charge transfer resistances simulated according to AC
impedance spectra collected at three different backpressures—1.00, 2.02, and
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FIGURE 9.5 Charge transfer resistance as a function of current density at 70 °C, 100% RH, and
three different backpressures from 1.00 to 3.04 atm. Gore®-membrane-based MEA area: 46 cm®.
GDL: 25-DC. Stoichiometries of H, and air were 1.2 and 2.5, respectively. Single serpentine flow
channel with a width and depth of 1.0 mm [1].
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3.04 atm—in the current density range of 0—1.2 A cm™ 2. Clearly, the charge
transfer resistance of the electrode reaction decreases with increasing back-
pressure, indicating a faster electrode kinetics at higher backpressures, which
suggests that a better fuel cell performance will be obtained at a higher back-
pressure due to the acceleration of the electrode kinetics. This can be explained
by the difference in the partial pressures of the reactant gases. Because the
operating temperature and RH were kept at the same level, the partial pressures
of both hydrogen and oxygen were higher at a higher backpressure than at
a lower one. According to the theoretical analysis given above, an increase in
the partial pressures of the reactant gases will speed up the electrode kinetics by
increasing the exchange current densities and the mass transfer limiting current
densities.

Regarding the mass transfer process, the transportation of reactant gases
through the GDL to the catalyst layer is mainly via the diffusion process and
partially through convection. Concentration polarization occurs when the
reactant is quickly consumed within the catalyst layer by the electrochemical
reaction, and the reactant transportation rate is not high enough to compensate
for the reactant loss. Thus, a reactant concentration gradient will form along the
gas diffusion and catalyst layers, particularly in the high current density range.
This voltage loss is usually called concentration loss (it is also called mass
transfer polarization, as it is caused by ineffective mass transfer of the reactant
gases). Several processes may contribute to concentration polarization: in the
gas phase, slow diffusion in the electrode pores; solution/dissolution of reac-
tants and products into and out of the electrolyte; or diffusion of reactants and
products through the electrolyte to and from the electrochemical reaction sites.
At high current densities, the slow transport of reactants and products to or from
the electrochemical reaction site is a major contributor to the concentration
polarization, which is expressed as a mass transfer limiting current density, as
shown in Eqn (9.17) and (9.18). Here, the mass transfer limiting current
densities are directly related to the partial pressures of a gas, and can be
alternatively expressed as a function of backpressure:

—l - ackpressure o
Ty e = AnwPr, = Anw)(0.5(2P e + APunode) — %RHunode Pi10)
(9.29)

—l _
1 0,/H,0 — Ao Po,
= Aow)(0.21(0.5(2PEE™ + APcunode) — %RHeamode Pir,0))
(9.30)
Both the equations indicate that when the backpressure is increased, the

mass transfer limiting current densities will increase. This is mainly due to the
enhancement of mass transfer from the GDL to the catalyst layer, and also to
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FIGURE 9.6 Measured and simulated mass transfer resistance for fuel cell reactions, as
a function of current density at 70 °C, 100% RH, and backpressures from 1.00 to 3.04 atm. Gore®-
membrane-based MEA area: 46 cmz; GDL: 25-DC. Stoichiometries of H, and air were 1.2 and
2.5, respectively. Single serpentine flow channel with a channel width and depth of 1.0 mm [1].

the increase in reactant concentration in the effective reaction sites [15].
Figure 9.6 shows the mass transfer resistances as measured using AC imped-
ance spectroscopy at three different backpressures of 1.00, 2.02, and 3.04 atm
[1]. It can be seen that as the backpressure increases, the mass transfer resis-
tance decreases, suggesting improved PEM fuel cell performance.

9.3.3. Backpressure Effect on Membrane Resistance

It is well known that the proton conductivity of a perfluorosulfonic acid
membrane (e.g. a Nafion® membrane) is a function of temperature and water
content. Although pressure has an insignificant effect on membrane conduc-
tivity, one recent study [1] showed that the membrane resistance measured by
AC impedance spectroscopy when operating Gore®-membrane-based fuel cells
was slightly decreased when the backpressure was increased from 1.0 to
3.04 atm. This can be explained in terms of the water content on the membrane
surface at different backpressures. Because the mass flow rates of the reactant
gases are fixed, the volume gas flow rate at a low backpressure is faster than at
a higher backpressure. Therefore, the water purging effect at a lower back-
pressure is higher than at a higher one. At a lower backpressure, more of the
water generated by the electrochemical reaction at the interface of the
membrane and the catalyst layer is purged by the gas flow. Thus, the water
content on the surface of the membrane is lower, yielding relatively lower
proton conductivity compared with the conductivity at a higher backpressure.
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9.3.4. Backpressure Effect on Hydrogen Crossover

Due to the porous property of the membrane and the H, concentration gradient
between the anode and the cathode, hydrogen crossover from the anode to the
cathode is inevitable in PEM fuel cells, as discussed in Chapter 6. An increase
in the anode backpressure can effectively increase the partial pressure of H, at
the anode, which leads to a higher H, concentration gradient across the
membrane. According to Chapter 6, an alternative hydrogen crossover rate
(JI,2¥¢") can be expressed as a function of backpressure:

PEM
X—over __ Hy > l//Il?IEM backpressure
Jh, = Py, = 0.5(2P, 00 + APanode) (9.31)
lpEm PEM

where xpl;II;:M is the permeability coefficient of H; in the PEM, and /pgy is the
thickness of the membrane. This equation clearly indicates that an increase in
the anode backpressure can effectively increase the Hj crossover.

As described in Chapter 6, the hydrogen crossover rate can be measured
using the electrochemical method [1-3,12,16,17], whereby the current gener-
ated by the electrochemical oxidation of permeated hydrogen at the cathode
can be measured and the hydrogen crossover rate can then be determined
[1-3,12,16,17].

As an example, Figure 9.7 shows the linear sweep voltammetry (LSV)
recorded under different backpressures from 0.05 to 0.2 MPa at 70 °C and
100% RH. The current density generated by electrochemical oxidation of the
crossed over hydrogen at cathode (/g,—x—over, represented by the limiting
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FIGURE 9.7 Current density as a function of operating backpressure, measured using the LSV
technique in a single cell with Nafion® 212 as the membrane. 7= 70 °C; RH = 100%. (For color
version of this figure, the reader is referred to the online version of this book.)
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current density at ~0.4 V in Fig. 9.7) increases from 0.764 to 2.63 mA cm >

when the anode operating backpressure of the fuel cell increases from 0 to
0.2 MPa, demonstrating that an increase in the operating backpressure can
cause an increase in the hydrogen crossover rate. The same trend has been
observed in our recent studies [1,3]. The higher the hydrogen crossover rate, the
less efficient the fuel cell will be, particularly when the fuel cell is operated at
OCV or in a low current density range.

9.3.5. Backpressure Effect on Overall Fuel
Cell Performance [18-21]

As discussed in the preceding sections, the partial pressures of the reactant
gases increase as the operating backpressure increases, leading to enhanced
electrode kinetics and improved mass transfer in PEM fuel cells. These are the
positive effects of operating pressure on fuel cell performance. However, the
increased pressure can also cause an increased hydrogen crossover rate; this is
a negative effect that increasing the operating backpressure has on fuel cell
performance, because the hydrogen crossover rate is normally low and its
contribution to fuel cell performance may be insignificant, especially when the
fuel cell is operated at high current densities. Therefore, the positive effect of
increasing the operating pressure should be much larger than the negative
effect. Even at OCV, the fuel cell theoretical OCV can be increased by
increasing the operating backpressure, as discussed above. Therefore, when we
consider only the fuel cell, its performance can be improved by increasing the
operating backpressure.

As an example, Fig. 9.8 presents fuel cell performance at several back-
pressures. Evidently, the OCV can be improved from 0.936 V for the Hy/air
PEM fuel cell operating at 0 MPa to 0.97 V at 0.2 MPa, and the overall cell
voltage can be improved significantly when the backpressure is increased.

Normally, a PEM fuel cell can be operated at pressures of 0-5 atm. It has been
demonstrated that a higher operating pressure yields a higher cell performance.
However, high gas pressures introduce some difficulties for fuel cell seals and
cause durability issues. Moreover, for a PEM fuel cell system, higher operating
pressures will bring about negative effects such as more parasitic power loss,
higher cost for compression, increased volume of the fuel cell system, and fast
degradation of the air pump. Thus, high-pressure operation does not always yield
benefits for fuel cell systems [21]. An optimized operating backpressure is
needed, according to the requirements of the entire fuel cell system.

9.4. CHAPTER SUMMARY

In this chapter, the effect of operating pressure on PEM fuel cell performance
was analyzed theoretically and experimentally. An increase in the fuel cell
operating pressure can affect the reversible thermodynamic potential, such as



PEM Fuel Cell Testing and Diagnosis

1.0 | ——0 MPa
——0.05MPa VY —y—y
0.9 0.1 MPa p ¢
¥ —v—0.15MPa %

Cell voltage (V)

0.2 0 1 M 1 M 1 M 1 M 1 M 1 M 1 M

0 200 400 600 800 1000 1200 1400 1600
Current Density (mA-cm-2)

FIGURE 9.8 Polarization curves of Nafion®-212 membrane-based PEM fuel cell at different
backpressures from 0 to 0.2 MPa. T=70 °C; RH=100%; H, and O, stoichiometries are 1.5
and 2.0, respectively. (For color version of this figure, the reader is referred to the online version of
this book.)

the OCV, the exchange current densities of the electrode reactions, the
membrane conductivity, and the mass transfer properties. Overall, incremental
increases in fuel cell pressure will result in performance enhancement.
However, negative effects, such as high crossover, sealing problems, parasitic
power loss, higher cost for compression, and enlarged fuel cell system volume
can occur with increasing operating pressure. Thus, it is necessary to optimize
the fuel cell operating pressure to balance these positive and negative effects.
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10.1. INTRODUCTION

High-temperature proton exchange membrane fuel cells (HT-PEM fuel cells),
which use modified perfluorosulfonic acid (PFSA) polymers [1-3] or acid—base
polymers as membranes [4-8], usually operate at temperatures from 90 to
200 °C with low or no humidity. The development of HT-PEM fuel cells has
been pursued worldwide to solve some of the problems associated with current
low-temperature PEM fuel cells (LT-PEM fuel cells, usually operated at
<90 °C); these include sluggish electrode kinetics, low tolerance for contami-
nants (e.g. carbon monoxide (CO)), and complicated water and heat management
[4,5]. However, operating a PEM fuel cell at >90 °C also accelerates degradation
of the fuel cell components, especially the membranes and electrocatalysts [8].

In this chapter, we will first discuss in detail the benefits of HT-PEM fuel
cells. Then, we will review the recent research in developing membranes and
catalysts for these fuel cells, followed by the descriptions of their design,
testing, and diagnosis. Finally, we will assess the challenges that HT-PEM fuel
cells present, and make some suggestions for future research directions.

10.2. BENEFITS OF HT-PEM FUEL CELLS
10.2.1. Improved Electrode Kinetics

As discussed in Chapter 1, the exchange current density for the oxygen
reduction reaction (ORR) on Pt-based catalysts is in the range of 10 °-
10~® A cm ™2, whereas the exchange current density for the hydrogen oxidation
reaction (HOR) is in the range of 10 *~10"* A cm 2. This significant differ-
ence suggests that the overall electrochemical kinetics of PEM fuel cells is
limited by the relatively slow ORR.

For both the HOR and ORR, the exchange current densities are given by the
following equations:

ip, = 19 e E/RT) (10.1)

iy, = I, e F/RT) (10.2)

where I§) and Ifj are, respectively, the cathodic and anodic exchange current
densities at infinite temperature; E7 and E{ are the activation energies for the
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ORR and HOR reactions, respectively; while R and T have their usual signif-
icance. As the operating temperature increases, the cathodic and anodic
exchange current densities will subsequently increase, and therefore, both the
electrode’s kinetics will be improved.

10.2.2. Improved Contaminant Tolerance

Fuel cell feed streams, such as air for the cathode and hydrogen for the anode,
contain some undesirable impurities or contaminants. For the air stream, the
main contaminants are NO, (NO/NO,), SO, (S0O,/S03), CO, (CO,/CO3), and
other volatile organic compounds (VOCs), while for the hydrogen stream, the
main contaminants are CO,, H,S, SO,, and other sulfur-containing trace
organic compounds. All these contaminants can poison fuel cell catalysts,
which can lead to significant degradation in the fuel cell performance.

Let us take anode CO contamination as an example to discuss how high-
temperature operation can improve the contamination tolerance of the cata-
lysts. As we know, PEM fuel cells generally perform best with pure hydrogen
as the fuel. However, with the current technology, hydrogen is generated by
steam reforming of various organic fuels, such as methanol, natural gas,
gasoline, which contain trace amounts of CO in the range of 0.1-2%, and other
trace impurities. For LT-PEM fuel cells, usually operated around 80 °C, fuel
CO content as low as 10-20 ppm can result in a significant loss in cell
performance due to the poisoning of the anodic Pt catalysts [9]. To get the CO
level <10 ppm, additional purification of the reformate gas is necessary, which
increases the complexity of the fuel processing system.

CO poisons Pt catalysts due to its strong adsorption on the Pt surface; it
occupies the Pt active sites for the HOR and hence decreases the anodic catalyst
activity. Figure 10.1 portrays CO adsorption on a Pt surface [10], which suggests
two typical bonding modes. The linear adsorption of CO occupies one Pt site,
whereas the bridge-bonded adsorption of CO occupies two adjacent Pt sites.

To reduce the CO poisoning of Pt catalysts, a few strategies have been
developed, and these include (1) creating CO-tolerant electrocatalysts (e.g.
PtRu/C [11,12], PtSn/C [11,13], Pt/Tigp7Wo.30, [14]); (2) feeding a small

@) O
m n

& &
FIGURE 10.1 Two types of CO adsorption on a Pt surface [10]. (For color version of this figure,
the reader is referred to the online version of this book.)
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amount of oxidant (e.g. O, or HyO,) into the fuel (called air bleeding) [15,16];
and (3) adding another fuel processing system. The first two strategies are based
on the oxidation of the CO in the fuel stream, either chemically or electro-
chemically. The third strategy is based on purification of the fuel. However, all
these strategies have significant drawbacks.

Although considerable efforts have been made to develop CO-tolerant
electrocatalysts, currently their effectiveness is far from satisfactory. PtRu
alloys seem to be the most attractive CO-tolerant electrocatalysts. It is believed
that the presence of Ru in the alloys can promote water dissociation, and the
resulting oxygen-containing species facilitate CO oxidation—a so-called
bifunctional mechanism. The CO-tolerant activity and long-term durability of
PtRu catalysts are still high enough for practical applications. However, the
strategy of adding an oxidant into the fuel stream could decrease fuel utilization
and lead to safety issues. Additional fuel processing could also increase the
total system cost, as well as considerably increase the system complexity and
the time for startup and transient response.

As noted, the strong adsorption of CO on Pt causes poisoning. An effective
approach to mitigate CO poisoning is to reduce its adsorption through high-
temperature operation. It is well known that the adsorption of CO on Pt exhibits
high negative entropy, and this indicates that CO adsorption is strongly favored
at low temperatures [17,18]. Figure 10.2 shows the competitive adsorption of
CO and H; on a smooth Pt surface as a function of temperature [2]. These
adsorption plots are calculated based on the adsorption equilibrium constants
for CO and H; on Pt(111) surfaces under conditions of 100 ppm CO in 1.0 bar
of H; gas. It can be seen that the H, coverage increases from 0.02 monolayers at
350 K (77 °C) to 0.39 monolayers at 450 K (127 °C). Therefore, if the fuel cell
is operated at higher temperatures, the CO adsorption can be significantly
reduced, leading to better CO tolerance. Because the current density is
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FIGURE 10.2 Langmuir-type adsorption of hydrogen and CO on a smooth platinum surface as
a function of the temperature [2].
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proportional to the H; coverageat the anode, a 50 °C temperature increase from
80 to 130 °C can increase the current density by a factor of 20. With respect to
the effect of temperature on CO adsorption, high-temperature operation of
a PEM fuel cell (>120 °C) has been reported in the literature. For example,
Lakshmanan et al. [19] used poly(ether ether ketone) (PEEK) membranes and
PtRu catalysts to fabricate their MEA and then tested it at a high temperature;
an increase in CO tolerance from 50 to 1300 ppm was observed as the operating
temperature was increased from 70 to 120 °C. Li et al. [20] also investigated the
CO poisoning effect on a Pt/C catalyst by using a HT-PEM fuel cell that
contained phosphoric-acid-doped polybenzimidazole (PBI) membrane over
a temperature range of 125-200 °C. As shown in Fig. 10.3, by defining the CO
tolerance as a voltage loss <10 mV, a tolerance of 1% CO can be obtained at
current densities up to 0.3, 1.2, and 1.3 A cm ™2 as the operating temperature is
increased from 125 to 150 and 200 °C, respectively. At 125 °C, a tolerance of
0.1% CO was obtained at a current density <0.3 A cm 2, However, at 80 °C,
even for H fuel containing as little as 25 ppm CO, tolerance can only be
maintained at a current density of 0.2 A cm 2. As an approximate estimate,
operation of a PEM fuel cell at temperatures >130 °C results in sufficient CO
tolerance to use Hj directly from a simple reformer.

10.2.3. Simplified Management of Water and Heat

Water management is absolutely critical in PEM fuel cells, because it affects
the overall power and efficiency of a system. For a PFSA-membrane-based
PEM fuel cell operated at <90 °C, complicated humidifier subsystems are
usually needed to humidify the feeding gases (H; and O, or air) to maintain
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FIGURE 10.3 Loss in voltage as a function of current density at different temperatures and
different CO concentrations [20].
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a high water content for ionic conduction in the membrane. However,
excessive water in the electrode often causes “flooding,” especially in the
cathode, where water is generated by an electrochemical reaction. The excess
water in the electrode fills the pores in the catalyst layer and gas diffusion
layer, or blocks the channels on the flow fields, thus hindering gas transport
and significantly decreasing cell performance. Operation of a PEM fuel cell at
high temperatures could mitigate the potential issues associated with water
flooding. Unfortunately, because water is necessary in a PFSA-based
membrane, eliminating the humidifier in a PEM fuel cell is not an option, so
the benefit of high-temperature operation is lessened. For example, an increase
in the operating temperature from 80 to 200 °C could lead to a saturated water
vapor pressure as high as 15 atm, which would greatly complicate the system
if high relative humidity was to be achieved during operation. Therefore,
PFSA-based membranes are not the right choice for high-temperature
operation.

Fortunately, for acid—base polymer membranes, such as the PBI membrane,
proton transfer is conducted by a doped acid, H3POy,, through a solid PBI
matrix, whose conductivity is less dependent on the water content than in
a PFSA-membrane system. A H;POs—PBI-membrane-based PEM fuel cell can
be operated without humidification at a temperature as high as 200 °C; in such
a fuel cell system, flooding issues are avoidable, and the system design can be
significantly less complicated because humidification is not necessary. Also,
because there is no liquid water in the electrode, water management in this
system becomes much easier. Further, due to the lack of liquid water in the
electrode, two other benefits emerge from high-temperature operation: (1)
much less mass transport limitation in the catalyst layer and gas diffusion layer
and (2) simplified flow-field design, as there is only one-phase flow in the flow
channels.

Another benefit of high-temperature operation is rapid heat removal, which
reduces the load on the cooling system. A PEM fuel cell operating at a low
temperature, such as 80 °C, with an efficiency of 40-50% can produce a large
amount of heat that must be removed to keep the fuel cell stack at a controllable
temperature. Therefore, a cooling subsystem is necessary to maintain reliable
operation, good performance, high efficiency, and long durability in the stack.
However, if the stack is operated at a high temperature, such as 200 °C, its rate
of heat dispersal will be much faster than at a low temperature; this will lead to
a significant reduction in the heat exchanger size of the cooling subsystem. For
example, when the operating temperature increases from 80 to 200 °C, the front
area of the radiators may be reduced 3- to 4-fold. This reduction will simplify
the cooling subsystem and increase the mass-specific and volume-specific
power density of the fuel cell system. In addition, operating PEM fuel cells at
high temperatures can yield useful high-temperature water, which can be used
for other purposes and result in an improved overall efficiency of the whole
PEM fuel cell system.
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10.2.4. Other Benefits

When residual water produced during fuel cell operation remains in the elec-
trodes after the stack is shut down, problems can arise, particularly when the
environmental temperature is <0 °C. When the stack is exposed to subzero
conditions, the residual water will freeze, so the volume of the electrodes (in
particular, the catalysts layers) will expand due to ice formation, which will
lead to structural damage and decreased electrochemical active surface area.
This has been reported as an additional degradation mechanism in PEM fuel
cells [21]. However, if the PEM fuel cell is operated at high temperatures, less
liquid water will remain in the electrode and thus decrease the impact of fuel
cell structure failure caused by frozen water.

In addition, if we operate a PEM fuel cell at around 200 °C, which is close
to the temperature for methanol reforming, it is possible to integrate the fuel
cell with a methanol reformer. Such integration is expected to increase the
overall power system efficiency and resolve the problems associated with
hydrogen storage [22].

Unfortunately, operation of PEM fuel cells at high temperatures also poses
challenges, such as rapid degradation of both catalyst and membrane. This
issue will be discussed in a later section of this chapter.

10.3. MEMBRANE DEVELOPMENT FOR HT-PEM FUEL CELLS

As discussed above, some of the shortcomings associated with PFSA-
membrane-based LT-PEM fuel cells could be solved or avoided by operating
PEM fuel cells at high temperatures [23]. High-temperature operation also
yields some other benefits, as discussed above. To facilitate high-temperature
operation, a key technology to develop is high-temperature proton-conducting
membranes.

We have established that at high temperatures and/or at low humidity,
conventional PFSA membranes will dehydrate and will result in low proton
conductivity. In the past several years, great efforts have been made to develop
polymer membranes that are capable of retaining high proton conductivity in
anhydrous environments, while still possessing chemical and electrochemical
stability at high temperatures. These membranes can be classified into three
groups: (1) modified PFSA membranes, (2) alternative sulfonated polymers and
their composite membranes, and (3) acid-base polymer membranes.

10.3.1. Modified PFSA Membranes

Traditionally, PEM fuel cells have been developed based on the use of PFSA
polymer membranes. These polymers contain a perfluorinated backbone
similar to that of polytetrafluoroethylene (PTFE, Teflon®), which has pendent
perfluorinated chains linked to the main chain by ether bonds, and a sulfonated
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group at the end of each chain. Among the PFSA membranes, the most widely
used and studied are the Nafion® membranes. The structure of Nafion® is
shown in Fig. 10.4. One intrinsic drawback of Nafion® and other PFSA
polymer membranes is that their proton conductivity is dependent on water
content; they therefore require a high relative humidity and an operating
temperature below approximately 90 °C to avoid water loss.

To achieve high-temperature operation, three approaches have been
developed to modify PFSA membranes: (1) swelling the membrane with
nonaqueous and low-volatility solvents; (2) reducing the membrane thickness;
and (3) impregnating the membrane with hygroscopic oxide nanoparticles or
solid inorganic proton conductors.

For example, Savinell et al. [24] attempted to incorporate phosphoric acid
(PA) in a Nafion® membrane and achieved a proton conductivity of 0.05 S cm™"
at 150 °C. The low-volatility PA acts as a Brgnsted base and solvates the protons
from the sulfonic acid group in the same way as water does. Due to the low
volatility of PA, the operating temperature can even be increased to 200 °C. By
following this strategy, other acids or ionic liquids, such as phosphotungstic
acid [25], 1-butyl, 3-methylimidazolium triflate, BMI tetrafluoroborate [26],
and heterocycles [27], have been used to impregnate Nafion® membranes. The
conductivities of these modified membranes were better than those of the
Nafion® membranes at high temperatures. However, almost no fuel cell tests
that made use of these modified membranes have been reported, due to two
major difficulties: (1) immobilization of the acid and/or ionic liquid, especially
in the presence of water and (2) catalyst poisoning due to solvent adsorption.

Reducing the membrane thickness can facilitate the backdiffusion of water
from the cathode to the anode, which will keep water in the membranes and
lead to improved conductivity at high temperature and low relative humidity
[28]. One challenge in developing thin membranes is the consequent reduc-
tion in the mechanical strength; to improve mechanical strength, PTFE-
reinforced PFSA membranes have been well investigated. For example, Lin
et al. [29] achieved a performance of 250 mA cm ™2 at 0.6 V by using a porous
PTFE-PFSA membrane with a thickness of 25 um for operation at 120 °C.
This performance is better than that with thick membranes under similar
conditions, but is much lower than 700 mA cm 2 at 0.6 V achieved at 80 °C
with the same relative humidity.

dke FZ—CFz—};(vCFZ—T F);};
O—CF;~CF—CF,
O—CF;~CF;~SOH

FIGURE 10.4 Structure of Nafion®.
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Another way to achieve low-humidity, high-temperature operation of
PFSA-membrane-based PEM fuel cells is to incorporate hygroscopic oxides,
such as SiO; and TiO,, into the hydrophilic domains inside the membrane to
improve the composite membrane water retention, thus increasing the proton
conductivity at high temperatures. Two approaches have been developed to
prepare these composite membranes: (1) direct addition of hygroscopic oxide
particles into a Nafion® solution, followed by casting and (2) impregnation of
membranes with solutions of inorganic precursors, followed by in situ sol-gel
reaction to produce metal oxides inside the membranes. For this latter method,
Watanabe et al. [30] reported that the water uptake of the oxide-containing
membrane was higher than that of a pristine Nafion® membrane. For recast
Nafion® membranes, the water uptake was 17 wt.%, whereas for recast
membranes containing 3 wt.% SiO,, the water uptake was as high as 43 wt.%
[31]. Due to water adsorption on the oxide surface, backdiffusion of the product
water from the cathode to the anode can be enhanced, and the electro-osmotic
drag of water from the anode to the cathode can be reduced. Consequently,
much more water remains in the membrane, which thus facilitates the fuel cell
operation at high temperature and low relative humidity.

Figure 10.5 compares the cell performance of different MEAs when using
a pristine Nafion®-115-membrane, recast Nafion® membrane, and recast
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FIGURE 10.5 Cell potential vs. current density of (@) recast Nafion® control, (m) Nafion® 115
control, (O) 10% silicon oxide/recast Nafion®, and ((J) 6% silicon oxide/Nafion®-115
membranes at a pressure of 3.0 atm. H, and O, humidifier temperature: 130 °C; cell temperature:
130 °C [2].
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Nafion® composite membranes that contain SiO, particles at an operating
temperature of 130 °C [2]. These results confirm that SiO,-containing
membranes can perform better than a pristine Nafion® 115 membrane, irre-
spective of whether the SiO, is impregnated into the Nafion® membrane or is
directly doped into a Nafion® solution, followed by recasting. Figure 10.6
shows the stability tests of MEAs at 130 °C when using SiO,-containing
Nafion® 115 and pristine Nafion® 115 [2]. The Nafion®-115 membrane
modified with 6 wt.% SiO; demonstrates a much better stability during 50 h of
testing; the pristine Nafion®-115 membrane, in contrast, degrades dramatically
and fails in an hour.

In summary, impregnation of the nanopores of Nafion® with SiO» can result
in the membrane having better water retention and less susceptibility to high-
temperature damage, making it possible for PEM fuel cells to be operated at
high temperatures.

10.3.2. Sulfonated Polymers and Their Composite Membranes

Originally, sulfonated polymer membranes were used as an alternative to PFSA
membranes for low-temperature operation, due to the former’s lower cost.
Recently, however, some—especially sulfonated hydrocarbon mem-
branes—were found to be less dependent on humidity than were PFSA
membranes if their associated H,O/SOj3 ratios were low. This allowed them to
have good conductivity at high temperatures, which is promising for high-
temperature operation.
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FIGURE 10.6 Time performance test of Nafion® 115 and Nafion® 115/silicon oxide at a pres-
sure of 3.0 atm. H, and O, humidifier temperature: 130 °C; cell temperature: 130 °C; potential:
0.65V [2].
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In the literature, the most widely investigated sulfonated polymer membrane
systems include sulfonated PEEK (SPEEK) [32,33], polysulfones [34], poly-
imides [35], and polyphenylenes [36]. In general, the microstructures of
sulfonated aromatic polymers are different from those of PFSA membranes. As
shown in Fig. 10.7, the perfluorinated polymer backbones of PFSA membranes
are hydrophobic, and their terminal sulfonic acid groups are hydrophilic [37].
Therefore, when water is present, only the hydrophilic domain of the nano-
structure is hydrated; this maintains proton conductivity, while the hydrophobic
domains provide mechanical strength. Thus, water uptake by PFSA membranes
is very high and also very sensitive to the relative humidity. In the case of
sulfonated hydrocarbon polymers, their hydrocarbon backbones are less hydro-
phobic, and their sulfonic acid functional groups are less hydrophilic. Hence, the
water molecules are completely dispersed in the polymer nanostructure. The
advantage of this hydrocarbon nanostructure is that conductivity is less dependent
on humidity, which allows for high proton conductivity at high temperatures.

When these sulfonated polymer membranes are used in PEM fuel cells,
especially for high-temperature operation, the membrane stability is a large
concern. Their thermal stability is primarily due to the desulfonation of the
sulfonic acid side chains [38]. For Nafion® membranes, the sulfonic acid group
is stable up to 280 °C in air [39]. For most of the sulfonated hydrocarbons, the
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FIGURE 10.7 Schematic illustrations of the microstructures of Nafion® 117 and SPEEK [37].
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sulfonic acid group is usually stable between 240 and 330 °C [33,40], which
suggests that this kind of membrane has good thermal stability. However, the
chemical stability of sulfonated polymer membranes is of more concern for
the lifetime of a membrane in a PEM fuel cell. The H,O, and the HO- and HO,-
radicals produced by the incomplete reduction of oxygen on the cathode are
believed to be more aggressive in attacking the hydrogen-containing terminal
bonds in hydrocarbon polymers; this is assumed to be the principal degradation
mechanism of sulfonated hydrocarbon polymers [4]. To date, limited informa-
tion is available about the long-term stability of sulfonated hydrocarbon poly-
mers, especially at high temperatures. Another concern for high-temperature
operation is the polymers’ mechanical strength, especially when the degree of
sulfonation is high, which is necessary to achieve high conductivity.

To improve the mechanical strength, thermal stability, and proton
conductivity of membranes, especially at high temperatures, sulfonated
hydrocarbon polymers are widely used as a matrix for preparing inorganic—
organic composite membranes. As with the modification of PESA membranes,
solid inorganic compounds such as SiO; [6] and TiO, [41]; inorganic proton
conductors such as ZrP [42], SiWA [39], and PWA [43]; and SiO;-supported
inorganic proton conductors [44] are incorporated into sulfonated hydrocarbon
polymers to develop inorganic—organic composite membranes that yield
a better performance under higher operating temperatures. As reported in the
literature, some of these composite membranes exhibited promising conduc-
tivities at a temperature of >100 °C. However, most of these composite
membranes have not been tested in real PEM fuel cells at high temperatures.

10.3.3. Acid-Base Polymer Membranes

Although many efforts have been made to develop modified PFSA and
sulfonated polymer membranes that will function well during high-temperature
operation, the proton-conducting nature of these membranes still requires them
to be fully hydrated to maintain high proton conductivity. Further, the
maximum operating temperatures of these membranes are still relatively low.
In this regard, acid—base polymer membranes represent an effective approach
to achieve high-temperature operation with high proton conductivity. In
general, polymers have basic sites such as ether, alcohol, imine, amide, or imide
groups, which can react with strong acids such as PA or sulfuric acid. Many
basic polymers have been investigated for fabricating acid-base polymer
membranes, such as poly(ethylene oxide) [45], polyvinyl alcohol [46], poly-
ethylenimine [47], and polyacrylamide [48]. Most of these acid—base polymer
membranes exhibit proton conductivity at <10~ S cm™ " at room temperature.
To enhance conductivity, high acid content is usually needed. Unfortunately,
the high acid content in these polymers can decrease their mechanical strength.
Even worse, the oxidative stability of the polymers that have been studied
inhibits their application in PEM fuel cells, especially at high temperatures.
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a

FIGURE 10.8 Structures of PBI (a) and phosphoric-acid-doped PBI (b) [4,8].

Among the acid-base polymer membranes, an exception is phosphoric acid
(PA)-doped PBI, which has received the most attention and has been used in
PEM fuel cells at temperatures as high as 200 °C without humidity.
Figure 10.8a shows the structure of PBI, which is an amorphous thermoplastic
polymer with a glass transition temperature of 425-436 °C; this may be the
reason for its high thermal stability. PBI also has good chemical resistance and
excellent mechanical strength. When it is doped with PA, the first two PA
molecules absorbed by the PBI membrane can form a salt by protonation of the
imine N group at the imidazole ring. The structure of PA-doped PBI is shown in
Fig. 10.8b. Excess PA molecules are present as free or unbounded acid—also
very important for improving the conductivity [4]. It is known that the
conductivity of PA-doped PBI follows the Arrhenius law with a “hopping”
conduction mechanism. In addition, the conductivity is strongly dependent on
the acid-doping level, temperature, and humidity. In the conduction mecha-
nism, the proton hopping that occurs from one N-H site to another in the PBI
membrane contributes little to the conductivity, but the proton hopping from
one N-H site to the PA anions contributes significantly to the conductivity.

10.4. CATALYST DEVELOPMENT FOR HT-PEM FUEL CELLS

As discussed in the previous sections, an increase in PEM fuel cell operating
temperatures to >90 °C not only resolves or at least alleviates some LT-PEM
fuel cell problems but it also provides other benefits. One of the key compo-
nents when operating PEM fuel cells at high temperatures is the proton
exchange membrane; another is the electrocatalyst. However, the literature
contains limited information about HT-PEM fuel cell catalysts. It is expected
that high-temperature operation will pose challenges for catalyst stability, but
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both the electrode kinetics and the catalyst’s contamination tolerance improve
with increasing temperature.

10.4.1. Pt/C Stability in HT-PEM Fuel Cells

The stability of carbon-supported Pt catalyst (Pt/C)—to date, the most practical
catalyst for PEM fuel cell technology—in LT-PEM fuel cells has been well
studied in the literature [49,50]. Three degradation modes during LT-PEM fuel
cell operation have been proposed for this catalyst: (1) Pt particle agglomer-
ation, either through coalescence growth or the Ostwald ripening process; (2) Pt
dissolution and detachment; and (3) carbon corrosion. Figure 10.9 shows
a schematic for the catalyst agglomeration mechanism [51].

Only a few publications have reported the stability of Pt/C catalysts for
HT-PEM fuel cells, especially PA-doped PBI -membrane-based HT-PEM fuel
cells. For example, Liu et al. [52] conducted a 600-hour lifetime test of a PA-
doped PBI -membrane-based HT-PEM fuel cell by using commercially avail-
able Pt/C as both anode and cathode catalysts. The Pt particle sizes before and
after the lifetime test were evaluated by transmission electron microscopy
(TEM) measurements. Figure 10.10 shows the TEM images and Pt particle size
distribution histograms of the Pt/C catalysts before and after the test. The TEM
results reveal that the Pt particle agglomeration occurred at both the anode and
the cathode, but more severely on the latter. For the fresh Pt/C catalyst, the Pt
particle size distribution was relatively narrow, with a range of 2-5 nm and an
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FIGURE 10.9 Schematic of Pt agglomeration [51].
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FIGURE 10.10 TEM images and Pt particle size distribution histograms of Pt/C catalysts before
and after lifetime testing [52]. (For color version of this figure, the reader is referred to the online
version of this book.)

average particle size of 3.7 nm. After the lifetime test, the dispersion became
very broad, from 4 to 14 nm, with an average size of 8.4 nm. Zhai et al. [53]
also observed Pt agglomeration during stability testing of Pt/C catalysts in
a PA-doped PBI -membrane-based HT-PEM fuel cell. After the Pt particle size
distribution was analyzed using a method developed by Ascarelli et al. [54], the
Pt/C catalyst agglomeration was found to follow the coalescence mechanism,
in which the small Pt particles move together to form large particles.

10.4.2. New Catalysts for HT-PEM Fuel Cells

Because commercially available Pt/C catalysts show significant degradation
during the long-term operation of PA-doped PBI -membrane-based HT-PEM
fuel cells, it is necessary to develop highly durable catalysts for these conditions.

The agglomeration of small Pt particles during the operation of a HT-PEM
fuel cell is very severe, and this makes it one of the main factors to consider in
catalyst degradation. The literature presents some efforts to decrease this
agglomeration. For example, Liu et al. [55] introduced stable metal oxides such
as ZrO; into Pt/C catalysts to decrease Pt agglomeration. Their Pt4ZrO,/C
catalyst was prepared by depositing ZrO, on carbon, followed by deposition of
Pt on the ZrO,/C composite support. A potential sweep test at 150 °C between
0.6 and 1.2 V was conducted to evaluate the stability of the newly developed
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FIGURE 10.11 Fuel cell performance curves of (a) TKK 46.6% Pt/C-based MEA and (b)
Pt,ZrO,/C-based MEA before and after a potential sweep test for 3000 cycles between 0.6 and
1.2V vs. RHE. Anode: commercial TKK 46.6% Pt/C catalyst with Pt loading of 1.0 mgcm 2.
Cathode Pt loading: 1.0 mgem 2 Cell temperature: 150 °C. H,/O, = 0.1 MPa/0.1 MPa. Pure
hydrogen and oxygen were fed directly into the cell without humidification [55]. (For color version
of this figure, the reader is referred to the online version of this book.)
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catalyst. For comparison, the stability of commercially available Pt/C catalyst
was also evaluated using the same accelerated aging test. Figure 10.11 shows
the fuel cell performances of Pt/C-based and Pt;ZrO,/C-based MEAs before
and after a potential sweep test of 3000 cycles. Evidently, the performance
degradation of the Pt4ZrO,/C-based MEA is less significant than that of the Pt/
C-based MEA. For example, the cell voltage loss of the Pt4ZrO,/C-based MEA
at 100 mA cm™ 2 is 18 mV, while the voltage loss of the Pt/C-based MEA is
27 mV. Similarly, at 1000 mA cm 2, the cell voltage loss of the Pt4ZrO,/
C-based MEA is 37 mV, whereas that of the Pt/C-based MEA is as high as
83 mV. The Pt particle size distributions of the Pt4ZrO,/C and Pt/C catalysts
before and after the potential tests are shown in Figs 10.12 and 10.13. It is clear
that the particle size of the Pt4ZrO,/C catalyst increases from approximately
4 to 6 nm, while the particle size of the Pt/C catalyst increases from approxi-
mately 3 to12 nm, indicating that Pt nanoparticles on ZrO,/C are more resistant
to agglomeration or sintering. The authors explained that ZrO, on the carbon
support acts an anchor or barrier to the adjacent Pt nanoparticles, which thereby
inhibits their agglomeration.

Another catalyst degradation mode is catalyst carbon support corrosion or
oxidation. Figure 10.14 shows a schematic of the carbon corrosion mechanism
[56].

As discussed above, catalyst sintering or agglomeration reduces PEM fuel
cell durability, which can then reduce the electroactive surface area of the Pt
catalyst, reduce Pt use, and degrade its catalytic activity. One of the major
causes of this agglomeration has been identified as oxidation of the carbon
catalyst support. This carbon oxidation or corrosion effect is more pronounced
when PEM fuel cells are operated at higher temperatures. For example, one
recent study showed that at 300 °C, Pt particle size increased from 4.2 to 8.7 nm
after just a few hours of operation [56]. In the quest to eliminate carbon support
oxidation, development of noncarbon materials to replace carbon as the catalyst
support has become an active research area in recent years. Such materials must
meet the following requirements: high thermal stability, high electrical
conductivity, high electrochemical stability, low solubility in acid, high surface
area, and high mass activity and durability once loaded with Pt catalysts.
Among noncarbon support materials, TiO, meets some of the support material
requirements, except for its low electrical conductivity and low mass activity.
However, with modifications, such as doping and compositing with carbon,
catalysts using TiO,-based support materials have proven to be feasible in PEM
fuel cell applications. Aside from Pt/C composited with ZrO, [55], it has also
been reported that introduction of TiO; into a Pt/C catalyst can form Pt/TiO,/C,
which helps to reduce Pt agglomeration and at the same time to improve
catalytic activity [57-59]. Huang et al. [60] developed a TiO,-supported Pt
catalyst that exhibited high stability along with activity comparable to a state-
of-the-art, carbon-based Pt catalyst. Bauer et al. [61] reported a Pt/TiO, nano-
fiber catalyst that showed high durability. However, it is difficult to achieve high
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FIGURE 10.12 Histograms of the particle size distribution of the Pt,ZrO,/C catalyst before (a)
and after (b) the potential sweep test [55]. (For color version of this figure, the reader is referred to
the online version of this book.)
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FIGURE 10.14 Schematic representations of carbon corrosion [56].

mass activity with a TiO,-supported catalyst due to its low conductivity. Doping
other conductive elements into the bulk material seems to be effective in further
improving the mass activity of TiO,-supported Pt catalysts, as this improves
their conductivity. It has been shown that Nb-doped TiO, (Nb-TiO,) materials
can have improved conductivity. For example, Do et al. [62] reported using Nb-
TiO, as a support and achieving an ORR mass activity of 160 mA mgPt .
Huang et al. [63]. also reported a highly conductive Nb-TiO,-supported catalyst
with improved ORR mass activity and durability. However, in comparison with
the targets set by the DOE, the mass activity of Nb-TiO; is still far off, as is its
durability (this target being 4 times the mass activity). New approaches are
therefore required to further improve both the ORR mass activity and the
durability of noncarbon-supported catalysts for PEM fuel cell applications.

10.5. DESIGN OF HT-PEM FUEL CELLS
10.5.1. Catalyst Design

To address the problem of low catalyst stability during HT-PEM fuel cell
operation, the catalysts should have suitable resistance to sintering and corro-
sion. The general opinion among researchers is that development of corrosion-
resistant catalyst supports and proper anchoring of the metal phase on these
supports are both important for improving catalyst stability.

The application of graphitized rather than amorphous carbon is one way to
increase the corrosion resistance of the catalyst support [64]. However, the low
surface area and the hydrophobicity of graphitized carbon prevent the uniform
dispersion of Pt nanoparticles on this type of support. Thus, the surface of the
graphitized carbon should be functionalized to control its hydrophobic prop-
erties before loading the Pt nanoparticles [65]. Different methods have been
developed to increase the hydrophilicity of graphitized carbon, including
chemically treating it in HNO3 or H,SO4/HNOj3 acid solutions, and non-
covalent functionalization of graphitized carbon via 7—rt interaction. However,
the chemical oxidation method leads to many defects on the carbon surface, and
this results in increased electrochemical carbon corrosion [66]. The
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noncovalent functionalization of graphitized carbon by 1-pyrenecarboxylic
acid, 1-aminopyrene, and benzyl mercaptan can preserve the intrinsic proper-
ties of graphitized carbon as well as increase its hydrophilicity [65,67]. Thus,
noncovalent functionalization is highly recommended for obtaining uniform
dispersion of Pt on graphitized carbon.

Although graphitized carbon performs better than does amorphous carbon in
terms of oxidation and corrosion resistance, oxidation of graphitized carbon still
occurs during high-potential, high-temperature operation and under fuel star-
vation conditions. Development of noncarbon materials to replace carbon as the
catalyst support is the ultimate way to eliminate carbon-support oxidation. In the
literature, conducting [68] and nonconducting [69] polymers, metal oxides
[60,61], and heteroatom-doped metal oxides [62,63] have been used as fuel cell
catalyst supports. Higher support stability than carbon’s has been achieved, as
expected. However, the low electronic conductivity of noncarbon supports
limits the activities of their supported catalysts. To increase the conductivity of
non-carbon-supported catalysts, higher metal loading, and continuous metal
films on noncarbon supports have also been developed [70]. However, use of
precious metals is still very low with higher metal loadings or when continuous
metal films are deposited on noncarbon supports. New technology to develop
thin-film metal layers on noncarbon supports is urgently needed.

Besides improved stability, catalysts developed for HT-PEM fuel cells should
demonstrate higher activity than Pt/C catalysts do. Based on the developments of
catalysts for PA fuel cells and LT-PEM fuel cells, shape- and composition-
controlled Pt- and Pt-alloy-supported catalysts on noncarbon or composite
supports are the future for developing high-activity fuel cell catalysts [71]. In
addition, anchoring Pt and Pt-alloys using a stable phase, such as stable metal
oxides [55,57-59], can prevent the agglomeration and sintering of Pt and Pt-alloy
particles, thereby increasing the stability of such catalysts in HT-PEM fuel cells.

10.5.2. Membrane Design

For HT-PEM fuel cell operation, membranes should have high proton
conductivity at high temperatures and/or low humidity, high chemical/elec-
trochemical and thermal stability at high temperatures, and low cost [8,72].
Currently, three types of high-temperature membranes have been developed:
(1) modified PFSA membranes; (2) alternative sulfonated polymers and their
composite membranes; and (3) acid-base polymer membranes. These show
better performance than do commercially available Nafion® membranes under
high-temperature operation. However, they still cannot fulfill all the require-
ments for high performance, high stability, and low cost.

The “pore-filling membrane” concept can be applied to develop high-
temperature membranes by using different substrates and polymer fill materials
that have a high thermal and chemical/electrochemical durability (Fig. 10.15)
[72]. An inorganic substrate can also be applied during membrane synthesis to
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FIGURE 10.15 An electrode—electrolyte membrane integrated system that uses a pore-filling
membrane with inorganic substrates [72]. (For color version of this figure, the reader is referred to
the online version of this book.)

further enhance the thermal stability. This concept combines the advantages of
substrates and polymer fillers and should provide the direction for designing
membranes with all the properties required for high-temperature operation.

10.5.3. Gas Diffusion Electrodes, Catalyst Layers, and MEA
Designs

The gas diffusion electrode components and electrode structures in HT-PEM
fuel cells should differ from those in LT-PEM fuel cells. Because water flooding
is not a problem in HT-PEM fuel cells, the requirements for mass transport of
the fuel and oxidant within the bipolar plate channels and gas diffusion elec-
trodes may not be as critical as for LT-PEM fuel cells.

Pan et al. [73] investigated the effect of electrode porosity on the perfor-
mance of PA-doped PBI-membrane-based HT-PEM fuel cells. They optimized
the porosity of the gas diffusion layers by applying different amounts of PTFE,
and the porosity of the catalyst layer by adding ammonium oxalate into the
catalyst layers, followed by heating to remove the additive and make the pores.
They observed that an increase in the porosity of the electrode improved the
mass transfer, leading to better cell performance (Fig. 10.16).
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FIGURE 10.16 Polarization curves of PA-doped PBI-membrane-based HT-PEM fuel cells using
electrodes with different porosities, and operated with dry gases at atmospheric pressure. The Pt
loading of the electrode was 0.5 mgPtcm ™2 and the active area of the electrode was 25 cm?.
Hydrogen and oxygen flow rates were 400 ml min ™' and the air flow rate was 800 ml min~' [73].

In addition to optimizing the PTFE content in the gas diffusion layers, it is
also necessary to optimize the amounts of impregnated PA and PBI ionomer in
the catalyst layers to achieve high performance in HT-PEM fuel cells. Wannek
et al. [74] found that 40% PTFE in the catalyst layer and 20 mg cm 2 H3POy
per electrode were optimal in their experiments (Figs 10.17 and 10.18). Kim
et al. [75] fixed the amount of H3POy4 in the PBI ionomer at 6 H3PO,4 molecules
per PBI repeating unit, and they used this ionomer to study the catalyst layer
performance for a range of 5—40 wt.% H3PO4-doped PBI ionomer. Their results
showed that an MEA with 20 wt.% H3PO4-doped PBI ionomer in the catalyst
layer performed the best (Fig. 10.19).

Figure 10.20 shows a schematic of the MEA structure in an HT-PEM fuel
cell. Most of the components are similar to those in LT-PEM fuel cells [76]; the
unique component is the subgasket, which ensures that the MEA maintains
proton conductivity and long-term durability.

10.5.4. Single-Cell and Stack Design

Figure 10.21 shows the structure of the hardware of a single cell. Research by
Zhang’s group [77,78] revealed that when the cell was operated at a temperature
<200 °C, the composite graphite material SGL BBP4 could be used for flow-
field fabrication, and silicone rubber (Fuel Cell Store 590,363) could be used as
the sealing material. But when the cell temperature was 200-300 °C, stainless
steel 430 was more suitable as the flow-field material, while silicone rubber only
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FIGURE 10.17 Performances of HT-PEM fuel cells with different amounts of PTFE in the 20%
Pt/C-based catalyst layer (~1.0 mg Pt cm 2 and 20 mg H3PO, cm 2 per electrode) [74].
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FIGURE 10.18 Influence of acid impregnation amounts in the catalyst layers of gas diffusion
electrodes (GDEs; 20% Pt/C, 40% PTFE) on the performance of MEAs, after assembling these
GDEs with undoped poly(2,5-benzimidazole) membranes [74].
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FIGURE 10.19 Polarization curves with various weight percentages of H;PO4-doped PBI ion-
omer in the cathode catalyst layer, at 150 °C using dry H,/O, feed [75].
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FIGURE 10.20 Schematic of an MEA structure for HT-PEM fuel cells [76]. (For color version
of this figure, the reader is referred to the online version of this book.)
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FIGURE 10.21 Schematic of high-temperature fuel cell hardware [77]. (For color version of this
figure, the reader is referred to the online version of this book.)

worked up to 160 °C for H;PO4-doped PBI-based PEM fuel cells, so they had to
change the sealing material. Their research revealed that the use of Teflon® as
the gasket material worked fine only at a temperature <260 °C, whereas Gar-
lock graphite fiber G9900 gaskets remained stable even up to 540 °C.

Because a stack contains many single cells, thermal management is a major
challenge for stack design, so the temperature control strategies applied during
start-up and normal operation are very important for obtaining high stack
performance [79]. Research studies have found that direct electrical and hot air
heating are not an efficient means of temperature control for HT-PEM fuel cell
stacks [80]. Instead, the use of a cathode air circuit to heat the stack from the
inside proved to be more efficient.

To cool stacks, air cooling and liquid cooling are both used. When the
operating temperature is high, air cooling is suitable even at extreme outside
temperatures, but the startup heating process is prolonged. Liquid cooling
involves water or oil [81]. Water cooling using latent heat yields uniform
temperature distribution in the stack, but more attention is required to maintain
stable stack operation. Oil cooling using sensible heat results in a more stable
transient characteristic than water cooling does, but the parabolic temperature
distribution varies by about 30 °C.

10.5.5. Direct Use of Methanol Reformate and Integration with
Fuel Processor

Because a reformer consumes heat and water, and a fuel cell stack produces
heat and water, integration of the stack and the reformer could be expected to
improve system efficiency and simplify system construction. This possibility
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was demonstrated by Pan et al. [22], who integrated a methanol reformer with
a PA-doped PBI-membrane-based HT-PEM fuel cell. In their research, they
found that methanol reforming took place around 200 °C, with nearly 100%
conversion and only 0.2 vol.% CO impurity, which could be tolerated by
a PA-doped PBI-based HT-PEM fuel cell operated at that temperature. They
also reported 91% hydrogen use.

10.6. TESTING AND DIAGNOSIS OF HT-PEM FUEL CELLS
10.6.1. MEA Preparation

Due to the limited information available on high-temperature MEA prepara-
tion, here, we only discuss a typical high-temperature MEA using H3POg4-
doped PBI membrane as the proton exchange membrane.

Figure 10.22 shows a schematic of the fabrication procedure for this MEA
[82]. Typically, a microporous layer, compounded by 1 mg cm ™2 Ketjen Black
300 carbon (Azko Nobel, UK) and Teflon® (40 wt.%) as binder, is first
deposited on Toray Graphite Paper (TGPH-090, 20% wet-proofed) by air
brushing, using isopropanol as the solvent to make this layer hydrophobic for
gas diffusion.

Catalyst inks are prepared by mixing Pt/C catalyst (20% Pt on Vulcan XC-72,
E-TEK Inc.), PBI solution (5 wt.% in N,N-dimethylacetamide, DMAc), and
DMACc solvent. After sufficient mixing, the inks are sprayed onto the microporous
layer by air brushing. Then, after drying and sintering at 190 °C for an hour inside
an inert ventilated oven, the electrodes are doped with 2 M PA and left to dry

| Toray Graphite Paper (TGPH-090, 20 % wet-proofed) |

Ketjenblack EC-300 carbon
< Teflon emulsion
Isopropanol (solvent)

Y
Toray graphite paper
+
Microporous layer (C + PTFE)

I: 20% Pt on Vulcan XC-72 carbon

Poly

I—l!:le: (solvent for the "solution method")

A 4
Toray graphite paper

+
Microporous layer ELECTRODE

+
Catalyst layer (Pt/C + PBI)

I d with 2 M H,PO,
H,PO, doped PBI membrane

A 4
‘ MEMBRANE ELECTRODE ASSEMBLY (MEA) |

FIGURE 10.22 Schematic of the fabrication procedure for an MEA used in HT-PEM fuel cells
[82]. (For color version of this figure, the reader is referred to the online version of this book.)
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overnight. The MEA is then fabricated by hot pressing the PA-doped PBI
membrane with an electrode on either side at 150 °C and 0.1 t cm ™2 for 10 min.

10.6.2. Single-Cell and Stack Assembly

Typically, a single cell is fabricated by fixing the assembled MEA between two
graphite bipolar plates machined with parallel or serpentine flow fields. Two
metal end plates are placed at the outer sides of the two graphite bipolar plates to
hold them in place. Rod heaters are inserted into the end plates to control the cell
temperature. Figure 10.23 shows a photograph of a typical 50 cm® HT-PEM
fuel cell [83].

To assemble a stack, a few single cells are arranged between two metal end
plates, fixed with threaded tie rods. When the stack has numerous single cells,
additional cooling plates are usually inserted for efficient heat integration.
Figure 10.24 shows a photograph of a 28-cell stack and an inserted cooling
plate [83].

10.6.3. Test Station Modification

HT-PEM fuel cells usually operate with low or no humidification. When the
MEA contains a PA-doped PBI membrane, no humidification is needed in the

FIGURE 10.23 Photograph of a 50 cm? single cell [83]. (For color version of this figure, the
reader is referred to the online version of this book.)
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FIGURE 10.24 Photograph of a 28-cell fuel cell stack with integrated cooling plates (inset), and
diagram of laser sinter cooling plate (3D design) [83]. (For color version of this figure, the reader is
referred to the online version of this book.)

test station, which is the most obvious difference from an LT-PEM fuel cell test
station. Figure 10.25 shows a schematic representation of an HT-PEM fuel cell
test station [79].

10.6.4. Performance Testing and Diagnosis

Several issues are associated with the testing and diagnosis of HT-PEM
fuel cells, including humidity control, thermal management, material
corrosion, performance degradation, and lifetime. However, major research
activities in this area are currently focused on the development of high-
temperature membranes. There has also been a limited amount of inde-
pendent work on technologies for the testing and diagnosis of HT-PEM fuel
cells.
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FIGURE 10.25 Schematic representation of a test station (1: air filter, 2: air compressor, 3: flow
meter, 4: pressure transmitter, 5: pressure gauge, 6: valve, 7: solenoid valve, 8: hydrogen cylinder,
9: pressure regulator, 10: nitrogen cylinder, 11: thermocouple, 12: electronic load) [79].

10.6.4.1. Testing of HT-PEM Fuel Cells

10.6.4.1.1. Humidity Control

Relative humidity (RH) is determined by the ratio of the vapor pressure, P(7),
to the saturated vapor pressure (Pgy), multiplied by 100 [84]. The saturated
vapor pressure is empirically described by the following equation:

In Py, = 21.564 — 5420/T (10.3)

The saturated vapor pressure increases exponentially with temperature, as
shown in Fig. 10.26 [85]. At 180 °C, Py reaches 10 atm. To maintain 100%
RH at 180 °C, it requires a total pressure >10 atm (leaving aside the partial
pressure of the fuel and oxidant gases). With a partial pressure of 0.5 atm for the
reactant gases, a water-saturated feed stream design with 90% RH at 150 °C
still requires a total pressurization of >8 atm.

Two conventional methods are used to humidify the fuel cell reactants and
the fuel cell membrane: external and internal [86]. The external method is
simple and involves passing of the gases through a temperature-controlled,
water-filled container. For conventional PEM fuel cells, the typical pressure
limitation is usually <4 atm; below this pressure, the boiling point of water is
about 145 °C, which means that internal humidification is not sufficient to
provide a high RH at a temperature >150 °C. Internal humidification requires
injection of water directly into the gas line leading to the fuel cell. Because less
energy is needed for vaporization at high temperatures, injected water is more
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FIGURE 10.26 Saturated water vapor pressure vs. temperature [85].

readily vaporized in the gas line. Internal humidification may be the preferable
method for HT-PEM fuel cells.

If the proton conductivity of a high-temperature membrane does not rely on
water, humidification is unnecessary; this simplifies the fuel cell system and
lowers its cost. One such system is the PBI-based HT-PEM fuel cell, in which
proton conductivity is based on doped H3POj,.

10.6.4.1.2. Thermal Management

External heating tubes and elements are generally used to raise and maintain
the temperature in HT-PEM fuel cells. Residual heat can easily be removed due
to the large temperature difference between the fuel cell and the ambient
environment. Alternatively, residual heat can be recovered for energy cogen-
eration. Thermal management in HT-PEM fuel cells is simpler than in LT-PEM
fuel cells [10].

10.6.4.2. Diagnosis of HT-PEM Fuel Cells

Diagnostic technologies for LT-PEM fuel cells are the basis for HT-PEM fuel
cell diagnosis. Many different investigative tools, including electrochemical
and physicochemical methods, are available to elucidate the changes an
HT-PEM fuel cell undergoes during operation.
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10.6.4.2.1. Cyclic Voltammetry and Linear Sweep Voltammetry

Both cyclic voltammetry (CV) and linear sweep voltammetry (LSV) techniques
have been discussed in detail in Chapter 3; for more information, please refer to
this chapter.

In fuel cell testing and diagnosis, CV is used to determine the electro-
chemical Pt surface area (EPSA) of a catalyst layer, and LSV is used to evaluate
and monitor fuel crossover. For these methods, pure H; and pure inert N, or He
are passed over the anode and the cathode, respectively. The anode is used as
both the reference and counter electrode, whereas the cathode is used as the
working electrode.

The EPSA of a fuel cell cathode can be calculated based on the relationship
between the Pt surface area and the charge associated with hydrogen adsorption
on the electrode, as determined by CV. For CV, the cell is usually cycled
between 0.05 and 0.6 V with a high sweep rate of 20 or 50 mVs~'. On
a smooth Pt electrode, the hydrogen adsorption charge is 210 uC cm™ 2. The
EPSA is calculated according to the following equation:

On
G x 210

where Qp is the charge quantity, calculated from the integration of CV for
hydrogen adsorption—desorption (in nC); G represents the Pt metal loading
(mg cm?) in the catalyst layer; and 210 nC cm ™2 is the charge required to
oxidize a monolayer of hydrogen on the Pt catalyst. CV is an efficient method
for measuring the EPSA of Pt catalysts in the catalyst layer and for checking the
degradation of Pt catalysts.

LSV is an effective method for measuring the hydrogen crossover through
the membrane at elevated temperatures. The cell is usually cycled between
0and 0.5 V with a low sweep rate of <5 mV s~ '. Hydrogen that passes through
the membrane is measured as a mass transport “limiting current” at 0.35-0.5 V.
Figure 10.27 shows the LSV measurements of a cell at different temperatures
[87]. Hydrogen crossover can be determined by using the plateau current
density at high voltage, where the current obtained is limited by the hydrogen
transport rate through the tested membrane. Some hydrogen oxidation pseu-
docapacitance is apparent at potentials below approximately 0.35 V, due to the
sweep rate used. The effect of carbon double-layer capacitance on the apparent
hydrogen limiting current is small at higher potentials.

SEpsa = (10.4)

10.6.4.2.2. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) has also been discussed in
Chapter 3. EIS is generally used to diagnose the performance limitations of fuel
cells. There are three fundamental sources of voltage loss in fuel cells: kinetic
losses (charge-transfer activation), ohmic losses (ion and electron transport),
and mass transfer losses (concentration). EIS can be used to distinguish and
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FIGURE 10.27 LSV of a single cell (4 mV s~1, 0.01-0.50 V), 200 ml min~! pure H, on the
anode and 200 ml min~" N, at the cathode; four conditions are compared: 25/100/100, 80/100/75,
100/70/70, and 120/35/35 [87].

quantify these losses. Figure 10.28 shows a typical EIS spectrum of a fuel cell
during a frequency sweep [88]. In the higher frequency range of the spectrum
(typically >10 kHz), the high-frequency intercept on the real axis in Fig. 10.28
corresponds to the ohmic resistance, which is dominated by the membrane
resistance. The overall kinetic resistance (the sum of the anodic and cathodic
charge-transfer resistance) is obtained from the difference between the high-
frequency real Z-axis intercept and the next lower frequency real Z-axis
intercept. It is evident that the overall charge-transfer resistance is dominated
by the sluggish ORR kinetics. The lower frequency part of the spectrum
(typically <1 Hz) represents the sum of a capacitive loop in the anode spectrum
and an inductive loop in the cathode spectrum, which appear in a similar
frequency range. The capacitive arc in the low-frequency range is attributable
to a finite diffusion process, which is due to mass transport in the gas diffusion
layers and the electrodes.

10.6.4.2.3. Physical Characterization

Different physical characterization techniques, such as X-ray diffraction
(XRD), TEM, scanning electron microscopy (SEM), X-ray photoelectron
spectroscopy (XPS), are usually applied to measure changes in catalysts,
membranes, and MEA structures after HT-PEM fuel cell operations are
performed.
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FIGURE 10.28 Correlation between different parts of an EIS spectrum and limiting processes
[88]. (For color version of this figure, the reader is referred to the online version of this book.)

10.7. CHALLENGES OF HT-PEM FUEL CELLS

Although operation of PEM fuel cells at high temperatures has many attractive
benefits, various cell components experience severe challenges, the most
significant problems being membrane dehydration and subsequent decreased
conductivity. In addition, Pt particle agglomeration, carbon support corrosion,
and degradation of other MEA components—such as gaskets, seals, and bipolar
plates—are accelerated at high temperatures.

10.7.1. Membrane Dehydration and Conductivity Loss

The conventional PFSA membranes currently used for PEM fuel cells, such
as Nafion® or other PFSA polymers, show significant conductivity loss at
high temperatures due to membrane dehydration [89]. Moreover, in the
effort to increase proton conductivity, the proton exchange membranes
used in PEM fuel cells are becoming progressively thinner, which can
worsen dehydration. Even more of a problem is that when the membrane is
thinner, gas crossover becomes an issue, as it not only generates mixed
potential—thereby decreasing cell performance—but it also compromises
safety.

The thermal stability of the membrane is another challenge at elevated
temperatures. Usually, the operating temperature of a fuel cell should be well
below the glass transition temperature (Tg) of the membrane. The T, of
hydrated membranes is dependent on the chemical structure of the polymer
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and the water content (due to its plasticizing effect). Nafion® has a T, between
130 and 160 °C for a dry membrane, and between 80 and 100 °C for
a hydrated membrane. It has been recognized that hydration can also decrease
the thermal stability of a Nafion® membrane during high-temperature
operation.

The chemical stability of membranes at high temperatures is another issue.
It is believed that attack by HOO- and HO- radicals is a major reason for
membrane degradation [90]. Oxygen crossover provides a means for the
formation of peroxide and hydroperoxide radicals, which then attack the
membrane and in turn lead to its deterioration. This degradation process is
believed to accelerate with increasing temperature. Therefore, researchers who
develop membranes for high-temperature operation should make membrane
stability the primary consideration, particularly ways to decrease fuel crossover
and maintain high conductivity.

10.7.2. Catalyst Agglomeration and Carbon Corrosion

The long-term stability of catalysts, even for LT-PEM fuel cells, is a major
challenge. In general, an increase in the operating temperature decreases the
catalyst stability, mainly due to the accelerated degradation of platinum and of
carbon supports.

As discussed in earlier in this chapter, Pt agglomeration and particle growth
is the dominant mechanism for Pt catalyst degradation, and is exacerbated at
elevated temperatures. Two mechanisms have been proposed to explain Pt
agglomeration: “Pt coalescence” and “Ostwald ripening.” In general, the
optimum Pt particle size for the ORR is 3-5 nm. Because Pt particle size
increases during long-term operation or accelerated stress tests, ORR activity
and Pt utilization gradually decrease.

As depicted in Fig. 10.9, Pt dissolution and redistribution are other major
reasons for catalyst degradation during long-term operation and high-potential
cycling tests [91,92]. In the case of Pt dissolution, two parallel paths have been
discerned: (1) the electrochemical dissolution of Pt to P, according to the
reaction Pt—Pt?>T + 2e~ and (2) the formation of Pt oxide, followed by
dissolution according to Reactions (10.I) and (10.1I):

Pt + H,O—PtO + 2H" + 2¢~ (10.1)

PtO + 2H" = P** + 2H,0 (10.11)

The dissolved Pt (Pt*") either redeposits on Pt particles to form large
particles or migrates out of the MEA into the membrane. Figure 10.29 shows Pt
particles deposited within the membrane and near the catalyst layer/membrane
interface after degradation [93]. These Pt particles originate from the dissolved
Pt species at the cathode, which diffuse in the ionomer phase and subsequently
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FIGURE 10.29 Cross-sectional TEM images of an MEA after 1.0 V potential holding for 87 h,
(a) near the interface of the cathode catalyst layer and membrane, (b) inside the membrane, 10 pm
away from the cathode catalyst layer, and (c) near the interface of the anode catalyst layer and the
membrane [93].

precipitate in the ionomer phase of the electrode or in the membrane, through
the reduction of Pt ions by hydrogen that crosses over from the anode. These Pt
particle sites form degradation centers, which causes pinholes and lead to
membrane failure.

Carbon can be chemically stable due to its low oxidation kinetics but
electrochemically unstable due to Reaction (10.11I):

C+2H,0—CO, +4H" +4e™, Exgx = +0.207 V vs.RHE  (10.I1I)

The carbon oxidation reaction can be affected by temperature, interfacial
electrode potential, and water vapor pressure; electrode potential is the most
aggressive of these factors [94]. The presence of Pt can also catalyze carbon
oxidation at lower potentials [95]. Corrosion of the catalyst’s carbon support
can occur at both the cathode and the anode. If the cathode is held at relatively
high potentials, its catalyst carbon support will be oxidized, whereas if the
anode is fuel starved, oxidation of the anode catalyst’s carbon support may
occur. For example, when the fuel level is insufficient to provide the expected
current for PEM fuel cells, the potential value of the anode can increase to
>0.21V, or even to >1.23 V, at which point water electrolysis and carbon
oxidation at the anode will occur to provide the required protons and electrons
for the ORR at the cathode.

Another cause of fuel cell degradation is poisoning of Pt catalysts by
contaminants [96]. As described earlier in this chapter, contaminants generally
come from two sources: the fuel stream and the air stream. The contaminants
are CO, CHy, H,S, NH3, NO,, SO,, VOCs, and trace amounts of metallic ions
or silicon from system components. In HT-PEM fuel cells, the gas poisoning
effect is usually less aggressive than in LT-PEM fuel cells.
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10.7.3. Degradation of Other Components

Aside from MEA components (membranes and catalysts), other materials in
a fuel cell system—such as bipolar plates, seals, and gaskets—are also subject
to degradation or other oxidation processes during operation. At elevated
temperatures, degradation rates can be higher than for LT-PEM fuel cells [10].

The bipolar plates, usually made from carbon materials, have multiple
functions in the fuel cell system, including current collection, gas distribution,
water transport, thermal management, and humidification. In fuel cell stacks, the
bipolar plates are in contact with the fuel on one side and the oxidant on the other,
and are therefore exposed to both reducing and oxidizing conditions [10]. The
need for good electrical conductivity and good corrosion resistance make the
choice of suitable bipolar plate materials critical. The corrosion rate of a bipolar
plate is affected not only by the applied potential but also by the temperature and
pressure. For metal bipolar plates, metal dissolution can be enhanced at higher
operating temperatures. The dissolved metal ions can then contaminate both the
membrane and the catalysts, leading to fuel cell performance degradation.
Although a protective coating may inhibit metal corrosion, it will significantly
increase the contact resistance between the bipolar plate and the electrodes.

The sealing of the bipolar plates in a fuel cell stack is very important for
avoiding fuel and oxidant leaks. O-rings are usually used in fuel cell stacks. For
LT-PEM fuel cells, there are many choices of sealing materials, but the majority
cannot be used at higher temperatures. For example, if the fuel cell is intended
to operate at 180 °C, only those materials with a tolerance >200 °C can be
used—silicon rubber, tetrafluoroethylene-propylene, perfluoroelastomer, and
so on [97].

In summary, although HT-PEM fuel cells have several advantages over
LT-PEM fuel cells, component degradation under high-temperature operation
is the largest challenge. Therefore, material selection and degradation mitiga-
tion are the two most important considerations in moving forward with this
technology.

10.8. CHAPTER SUMMARY

HT-PEM fuel cells have several benefits over LT-PEM fuel cells, and these
include improved electrode kinetics, enhanced contaminant tolerance, and
facile water and heat management. However, the degradation of key fuel cell
components is a major challenge when operating at high temperatures.
Currently, research on developing HT-PEM fuel cells is mainly focused on
high-temperature membranes, while the fabrication of suitable catalyst layers
with improved activity and stability is still in its early stages. To achieve
breakthroughs in HT-PEM fuel cell technology, more efforts are needed,
especially in the development of novel high-temperature membranes, catalysts,
and electrode structures.
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11.1. INTRODUCTION

Through tremendous research efforts, significant progress has been achieved in
polymer electrolyte membrane (PEM) fuel cell technologies over the past
decade, especially in the areas of increasing volumetric and/or gravimetric
specific power densities as well as more effective use of materials. However,
technical challenges still remain for the onboard storage of hydrogen fuel and
the infrastructure for its widespread distribution, as well as for the fuel cell
system itself. With regard to the fuel cell system, there are two major chal-
lenges: high cost and insufficient durability.

Durability, defined as the maximum lifetime of a fuel cell system with not
>10% loss in efficiency at the end of life, is one of the most stringent
requirements for PEM fuel cells to be accepted as practical power sources. The
requirements for fuel cell lifetime vary significantly, depending on the appli-
cation. The fuel cell industry has set standards that include the following: (1)

PEM Fuel Cell Testing and Diagnosis. http://dx.doi.org/10.1016/B978-0-444-53688-4.00011-5
Copyright © 2013 Elsevier B.V. All rights reserved. 283


http://dx.doi.org/10.1016/B978-0-444-53688-4.00011-5

PEM Fuel Cell Testing and Diagnosis

for stationary applications, a lifetime durability of >40,000 h, with 8000 h of
uninterrupted service at over 80% power; (2) for buses and cars, a former value
of 20,000 and a latter of 6000 operating hours. Although performance degra-
dation is unavoidable, the degradation rate can be minimized through
a comprehensive understanding of degradation and failure mechanisms.

11.2. FAILURE MODES INDUCED BY FUEL CELL OPERATION

So far, various studies have focused on the degradation mechanisms of either
the fuel cell system or its components under steady or accelerated operating
conditions. The major failure modes of different components of PEM fuel cells
are listed in Table 11.1.

Traditional lifetime data analysis in engineering involves analyzing times-
to-failure data obtained under normal operating conditions to quantify the
lifetime characteristics of the components and systems. For fuel cells, the time-
to-failure data are always very difficult to obtain due to the prolonged test
periods required and to the high costs involved. For example, almost seven
years of uninterrupted testing is needed to reach the 60,000-hour lifetime
requirement for a stationary fuel cell system. To test a fuel cell bus system
(275 kW) for 20,000 h, the fuel expense alone would be approximately 2
million US dollars (3.8 billion liters of hydrogen at 5.3 US dollars per cubic
meter). To increase sample throughput and reduce the experimental time,
different strategies to accelerate PEM fuel cell and component degradation
have been suggested. The general accelerated stress test (AST) methods for
PEM fuel cell lifetime analysis are summarized in Table 11.2.

Degradation and durability of a PEM fuel cell or stack can be affected by
many internal and external factors, including fuel cell design and assembly,
operating conditions (e.g. humidification, temperature, cell voltage), impurities
or contaminants in the feeds, environmental conditions (e.g. subfreezing or cold
start), and operation modes (e.g. startup, shutdown, potential cycling).

The design and assembly of PEM fuel cell components, such as flow fields
and manifolds, can have a significant influence on water management and feed
flows, which will in turn affect the durability of fuel cell components. For
example, an improper design of the flow fields can result in water blockage, and
improper manifold design can induce poor cell-to-cell flow distribution, both of
which may cause localized fuel starvation. This localized fuel starvation can
then induce an increased local anode potential to levels at which carbon
oxidation or even water electrolysis may occur to provide the required protons
and electrons for the oxygen reduction reaction (ORR) at the cathode. These
reactions will induce corrosion of the carbon support and will result in
a permanent loss of electrochemically active area at the anode.

Startup and shutdown can have a profound impact on fuel cell durability.
Under conditions of prolonged shutdown, air will eventually cross over from
the cathode to the anode, filling the anode flow channels with air. In this case,
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KTABLE 11.1 Major Failure Modes of Different Components
in PEM Fuel Cells

Component

Failure Modes

Causes

Membrane

Mechanical degradation

Mechanical stress due to
nonuniform press pressure;
inadequate humidification or
penetration of the catalyst particles,
which results in pinholes and gas
transfer through the membrane

Thermal degradation

Thermal stress; membrane drying

Chemical/electrochemical
degradation

Trace metal contamination (foreign
cations, such as Ca®*, Fe**, Cu**,
Na™, K¥, and Mg?™); radical attack
(e.g. peroxy and hydroperoxy).
Peroxide radical attack causes
membrane polymer chain
decomposition and fluorine loss;
this results in membrane thinning,
pinholes, and gas crossover. Note:
these peroxide radicals are
generated by both the fuel cell
reaction and the chemical reaction
between O, and H, within the
membrane.

Catalyst/catalyst
layer (CL)

Loss of activation

Sintering or dealloying of
electrocatalyst

Conductivity loss

Corrosion of electrocatalyst support

Decrease in mass transport
rate of reactants

Mechanical stress

Loss of reformate tolerance

Contamination

Decrease in water
management control

Change in hydrophobicity of
materials due to Nafion or PTFE
dissolution

Gas diffusion
layer (GDL)

Sealing gasket

Decrease in mass transport

Degradation of backing material

Conductivity loss

Mechanical stress (e.g. freeze/thaw
cycle)

Decrease in water
management control

Corrosion; change in
hydrophobicity of materials

Mechanical failure

Corrosion; mechanical stress

285
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fTABLE 11.2 General Accelerated Stress Test Methods in PEM Fuel Cell \
Lifetime Analysis

Component Methods

Fuel cell/stack Open circuit voltage (OCV); dynamic load cycling; thermal cycling;
reduced/variable humidity; fuel or oxidant contaminants; fuel or
oxidant starvation

Membrane OCV operation at reduced humidity for chemical stability; relative
humidity (RH) and temperature cycling for mechanical degradation

Catalyst/CL Potential cycles, acid washing, elevated temperature, fuel or
oxidant contaminants

GDL Chemical oxidation in H,O,, elevated potential, low humidity
Bipolar plates Press stress, acid treatment, potential cycling, temperature cycling
Sealing gasket Temperature, acid treatment, deformation/press stress

~/

fuel cell startup will create a transient condition in which there is fuel at the
inlet, but the outlet is fuel-starved at the anode side. When this air/fuel
boundary is formed at the anode, the local cathode potential may increase to
>1.8 V vs. NHE, and as a consequence, the carbon oxidation reaction and
water electrolysis reaction will occur through “reverse current” mechanisms on
the corresponding cathode side. This causes serious deterioration in fuel cell
performance and durability.

Another likely cause of severe fuel cell degradation is impurities. In
general, impurities can be categorized into two groups, based on the sources:
the first source is the contaminants from the fuel reforming process (such as
CO, H5S) or pollutants in the air intake (e.g. NOx, SOy, or volatile organic
compounds); and the second source includes system-derived impurities, such as
trace amounts of metallic ions or silicon from the system components (e.g.
catalysts, bipolar plates, membranes, and sealing gaskets). These impurities
have been known to adversely affect the fuel cell performance and durability by
several means: kinetic effects, caused by poisoning of the anode and cathode
catalyst active sites; the conductivity effect, due to increased resistance in the
membrane and ionomer; and the mass transfer effect, caused by changes in the
structure and hydrophobicity of the CLs and/or GDLs.

Survivability, durability, operation, and rapid startup under subfreezing
temperatures are still current barriers that should be addressed before mass-
market penetration of hydrogen-powered PEM fuel cell vehicles. When a PEM
fuel cell is subjected to subfreezing temperatures, there is a significant decrease
in the electrochemical surface area (ESCA) of the electrodes (normally
attributed to ice formation and porosity changes in the CL), and this ultimately
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causes delamination of the CL from the membrane. The effect of freeze/thaw
thermal cycles on the durability of fuel cell components has also been exten-
sively investigated, with experiments showing that the water content/state in the
CLs, the air permeability of the GDLs, and the conductivity of the membrane
will dramatically change as a result of freeze/thaw cycling.

The fuel cell performance shows degradation over operating time, which is
dependent on materials, fabrication, and operating conditions. The changes in
temperature and RH associated with transitions between low and high power
can have adverse effects on the component properties and the integrity of the
fuel cell system. For example, transient automotive operating conditions,
specifically power (or voltage) cycling, can exacerbate a fuel cell’s degradation
and reduce its components’ durability/reliability as well.

11.3. MAJOR FAILURE MODES OF DIFFERENT
COMPONENTS OF PEM FUEL CELLS

11.3.1. Membrane Failure

The membrane separates the anode from the cathode, and at the same time acts
as a proton conductor and an electron insulator. Therefore, the requirements for
a qualified membrane are manifold and stringent, including high protonic
conductivity, low flow reactant gas permeability, and high thermal and chem-
ical stability. The most commonly used and promising membranes for PEM
fuel cells are perfluorosulfonic acid (PFSA) membranes, such as Nafion®
(DupontTM) and Gore-Select® (Gore™) as well as Aciplex® and Flemion®
(Asahi™). Extensive studies have been carried out on the mechanisms of
membrane degradation and failure in the fuel cell environment. At present,
however, unsatisfactory membrane durability/reliability is still one of the
critical issues impeding the commercialization of PEM fuel cells.

11.3.1.1. Membrane Degradation Mechanisms
11.3.1.1.1. Mechanical Degradation of the Membrane

Membrane degradation can be classified into three groups: mechanical,
thermal, and chemical/electrochemical degradation. Among these, mechanical
degradation can cause early life failure due to perforations, cracks, tears, or
pinholes, which may result from congenital membrane defects or from
improper membrane electrode assembly (MEA) fabrication processes. The
local areas corresponding to the interface between the lands and channels of the
flow field or the sealing edges in a PEM fuel cell, which are subjected to
excessive or nonuniform mechanical stresses, are also vulnerable to small
perforations or tears. During fuel cell operation, the overall dimensional change
due to nonhumidification [1], low humidification [2—4], and RH cycling [5-7]
are also detrimental to mechanical durability. The constrained membrane in an
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assembled fuel cell experiences in-plane tension resulting from shrinkage
under low RH, and in-plane compression during swelling under wet conditions.
Recent experiments have demonstrated that the dynamic humidity in the fuel
cell may generate humidity-induced stress as high as 2.3 MPa and a dimen-
sional change of 11% toward free-standing PEMs [5]. The migration and
accumulation of the catalysts and the decomposition of the seal into the
membrane, as described in Sections 11.3.2.1 and 11.3.5, also negatively affect
membrane conductivity and mechanical strength and significantly reduce
ductility. A physical breach of the membrane due to local pinholes and
perforations can result in a crossover of reactant gases into their respective
reverse electrodes. If this happens, the highly exothermic direct combustion of
the oxidant and reductant occurs on the catalyst surface and consequently
generates local hot points. A destructive cycle of increasing gas crossover and
pinhole production is then established, which undoubtedly accelerates the
degradation of the membrane and the entire cell. The results of Huang et al. [8]
suggested that mechanical failure of the membrane starts as a random, local
imperfection that propagates to a catastrophic failure.

11.3.1.1.2. Thermal Degradation of the Membrane

To maintain well-hydrated PFSA membranes, the most favorable working
temperature of a PEM fuel cell is usually from 60 to 80 °C. Conventional PFSA
membranes are subject to critical breakdown at high temperatures due to the
glass transition temperatures of PFSA polymers, which are around 80 °C.
However, rapid startup, stable performance, and easy operation in subfreezing
temperatures are necessary capabilities for fuel cell technologies to achieve
before commercialization in vehicles and portable power supply applications.
On the other hand, much effort has been made recently to develop PEM fuel
cells that operate at temperatures >100 °C, to enhance electrochemical
kinetics, simplify water management and cooling systems, and improve system
CO tolerance. Membrane protonic conductivity drops significantly with
decreasing water content when the fuel cell is operated at high temperatures
and under low humidity.

Several studies have addressed the issue of thermal stability and thermal
degradation of PFSA membranes. The PTFE-like molecular backbone gives
Nafion® membranes their relative stability until 150 °C due to the strength of
the C—F bond and the shielding effect of the electronegative fluorine atoms [9].
At higher temperatures, Nafion® begins to decompose via its side sulfonate
acid groups. For example, the thermal stability of Nafion® was investigated by
Surowiec and Bogoczek [10] using thermal gravimetric analysis (TGA),
differential thermal analysis (DTA), as well as Fourier transform infrared
(FTIR) spectroscopy, and only water was detected at a temperature <280 °C.
At temperatures >280 °C, sulfonic acid groups were spilled off. In studies on
the effects of heating Nafion® onto Pt in air, Chu et al. [11] found that sulfonic
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acid groups were lost after heating at 300 °C for 15 minu, whereas Deng et al.
[12] measured small amounts of sulfur dioxide up to 400 °C. Detailed mech-
anisms for PFSA thermal degradation were proposed by Wilkie et al. [9] and
Samms et al. [13], which included initial rupture of the C—S bond to produce
sulfur dioxide, OH- radicals, and a left carbon-based radical for further
cleavage at higher temperatures.

Regarding fuel cell operation at subfreezing temperatures, several studies
on the state of water in PFSA membranes below the freezing temperature have
been conducted. It has been suggested that several different states of water exist
in the membrane, including “free water,” which is not intimately bound to the
polymer chain and will freeze at <0 °C. In addition, Cappadonia et al. [14] and
Sivashinsky and Tanny [15] found that only a part of the water present in
Nafion® underwent freezing. Cho et al. [16] reported that the contact resistance
between the membrane and the electrode could increase after thermal cycles,
whereas membrane ionic conductivity itself was not affected. However,
McDonald et al. [17] found that after 385 temperature cycles between +80 °C
and —40 °C, the ionic conductivity, gas impermeability, and mechanical
strength of Nafion® membranes were severely impaired, although no cata-
strophic failures were detected. Phase transformation and changes in water
volume due to freeze/thaw cycles have a detrimental effect on the membrane’s
lifetime. To avoid this, mitigation strategies have been proposed, including gas
purging and solution purging to remove residual water during fuel cell startup
and shutdown.

Another noteworthy hazard to PEM fuel cell durability at subzero
temperatures is the influence of phase transformation and water volume
changes on the physical properties of the membrane/electrode interface and
electrode structure, in addition to the membrane. Cho et al. [16] observed
a performance degradation rate of about 2.3% per freeze/thaw cycle from 80 to
—10°C. The cell performance degradation seen with thermal cycles was
attributed to the physical damage of the electrode structure and MEA integrity,
resulting from ice expansion during freezing. The analytical results of
McDonald et al. [17] demonstrated the relationship of temperature cycling
between 80 and —40 °C to membrane structure, water management, ionic
conductivity, gas permeability, and mechanical strength. A detailed summary
of research on PEM fuel cell freeze and rapid startup can be found in Ref. [18].
Experimental results from Xie et al. [19] have also revealed changes in the
hydrophobic characteristics of the CL over time due to the dissolution of
Nafion® or PTFE, which detrimentally affect the water management and mass
transport abilities of the electrode.

11.3.1.1.3. Chemical/Electrochemical Degradation of the Membrane

During fuel cell operation with a load, the rates of hydrogen and air crossover
to opposite sides of the membrane are relatively slow and result in only a 1-3%
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loss in fuel cell efficiency. However, the aforementioned highly exothermic
combustion between H; and O, may lead to pinholes in the membrane,
destroying the MEA and causing catastrophic problems. More severely, the
chemical reactions on the anode and cathode catalysts can produce peroxide
(HO-) and hydroperoxide (HOO-) radicals, which are commonly believed to
be responsible for chemical attacks on the membrane and catalysts. Further
investigation has also revealed that the generation of these radicals and the
chemical degradation of the membrane are accelerated when the fuel cell is
operated under OCV and low humidity conditions. Under H, circumstances,
the polymer backbone of the PFSA membrane preferentially reacts as
follows [20]:

—CF,— + 2H, - —CH,— + 2HF (11.D)

Following this reaction, the radicals attack the resulting —CH,— groups.
Several mechanisms have been proposed, with conflicting views on whether the
radicals are formed at the anode, at the cathode, or on both sides of the
membrane. Pozio et al. [21] and other researchers [22,23] have provided
evidence of predominant cathode degradation. Meanwhile, Mattsson et al. [24]
observed no noticeable difference between the anode and cathode sides.
Because H,0; is so reactive, and decomposes relatively easily into water on the
Pt surface, it can be assumed that there is little chance for H;O, to accumulate
on the Pt surface before it diffuses into the membrane. However, this
assumption can be applied only to the cathode CL because a monolayer of
hydrogen on the Pt surface at the anode inhibits H,O, decomposition. For this
reason, H,O, formation due to oxygen gas crossover occurs mainly at the anode
and progresses toward the cathode [25,27]. Therefore, more researchers believe
that the loss of ionic groups begins at the anode side of the membrane, as shown
in Fig. 11.1.

OCV and low humidification have been widely used as test methods to
accelerate and diagnose membrane chemical degradation. Under OCV opera-
tion, HyO, formed at the anode diffuses into the cathode and is removed by the
decomposition on the Pt surface or evaporation into the air. The concentration
of HyO; at the anode and the cathode sides of the membrane depends on the
amount of HyO, generated at the anode and its removal rate at the cathode.
Because H;0; has a dipole moment of 2.2 debye, which is larger than that of
water (1.85 debye), it can also be dragged by moving protons [28]. Therefore,
similar to water, H,O, transport across the membrane can be described by two
physical mechanisms: electro-osmotic drag and diffusion. Even small currents
can reduce the H,O, concentration at the anode side of the membrane due to
electro-osmotic drag, and the total amount of H,O; inside the membrane will
then decrease dramatically because the accumulation of H,O; at the cathode
can expedite the removal rate, which explains the accelerated degradation that
occurs at OCV. As for the serious effect of low humidification on membrane
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FIGURE 11.1 Mechanism of chemical degradation of a PEM membrane [26].

chemical degradation, this can be explained by H,O, having a higher dipole
moment than water. With low water content, HyO, is also constrained more
strongly than water by sulfonate heads in the membrane, due to its larger
polarity. So most of the H,O, contributes to the formation of reactive oxygen
radicals, and has little chance of diffusing out to the cathode.

Recent research has shown that contamination by trace metal ions, such as
Fe?" and Cu”", originating from the corrosion of the metal bipolar plates or end
plates can strongly accelerate membrane thinning and performance decay in
a PEM fuel cell by catalyzing radical formation reactions. These cations show
a stronger affinity than H to the sulfonic acid group in PFSA membranes.
During fuel cell operation, active sites are preferentially occupied by these
multivalent ions and consequently, membrane bulk properties such as
membrane ionic conductivity, water content, and H™ transference numbers
change in proportion to the cationic charge. This effect is not normally serious
unless the contamination concentration goes beyond 50% of the sulfonic acid
groups in the membrane. The second possible mode of membrane deterioration
due to contaminant ions comes from the altered water flux inside the
membrane, and in this case, just 5% of the contaminant is sufficient. The
displacement of H" by foreign cations also results in an attenuated water flux
and proton conductivity, leading to a much faster or more extensive membrane
dehydration, especially near the anode. Contamination by trace metal ions,
such as Fe*" and Cu”", originating from the corrosion of the metal bipolar
plates or end plates, can strongly accelerate membrane thinning and perfor-
mance decay in a PEM fuel cell by catalyzing radical formation reactions, as
shown in the following equations [29]:

H,0, + Fe’* -HO- + OH™ + Fe** (11.11)
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Fe’* + HO- —»Fe*™ + OH™ (11.110)
H,0, + HO- —»HO,- + H,0 (11.1V)
Fe’* + HO, - —»Fe*" 4+ HO, (11.V)
Fe’* + HO,- —»Fe*™ + HY + 0, (11.VI)

The most recent research has demonstrated that the ranking of the four
transition metals tested in terms of the greatest reduction in fuel cell perfor-
mance was in the order AT > Fe2t > Ni**, Cr*t [30].

Depending on the type of membrane, the HO- and HOO- radicals
generated during the reaction can attack the a-carbon of an aromatic group,
the ether links, or the branching points of the polymer. In PFSA membranes,
the few carboxylate end groups with H-containing terminal bonds, which are
inevitably formed during the polymer manufacturing process, are regarded
as the inducing agent for membrane chemical decay due to their suscepti-
bility to radical attack. One generally accepted mechanism, the unzipping
reaction, initiates the abstraction of hydrogen from the end groups, releases
HF and CO;, and forms new carboxylate groups at the chain ends.
An example of radical attack on the end group —CF,COOH is shown
below [31].

Rf — CF,COOH + -OH —’Rf — CF,: + CO, + H,O (11.VID)
Rf —CF, + ‘OH—>Rf — ConHﬁRf — COF + HF (11.VIID
Ry — COF + H,O — Ry — COOH + HF (11.IX)

As the process repeats, the attack may propagate along the main chain, and
eventually the polymer decomposes into low-molecular-weight compounds.
Another possible mechanism is the scission of the polymer main chains,
which suggests that the ether linkages are the side chain sites most susceptible
to radical attack, producing vulnerable —-COOH groups. As a result, the
average molecular weight of the polymer decreases, whereas the number of
—COOH groups increases with time. Even without susceptible end groups,
under exposure to Hj, the polymer backbone of the PFSA membrane may
preferentially react according to Eqn (11.I). Following this reaction, the
radicals attack the resulting —CHj— groups. The rate of fluoride loss is typi-
cally considered to be an excellent measurement of PFSA membrane
degradation.
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11.3.1.2. Mitigation Strategies for Membrane Degradation

To prevent membrane mechanical failure, the MEA and flow field structures must
be carefully designed to avoid local drying of the membrane, especially at the
reactant inlet area. A membrane reinforced with e-PTFE, developed by Gore Fuel
Cell Technologies, exhibited a lifetime order of magnitude longer than a non-
reinforced membrane of comparable thickness [32], as shown in Fig. 11.2. Similar
results for the enhanced membrane mechanical strength were reported by
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Wakizoe et al. [33] and Xu et al. [34] by using reinforced Aciplex® membranes
and Nafion®—Teflon®—phosphotungstic acid composite membranes, respec-
tively. The addition of carbon annotates is another method to improve the physical
stability and mechanical strength of a PEM [35,36]. A well-designed interface
between the nanotubes and the polymer also helps to improve the mechanical
properties of a composite membrane [37]. More recently, Nafion®/silica nano-
composite membrane [38] and TiO,-nanowire-reinforced Nafion® composite
membrane [39] with improved mechanical properties were developed by self-
assembly of positively charged Nafion—silica nanoparticles or TiO, nanowires
and negatively charged Nafion® molecules under low pH conditions.

In recent years, much effort has been devoted to PEM development and
fabrication approaches aimed at achieving prolonged durability at temperatures
>100 °C. The membranes developed so far can be classified into three groups:
(1) modified PFSA membranes with enhanced thermal stability and water
retention properties, which are impregnated with nonvolatile solvents or
incorporate hydrophilic oxides and solid inorganic proton conductors, such as
Si0;, ZrO,, TiO,, and zirconium phosphate; (2) alternative sulfonated poly-
mers and their composite membranes, such as SPSF (sulfonated polysulfones),
SPEEK (sulfonated poly(ether ether ketone)), PBI (polybenzimidazole), and
poly(vinylidene fluoride); and (3) acid—base polymer membranes, such as
phosphoric-acid-doped Nafion®-PBI composite membranes.

With respect to PEM fuel cell freeze and rapid startup issues, two main
strategies have been proposed to mitigate the fuel cell performance degrada-
tion, based on whether the system uses extra energy during parking or startup.
The first solution, the “keep-warm” method, is to consume power from
a continuous or intermittent low-power energy source (an extra battery or
hydrogen fuel converter) to keep the system above a certain threshold
temperature during the parking period. The other option is to heat the fuel cell
system to raise its temperature above the freezing point of water at startup. For
this method, a higher power heat source is required, and it is strongly suggested
that the method be combined with effective removal of residual water to save
energy and alleviate physical damage to the MEA due to ice expansion. The
possible methods for getting rid of the water include gas purging or washing it
away with an antifreeze solution before fuel cell shutdown.

With respect to chemical and electrochemical degradation of the membrane,
development of membranes that are chemically stable against peroxy radicals
has drawn particular attention. One solution is to develop novel membranes
with higher chemical stability, such as radiation-grafted FEP (fluoro-ethylene-
propylene)-g-polystyrene membrane [40], in which polystyrene is used as
a sacrificial material owing to its low resistance to radicals. Free-radical
stabilizers and inhibitors such as hindered amines or antioxidants also have the
potential to be mingled during membrane fabrication. Increased chemical
stability can also be realized by modifying the structure of the available
membrane. Curtin et al. [41] suggested that the radical attack on the residual
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H-containing terminal bonds of the main chain of the PESA membrane was the
primary degradation mechanism. Elimination of the unstable end group
significantly enhanced the chemical stability. In a third solution, damage
caused by hydrogen peroxide can be suppressed by redesigning the MEA. For
example, a composite membrane suggested by Yu et al. [23], in which a thin
recast Nafion® membrane was bonded with a polystyrene sulfonic acid (PSSA)
membrane, when positioned at the cathode of the cell could successfully
prevent the oxidation degradation of the PSSA membrane. A fourth solution is
to introduce peroxide-decomposition catalysts, such as heteropoly acids into
the membrane, thereby moderating or eliminating membrane deterioration due
to peroxide [42,43]. However, the advantage of this approach is partially
counteracted by a decrease in membrane stability and conductivity, caused by
the mixture of the catalysts. Last but not the least, the development and
implementation of new metal coatings with improved corrosion resistance and
of catalysts that produce less hydrogen peroxide are long-term goals for
membrane durability enhancement.

11.3.1.3. Membrane Failure Testing and Diagnosis

Various diagnostic tools for the accurate analysis of PEM fuel cell and stack
degradation have been developed. At present, characterization of the property
changes in PEM fuel cell components is mainly concentrated on the following
issues: (1) mass distribution, especially water distribution over the active
electrode, including detection of flooding that leads to low catalyst utilization,
(2) resistance diagnosis and membrane drying detection, which is closely
related to membrane conductivity, (3) optimization of electrode structures and
components, fuel cell design, and operating conditions, (4) current density
distribution in dimensionally large-scale fuel cells, (5) temperature variation
resulting from nonuniform electrochemical reaction and contact resistance in
a single cell, and different interconnection resistances for a stack, and (6) flow
visualization for direct observation of what is occurring within the fuel cell.
Due to the complexity of the heat and mass transport processes occurring in
fuel cells, there are typically a multitude of parameters to be determined. For all
the previous reasons, it is important to examine the operation of PEM fuel cells
or stacks using suitable techniques that allow for evaluation of these parameters
separately and determination of the influence of each on the global fuel cell
performance. The tools frequently used to characterize the membrane degra-
dation are described in this chapter.

11.3.1.3.1. Hydrogen Crossover Rates

The hydrogen and oxygen that permeate through the membrane are consumed
through the generation of heat and water without generating useful power,
leading to fuel inefficiency. As discussed above, the gas crossover rate can be
increased by both chemical and mechanical degradation.



PEM Fuel Cell Testing and Diagnosis

When different concentrations of hydrogen or oxygen gas exist across a gas-
permeable membrane, the gases can cross through the membrane due to the
partial pressure gradient. The gas pressure applied at each side of the membrane
equilibrates to the solubility coefficient (H;) of the facing side of the membrane,
creating a concentration gradient, which drives gas to permeate from one side
of the membrane to the other. The gas permeation rate (N;) of species i through
a membrane can be expressed as follows:

hoh 1
Hipi — Hip,

N; = D;
l

(11.1)

Here, if the solubility coefficient is assumed to be a function of temperature,
and both membrane surfaces are at the same temperature, then the permeability
coefficient of species i can be defined as follows:

Nl
k,‘ = D/H; =

(11.2)

Therefore, the permeability coefficient can be expressed as the product of
the diffusion coefficient and the solubility coefficient. It can also be estimated
by measuring the permeation rate through the membrane for a given gas
pressure difference.

Many techniques have been developed to measure the gas permeation rate
of membranes, including the volumetric method, the time-lag technique, the
gas chromatography (GC) method, and electrochemical monitoring techniques.
Among these, the most direct is in situ electrochemical measurement of gas
permeation, which is measured as a mass transfer limited current. When
hydrogen crossover measurement is performed, as discussed in Chapter 6, fully
humidified hydrogen and nitrogen are introduced at the anode and the cathode
at constant flow rates, and the potential of the cathode is set about 0.4 V higher
than that of the anode. Hydrogen that diffuses through the membrane from the
anode to the cathode is oxidized, and the protons produced are transported to
the fuel cell anode, where they are reduced to hydrogen again. The current is
directly proportional to the crossover rate of hydrogen through the membrane.
Hydrogen crossover can also be measured using a steady-state electrochemical
method, in which a fixed cathode potential >0.4 is applied to the fuel cell
cathode. For a Nafion®-112 membrane of a 50-um thickness, a crossover
current of 1 mA cm ™ at atmospheric conditions was reported at the beginning
of life, which corresponds to 2.6 x 10713 moly, cm™ ! kPa~!s™!. End-of-life
conditions were considered to correspond with values in the order of
13 mA cm 2 [44]. For Gore™ PRIMEA® series 57 catalyst coated membrane,
the crossover current increased from 1.84 mA cm ™~ at the beginning of life to
20.17 mA cm 2 at the end of life, around 1200 h [45]. Oxygen crossover is
usually not measured in situ, and its permeability is typically half that of
hydrogen.
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11.3.1.3.2. F-ion Tests

The rate of release of F~ ions in the exhaust gases and product water is
correlated to the rate of chemical degradation of fluorinated membranes, which
is related to the decomposition of the PSFA chain induced by crossleakage of
reactant gases. F~ ion analysis can be conducted offline at regular time intervals
by ion chromatography with a conductivity detector or an ion-selective elec-
trode. A fluoride-ion-selective electrode has also been used for continuously
monitoring F~ ion changes.

Fluorinated membranes and ionomers undergo degradation during cell
operation to produce degradation products such as F~ ions, sulfates, and small
polymer end groups. It has already been established by UTC Power and DuPont
that PEM fuel cell lifetime is directly related to the F~ ion release rate. For
PFSA membranes, an average release rate of 0.01 pgg cm 2 h™! was measured
under mild saturated conditions. Under harsh conditions of low humidity, the
fluoride release rate might increase to 3 pgg cm™ 2. For a 25-pum membrane with
a density of 2 gcm ™ and a fluoride content of 75%, the initial overall fluoride
content of the membrane is approximately 3.8 mggcm™ > [46]. These results
therefore imply that under mild conditions, 2% of the total F content of the
membrane is lost after 6000 h, whereas if the membrane is degraded under
harsh conditions, loss of almost the entire membrane and complete failure will
occur after about 1200 h. Data on the fluoride release rate have shown
considerable scatter and are closely associated with ionomer changes in the
membrane [7].

11.3.1.3.3. Gas Leakage Tests

Generally, stack manufacturers perform gas leakage tests to verify the correct
assembly of the fuel cell stack. These tests are conducted primarily at the
beginning of stack life, before any hydrogen use and any electrical performance
test, to ensure that the stack’s gas leakage and crossover rates are maintained
within the specified tolerated limits. One cause of leakage that might occur
during fuel cell degradation testing is the sudden rupture of the MEA in one or
more cells of the stack. MEA rupture can result from the stress of an improper
sealing gasket design or imbalanced pressure of the reactive gases on the anode
and cathode sides. Another possible reason for MEA rupture is improper gas
purging through the stack reactant outlet, which causes gas pressure fluctua-
tions and periodic strikes on the MEA. A third cause is defective gasket
assembly during fabrication or irregular thickness of the sealing gasket due to
gasket degradation.

Different sorts of diagnosis methodologies have been used to investigate
and highlight the specific problems of external or internal gas leakage. In
the case of a single cell, some electrochemical voltammetry methods can be
used during lifetime tests to generate slow-scan linear sweep voltammograms
and to enable the estimation of the hydrogen crossover current density. The
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voltammetry diagnosis methods are quite different if a fuel cell stack composed
of several single cells is considered. More importantly, when hydrogen is used
inside an aged stack, safety issues for operators and materials must be taken
into account. Pressure tests, which are performed with nitrogen or air, are
generally used to highlight external or internal gas leakages. To estimate the
exterior leakage rate, the anode, cathode, and cooling compartments are con-
nected together, pressurized, and sealed off. The dropdown rate of the inside
pressure is related to the leakage between the stack compartments and the
external surround. Similarly, the leakage rate inside the fuel cell stack, in
particular between the anode and the cathode, can be evaluated by pressurizing
one compartment of the stack and monitor the pressure change of the other
compartments [47]. However, it is difficult for these leakage check methods to
locate which cell or cells have failed, let alone where the fault has occurred.
Recently, a rapid solution based on OCV changes under different operating
conditions has been proposed to determine the exact location of defective cells
in an aged stack. The failed cells show abnormal performance and voltage
patterns when compared with the other cells in the stack [48].

11.3.1.3.4. Surface Morphology Characteristics

Microscopic analysis can indicate cracks and especially membrane thinning that
has occurred during operation. Moreover, EDX (energy-dispersive X-ray
microanalysis) or chemical analysis can be used to determine the presence of
contaminants in the membrane [49]. 9F NMR has been used to establish changes
in the chemical composition of PFSA membranes and degradation products.
Characterization by X-ray diffraction (XRD) can reveal morphological changes
that occurred in the membrane during aging under different operating conditions,
for example, humidification and temperature. It is believed that a high crystallinity
corresponds to open ion channels, so dehydrated and collapsed channels indicate
a decrease in crystallinity. XPS (X-ray photoelectron spectroscopy) analysis can
yield important information about the membrane structure and membrane
degradation mechanisms. It was found that Nafion® decomposed in the hydrogen
potential region of the fuel cell, through the interaction of the hydrophobic (CF;),
groups of the membrane with H and/or C atoms [25].

11.3.1.3.5. OCV Test

The OCV test is an easy method to detect increases in the reactant crossover
rate. However, it is less selective than hydrogen crossover current measurement
and is far less quantitative. As shown in Chapter 7, differences and changes in
OCYV are caused mainly by two factors: the mixed potential of the Pt/PtO
catalyst surface and hydrogen crossover. The OCV is a suitable measure of the
state of the membrane, and it follows a negative trend that coincides with the
fluoride release rate. Under Endoh’s test conditions, a failing membrane
showed an OCV decline from 1 V at the beginning of life to 0.7 V, and at the
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same time, a fluoride rate of 60 pug day ' cm ™2 was measured [50]. A stabilized
MEA shows a nearly stable OCV and a negligible fluoride release rate.

11.3.1.3.6. High-Frequency Resistance

As described in Chapter 3, the substantial part of the high-frequency resistance
of a PEM fuel cell is mainly attributable to the membrane resistance. Additional
contributions come from the GDLs, bipolar plates, and contact resistances.
Monitoring of the frequency resistance is feasible during fuel cell degradation
tests by in situ AC impedance spectroscopy. Although a high-frequency
resistance certainly indicates changes in the membrane resistance that occur on
degradation, it has been found to be a very inaccurate method for detecting
degradation. Chemical degradation can lead to membrane thinning, which not
only causes a lower resistance but also results in a reduced ionic conductivity
that compensates for this effect. Further, corrosion products from metal plate
oxidation or carbon corrosion may have larger effects on the total increase in
resistance. So, although high-frequency resistance is a valuable parameter to
monitor, its usefulness for diagnosing membrane degradation seems to be
limited.

11.3.2. Electrocatalyst and Catalyst Support Failure

Pt and binary, ternary, or even quaternary Pt-transition metal alloys, such as
PtCo, Pt—Cr—Ni, and Pt-—Ru-Ir-Sn, placed on conductive supports have been
proposed and implemented as electrocatalysts in PEM fuel cells. Commonly
used supports include high-surface-area carbon materials, such as Vulcan-XC
72, Ketjen black, and Black Pearls BP2000. Carbon is an excellent material for
supporting electrocatalysts, and it allows facile mass transport of reactants and
reaction products and provides good electrical conductivity and stability under
normal conditions. These catalysts are in principle able to meet the perfor-
mance and cost requirements for high-volume fuel cell applications. However,
from a catalyst durability viewpoint, the performance of currently known
materials is still unsatisfactory under harsh operating conditions, including low
humidity, low pH values, elevated temperature, and dynamic loads in combi-
nation with an oxidizing or reducing environment.

11.3.2.1. Electrocatalyst and Catalyst Support
Degradation Mechanisms

Considerable effort has been put into the detailed examination of Pt catalyst
degradation mechanisms during long-term operation. First, a pure Pt catalyst
may be contaminated by impurities that originate from supply reactants or the
fuel cell system. Second, the catalyst may lose its activity due to sintering or
migration of Pt particles on the carbon support, detachment and dissolution of
Pt into the electrolyte, and corrosion of the carbon support. Several mechanisms
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have been proposed to explain coarsening of catalyst particle size during PEM
fuel cell operation: (1) small Pt particles may dissolve in the ionomer phase and
redeposit on the surface of large particles, leading to particle growth,
a phenomenon known as Ostwald ripening. In contrast, the dissolved Pt species
may diffuse into the ionomer phase and subsequently precipitate into the
membrane via reduction of Pt ions by hydrogen crossover from the anode side,
which dramatically decreases membrane stability and conductivity; (2) the
agglomeration of Pt particles on the carbon support may occur at the nanometer
scale due to random cluster—cluster collisions, resulting in a typical log-normal
distribution of particles sizes with a maximum at smaller particle sizes and
a tail toward the larger particle sizes; (3) catalyst particle growth may also take
place at the atomic scale by minimization of the clusters’ Gibbs free energy. In
this case, the particle size distribution can be characterized by a tail toward the
smaller particle sizes and a maximum at the larger particle sizes. However,
there is still no agreement on which mechanism is predominantly responsible
for catalyst particle growth. Coarsening of the catalyst due to movement of its
particles and coalescence on the carbon support can cause the catalytically
active surface area to decrease. Lastly, the formation of metal oxides at the
anode or cathode side probably leads to an increase in particle sizes and ulti-
mately results in a decrease in catalyst activity.

As previously discussed, corrosion of the catalyst carbon support is another
important issue pertaining to electrocatalyst and CL durability that has attracted
considerable attention lately in both academic and industry research. In PEM
fuel cells and stacks, two modes are believed to induce significant carbon
corrosion: (1) transitioning between startup and shutdown cycles and (2) fuel
starvation due to the blockage of H, from a portion of the anode under steady-
state conditions. The first mode, referred to as an air-fuel front, can be caused
by the nonuniform distribution of fuel on the anode and the crossover of oxygen
through the membrane, which is likely to occur during the startup and shutdown
of the PEM fuel cell. In the second mode, fuel starvation in individual cells may
result from uneven flow sharing between cells during high overall stack use, or
from gas flow blockage attributed to ice formation when fuel cells work at
subfreezing temperatures. In both cases, the anode electrode is partially
covered with hydrogen and, under circumstances of hydrogen exhaustion, the
anode potential will be driven negatively until water and carbon oxidation takes
place, according to the following equations [20]:

2H,06 0, +4H" +4e~ E° = 1.229V vs. RHE (11.X)

C +2H,0—CO, +4H" +4e~ E° = 0.207V vs. RHE (11.XD)

Despite the thermodynamic instability, carbon corrosion in a normal
PEM fuel cell is negligible at potentials <1.1 V vs. RHE due to its slow
kinetics. However, recent experiments have confirmed that the presence of
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electrocatalysts such as Pt/C or PtRu/C can accelerate carbon corrosion and
reduce the potentials for carbon oxidation to 0.55 V (vs. RHE) or lower. When
provided with sufficient water in the fuel cell, carbon is actually protected from
corrosion by virtue of the HyO oxidation process, unless the water in the
electrode is depleted or the cell is subjected to a high current density not
sustainable by water oxidation alone. According to Eqn (11.XI), cell reversal as
a result of fuel starvation has a potential impact on the durability of the CL, the
GDL, or even the bipolar plate. As a consequence, the relative percentage of
conductive material in the electrode may drop and the contact resistance with
the current collector, as well as the internal resistance of the cell, will even-
tually increase. More seriously, the number of sites available to anchor the
catalyst decreases with carbon corrosion, which causes catalyst metal sintering
and, in extreme circumstances, structural collapse of the electrode.

11.3.2.2. Mitigation Strategies for Electrocatalyst and Catalyst
Support Degradation

Recent research studies have proposed and successfully used several strategies
to enhance catalyst durability. A key starting point is that fuel-cell-operating
conditions play a major role in catalyst degradation. Dissolution of Pt from the
carbon support is less favorable at low electrode potentials, which makes Pt
catalysts more stable at the anode electrode than that at the cathode side. The
experimental results of Mathias et al. [51] showed that the loss in Pt active
surface area associated with an increase in testing time could be significantly
decreased by operating the cell at both low RH and low temperature, as shown
in Fig. 11.3. Borup et al. [52] recently found that the carbon corrosion of the CL
increased with decreasing RH. They also revealed that growth in the cathode Pt
particle size was much greater during potential cycling experiments than during
steady-state testing, and that it increased with increasing potential, findings that
were recently used in developing an AST method to evaluate electrocatalyst
stability.

Second, corrosion of the carbon support due to fuel starvation can be
alleviated by enhancing water retention on the anode, such as through modi-
fications to the PTFE and/or ionomer, the addition of water-blocking compo-
nents such as graphite, and the use of improved preferable catalysts for water
electrolysis, as demonstrated by Knights et al. [2] in Fig. 11.4.

Third, Pt-alloy catalysts such as PtCo and Pt-Cr-Ni have been claimed to
possess better activity and stability compared with pure Pt catalysts. The
increased sintering resistance offered by the alloying elements or the larger
alloy particle sizes may explain the observed improvement. However, XRD
analysis has revealed a skin consisting of a monolayer of pure Pt formed on the
surface of the alloys after long-term testing. This indicates that the non-noble
metals in the Pt-transition metal alloy catalysts are more susceptible to dis-
solving in the ionomer phase, partially counteracting the advantage of Pt-alloy
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catalysts. Metals such as Co, Cr, Fe, Ni, and V have already proven to be
soluble in a fuel-cell-operating environment; Pt-Co/C has drawn more attention
recently due to its superior stability compared with that of the other Pt-tran-
sition alloy catalysts. It is noteworthy that Adzic and coworkers [53] signifi-
cantly improved Pt stability against dissolution under potential cycling regimes
by modifying Pt nanoparticles with gold clusters. There were no obvious
changes in the activity and surface area of Au-modified Pt under oxidizing
conditions and potential cycling between 0.6 and 1.1 V after >30,000 cycles, in
contrast to sizeable losses observed with Pt alone under the same conditions.
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The considerable improvement in the Au/Pt/C catalyst stability was mainly
attributed to the existence of nondissolvable Au clusters.

As for the catalyst support, by strengthening the interaction between the
metal particles and the carbon support, the sintering and dissolution of metal
alloy catalysts can be alleviated. For example, Roy et al. [54] introduced
a nitrogen-based carbon functionality to the carbon support surface by chemical
modification and, consequently, the ability of the treated support to anchor
metal particles as well as its catalytic activity showed obvious improvement.
Another approach to improving Pt mass activity and durability is to study
carbon nanomaterials as electrocatalyst supports. Multiwalled carbon nano-
tubes (CNTs) have demonstrated promise as catalyst supports in PEM fuel cell
applications. Shao et al. [55] reported that the degradation rate of Pt/CNTs was
nearly two times lower than that of Pt/C under the same accelerated durability
testing conditions, which was attributed to the specific interaction between Pt
and CNTs and to the higher resistance of the CNTs to electrochemical
oxidation. Other carbon nanomaterials, such as carbon tubulen membrane,
highly ordered nanoporous carbon, carbon nanohorns, carbon nanocoils, and
carbon nanofibers have also been identified as potentially durable electro-
catalyst supports for fuel cells [56-59]. In addition, a decrease in the support
surface area or graphitization of the carbon support can also enhance the
support’s resistance to oxidation and carbon corrosion. However, the number of
active surface sites on which to anchor metal particles correspondingly
decreases, which is a potential detriment to the deposition of metal on the
carbon support. Recent research studies have found that the primarily —OH
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and —COOH groups introduced to CNTs by oxidation treatment could enhance
the reduction of Pt ionic species and further improve their dispersion and
attachment properties. The Pt particles supported on oxidized CNTs
displayed a durability superior to those on pristine CNTs or commercially
available Pt/C [60].

11.3.2.3. Electrocatalyst and Catalyst Support Degradation
Testing and Diagnosis

With the development of fuel cell technology, many different investigative
tools, including electrochemical and physical/chemical methods, have become
available that elucidate CL degradation. These methods provide valuable
information on morphology (surface or cross-section of the CL, size distribu-
tion of the catalyst particles), elemental content and distribution, atomic
structure of the local particles inside the CL, and electrochemical character-
istics of the CL in fuel cell systems. At present, characterization of PEM fuel
cell electrodes mainly concentrates on morphological characteristics (surface
and microstructure), electrochemical diagnosis, and composition analysis.

11.3.2.3.1. Surface Morphology Characteristics

Extraordinary advancements have been achieved in characterizing the surface
morphology of an electrode, among which microscopy has been a crucial tool
in directly visualizing electrode and polymer morphology. The most common
imaging techniques used in the analysis of PEM fuel cell materials and
components are optical microscopy and electron microscopy. Optical micro-
scopes use visible wavelengths of light to obtain an enlarged image of a small
object, whereas electron microscopes use an electronic beam to examine
objects on a very fine scale. Microscopy can provide information about not only
surface morphology (the shape and size of the particles making up the sample)
but also topography (surface features of the sample), composition (the elements
and compounds that comprise the sample, and their relative amounts), and
crystallography (atomic arrangement in a given zone). Two key types of
electron microscopy are scanning electron microscopy (SEM) and transmission
electron microscopy (TEM).

11.3.2.3.2. Optical Microscopy

The optical microscope, often referred to as the light microscope, uses visible
light and a system of lenses to magnify images. A sample is usually mounted on
a motorized stage and illuminated by a diffuse source of light. The image of the
sample is projected via a condenser lens system onto an imaging system, such
as the eye, a film, or a charge-coupled device. At very high magnification with
transmitted light, point objects are seen as fuzzy disks surrounded by diffrac-
tion rings called Airy disks. The resolving power of a microscope is taken as the
ability to distinguish between two closely spaced Airy disks. The limit of
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resolution depends on the wavelength of the illumination source, according to
Abbe’s theory:

diy = 0.612)/NA,, (11.3)

where di is the resolution, A is the wavelength of light applied, and NAy is the
numerical aperture of the lens. Usually, a wavelength of 550 nm is considered
to correspond to green light, and consequently, the limit of resolution of optical
microscopy is about 200 nm. Optical microscopy has long been used to visually
analyze the surface or cross-section of components used in PEM fuel cells.
Recently, Liu et al. [61] used optical microscopy to measure the decrease in
cross-sectional thickness of an MEA degraded by local fuel starvation. Through
optical microscopy, Ma et al. [62] observed the adhesive effect that ionomer
content in the CL had on different substrates. The results showed that if the
ionomer content was <20 wt.%, the catalyst paste adhered poorly to the
Nafion® membrane.

Although the standard optical microscope is easy to operate, one diffi-
culty is the high-contrast image generated from completely or almost
transparent samples, such as proton exchange membranes. To overcome this,
fluorescence, dark field, and phase-contrast optical microscopy techniques
have been developed, leading to microscopic images with sufficient contrast
and high information content. Compared with other types of microscopy for
surface imaging, such as SEM and TEM, optical microscopy is restricted by
the diffraction limit of visible light to 1000 x magnification and 200-nm
resolution. One way to improve the lateral resolution of the optical micro-
scope is to use shorter wavelengths of light, such as ultraviolet. Another way
is to use scanning near-field optical microscopy, which has been developed
into a powerful surface analytical technique with a spatial resolution of
>100 nm.

11.3.2.3.3. Scanning Electron Microscopy

The main difference between optical microscopy and electron microscopy is
the substitution of an electron beam and electromagnetic coils for the light
source and condenser lens. SEM can characterize a sample at several nano-
meters, which makes it suitable to detect the surface condition, thickness, and
interfacial changes of the CL, as well as the elemental distribution changes
when combined with energy-dispersive X-ray spectroscopy (EDS). SEM
imagery can also be used to quantify morphological changes in PEM fuel cell
components before and after degradation tests. Zhang et al. [63] studied the
effect of open circuit operation on membrane and CL degradation in PEM fuel
cells. SEM images of the cross-sectioned MEA before and after the degradation
test are shown in Fig. 11.5. Compared with the “fresh” MEA (Fig. 11.5a), the
degraded MEA (Fig. 11.5b) displays an obvious degree of thinning, with PEM
thickness decreasing from 23 to 16 um on both sides of the reinforced layer.
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FIGURE 11.5 SEM images of the MEA (a) before and (b) after OC operation [63]. (For color
version of this figure, the reader is referred to the online version of this book.)

Meanwhile, as shown in the circled area of Fig. 11.5b, membrane thinning does
not occur evenly throughout the MEA. The SEM images show that the PEM
thinning was a direct cause of the increased hydrogen crossover that resulted in
an unrecoverable decrease in OCV and cell performance.

The limitation of this technique is that samples for SEM need to be elec-
trically conducting so that charge built up on the surface from the incident
electron beam can be conducted away. This problem can be overcome by
insulating the samples with a covering of thin, conducting coatings, typically of
gold or platinum. To image an MEA cross-section, the sample is usually
prepared by cooling the MEA in liquid nitrogen before fracturing, to avoid
deformation.
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11.3.2.3.4. Scanning Probe Microscopy

Another option for characterizing the morphology and topography of fuel cell
electrodes is scanning probe microscopy (SPM). SPM forms images of the
sample surface by scanning an atomically sharp, needle-like probe across the
surface. As the probe scans, the probe—surface interaction as a function of
position is recorded and variations in the topography of the sample surface can
be observed. The resolution of SPM is not limited by diffraction, as in electron
microscopy, but only by the size of the probe—sample interaction volume,
which can be as small as a few picometers. The two main variants of SPM
commonly used for morphological measurement are scanning tunneling
microscopy (STM) and atomic force microscopy (AFM). For STM, a small
electrical current is applied between the probe and the surface of a conducting
sample to monitor variations in the surface topography. For AFM, the surface
information is detected via the interatomic force between atoms on the probe
and those on the surface of either an insulating or a conducting sample.

Ma et al. [62] used AFM and Kelvin probe microscopy (KPM) to examine
the effects of different ionomer content (20-40 wt.%) on the morphology and
surface potential mapping of CLs. In their AFM images, grain enlargement,
pore reduction, and decreased surface roughness were observed with increased
ionomer content in the CL. The KPM images showed an increase in the surface
potential as ionomer content increased, which implies that the protonic
conduction network reduced but did not prevent electrical conduction. Inoue
et al. [64] investigated the effects of the overall mass of a CL and the mass ratio
of electrolyte in a CL on PEM fuel cell performance, and evaluated the surface
roughness of CLs with AFM. The experimental results suggested that the
roughness was influenced by the mass ratio of electrolyte but not by the overall
mass of a CL. The structure of the CL changed significantly at the optimum
mass ratio.

Unlike electron microscopy, which provides a two-dimensional (2D) image
of a sample, SPM provides a three-dimensional (3D) surface profile with an
even higher resolution. Additionally, an electron microscope needs a vacuum
environment for proper operation, whereas SPM can work perfectly in ambient
air at standard temperature, or even in a liquid environment. In general, it is
easier to use SPM than electron microscopy because SPM samples require
minimal preparation. However, the disadvantages of SPM are that image
acquisition is time consuming and the maximum image size is generally small.

11.3.2.4. Microstructure Analysis

11.3.2.4.1. Transmission Electron Microscopy

With the help of TEMs, the morphological changes of particles at the micro-
scale and nanoscale can be observed after both in situ and ex situ aging

processes. Owing to the low wavelength of incident electrons, TEM is capable
of imaging a sample at a significantly high resolution, >0.2 nm, which makes it
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suitable for nanoscale characterization in PEM fuel cell research, such as the
determination of the particle size and distribution. Particle imaging via
improved TEM variants, such as high-angle annular dark field scanning TEM
and high-resolution TEM, can characterize the MEA structure at extremely
high resolution, <0.1 nm.

However, one major drawback of TEM is the limited penetration of elec-
trons through the sample. Therefore, samples must be extremely thin
(~0.1 pm). For the characterization of PEM fuel cell electrodes, this can be
achieved by (1) lightly dispersing the powder (as-processed or scraped from an
MEA electrode) across a thin (holey/lacy) carbon film or (2) preparing an intact
cross-section of a three-layer MEA using diamond-knife ultramicrotomy. With
the former method, information about particle size and distribution of the
catalyst and its support can be obtained at the expense of complete destruction
of the electrode structure. The latter method has been used successfully by
preparing epoxy-embedded TEM cross-sections from thin three-layer MEAs.
When the electrode structure is completely embedded with epoxy, imaging of
the Pt catalyst particles and carbon support within the electrode is straight-
forward. Unfortunately, the presence of epoxy makes it virtually impossible to
identify and characterize the continuous ionomer network that surrounds the
catalyst network.

The recently developed ultramicrotomy sample preparation method based
on partially embedded electrodes has enabled the direct imaging of the intact
ionomer, carbon/Pt, and pore network surfaces within the MEA [65]. This
technique has been used to characterize the differences between catalyst
particles before and after degradation, including by determining where inside
the MEA structure the growing particles are located. Figure 11.6a and b present,
respectively, images of a freshly prepared MEA and an aged MEA that

FIGURE 11.6 (a) TEM of freshly prepared MEA; (b) TEM of MEA after potential cycling at 80
to 1.2 V for 1500 cycles [66]. (For color version of this figure, the reader is referred to the online
version of this book.)
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underwent repeated high-potential cycling to 1.2V [66]. In Fig. 11.6a, Pt
particles of the fresh sample are evident in the ionomer region of the MEA,
which suggests that the catalyst particles have separated from the carbon
support material. In Fig. 11.6b, large particle agglomerates have formed in the
ionomer region after aging.

11.3.2.4.2. X-ray Imaging

Although previously mentioned conventional imaging tools, such as optical
microscopy, SEM, and AFM, are adequate to visualize the surface structures
of fuel cell CLs, it has been difficult to accurately characterize their internal
3D arrays, porosity, and functionalities. To do that, destructive sample prep-
aration through physical or chemical cross-section is always performed, which
is tedious and introduces artifacts. Optical and confocal microscopy suffers
from diffraction limits with a spatial resolution not >200 nm. Although
electron microscopy can achieve spatial resolution in the nanometer scale,
sample preparation can be very elaborate, including the need to be compatible
with high vacuum conditions and be electrically conductive. Moreover,
conventional imaging modalities will not easily characterize functional and
structural changes of materials and sensors in 3D at the multiscale level. The
basic principle of X-ray imaging is that the intensity of an X-ray beam is
attenuated as it traverses through a material. The transmitted radiation,
received by an array of detectors, produces a 2D or 3D map based on the
variation in X-ray adsorption throughout the sample. X-ray computed
tomography (CT) offers the capability to nondestructively resolve the 3D
structure of porous materials with a high spatial resolution, using X-ray
radiographs from many angles to computationally reconstruct a 3D image of
the material.

In medicine and biology, nano-CT techniques have been used for imaging
variations in bone density at an approximately 100-nm resolution, and for
visualizing metal nanoparticles in cells at a 40-nm resolution. In the field of
PEM fuel cell characterization, morphological imaging is relatively difficult
because most of the solid volume is composed of low-phase-contrast materials
(carbon and fluorocarbon ionomers), although the electrode also contains small
(3-5 nm), dispersed Pt nanoparticles that occupy roughly 1% of the electrode
volume. Recently, by using specialized X-ray lenses with a Fresnel zone plate
objective and Zernike phase-contrast imaging, a high resolution of 50 nm has
been realized in the electrode microstructure diagnosis. Post mortem nano-CT
has been used to obtain 2D images of macroscopic Pt redistribution in PEM
fuel cell electrodes, to study CL degradation after different ASTs [67]. Most
recently, the 3D microstructures of PEM fuel cell electrodes were recon-
structed, and they provide important information on the size and form of
catalyst particle agglomerates and pore spaces, as shown in Fig. 11.7 [68]. The
computational reconstructions, size distributions, and computed porosity
obtained with nano-CT can be used for evaluating electrode preparation,
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FIGURE 11.7 3D reconstructions of PEM fuel cell electrodes: 3D solid (a) and pore (b) phase
of electrode, which includes the ionomer and primary pores; magnified views of the solid
(c) and pore (d) phase reconstructions of the electrode. The cube dimensions in images (a) and
(b) are 3.25 pm x 3.25 pm X 3.25 pm, and the porosity of the reconstructed electrode cube is
43% [68].

performing pore-scale simulation, and extracting effective morphological
parameters for large-scale computational models.

11.3.2.5. Composition Analysis
11.3.2.5.1. Energy-Dispersive Spectrometry

When an electron beam interacts with a sample, secondary electrons, back-
scattered electrons, X-rays, and other signals are generated as a result of
collisions between the incident electrons and the electrons within the atoms that
make up the sample. These signals carry information about the sample and
provide clues to its composition, X-rays and backscattered electrons being most
commonly used for investigating a sample’s composition. X-ray emission
occurs when an electron in a shell of an atom absorbs some energy from an
incident electron and ejects to a higher energy level to create a vacancy (hole) in
the original shell. An electron then drops back down to recombine with this
vacancy, and an X-ray photon or Auger electron is emitted, equal in energy to
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the difference between the higher and lower energy levels. The wavelength of
the X-ray radiation is generally regarded as the characteristic of the atom.
Hence, after being detected and analyzed by an energy-dispersive spectrometer
(EDS) or wavelength-dispersive spectrometer attached to the SEM system,
a spectrum of the emitted X-ray wavelengths is commonly used for elemental
and compositional analysis. Backscattered electrons are the result of the above-
mentioned beam electrons being scattered back out of the sample. The
percentage of beam electrons that become backscattered electrons is dependent
on the atomic number, which makes the percentage a useful signal for
analyzing the sample composition. An Everhart-Thornley detector or a solid-
state detector can be used to collect these backscattered electrons and form an
image that indicates the compositional information.

As a typical example, Pt dissolution and deposition processes were inves-
tigated by Bi et al. [69] under Hy/air and H»/N; potential cycling conditions. In
their study, the Pt distributions of (1) a fresh MEA and (2) MEAss after potential
cycling were determined by SEM-EDS, as shown in Fig. 11.8. No significant
amount of Pt was found in the membrane for either the fresh MEA or the Hy/N,
cycled MEA, whereas a clear Pt band formed in the membrane for the Hy/air
cycled MEA. The Pt deposition mechanism in the membrane was explored
based on SEM-EDS and other diagnostic results. The dissolved Pt species may
diffuse into the ionomer phase and subsequently precipitate in the membrane
via reduction of Pt ions by hydrogen crossover from the anode side, thereby
dramatically decreasing membrane stability and conductivity.

11.3.2.5.2. Thermal Gravimetric Analysis

Thermal analysis comprises a group of techniques in which a physical property
of a substance is measured as a function of temperature while the substance is
subjected to a controlled temperature program. It generally covers three
different experimental techniques in PEM fuel cell research: TGA, DTA, and
differential scanning calorimetry (DSC). DSC is a thermoanalytical technique
in which the different amounts of heat required to increase the temperature of
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FIGURE 11.8 Pt distribution maps in three MEAs (left: anode; right: cathode): (a) fresh, (b) H,/
N, potential cycled, and (c) Ho/air potential cycled [69].
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a sample and of a reference material are measured as a function of temperature.
In DTA, the temperature difference between a sample and an inert reference
material is measured when both are subjected to identical heat treatments. The
main application of DSC and DTA is the determination of phase transitions in
various atmospheres, such as exothermic decompositions, that involve energy
changes or heat capacity changes.

TGA is performed on samples to determine weight changes in relation to
temperature changes and is commonly used in PEM fuel cell degradation
research to characterize material composition. For example, TGA diagrams of
the PEM can provide much information about degradation temperatures,
absorbed moisture content, levels of inorganic and organic components, and
solvent residues in the membrane [70]. By coupling TGA with gas analysis,
FTIR spectroscopy, and/or mass spectrometry (MS), mass losses and volatile
species of decomposition can be determined simultaneously, which will
significantly improve the system’s analytic capability.

11.3.2.6. Electrochemical Diagnosis
11.3.2.6.1. Polarization Curves

Analysis of a plot of cell potential against current density under a set of
constant operating conditions, known as a polarization curve, is the most
frequently used tool for characterizing the performance of fuel cells (both
single cells and stacks). Although a steady-state polarization curve can be
recorded in the potentiostatic or galvanostatic regions, nonsteady-state polar-
ization is analyzed using a rapid current sweep. By measuring polarization
curves, certain parameters such as the effects of the composition, flow rate,
temperature, and RH of the reactant gases on cell performance can be char-
acterized and compared systematically. This nondestructive tool has also
commonly been used to evaluate fuel cell degradation over time.

Polarization curves provide information on the performance of the cell or
stack as a whole. However, these measurements fail to produce much infor-
mation about the performance of individual components within the cell and
cannot be performed during normal operation of a fuel cell, as they require
significant amounts of time to finish. In addition, they fail to differentiate
between different mechanisms; for example, flooding and drying inside a fuel
cell cannot both be distinguished in a single polarization curve. Resolving time-
dependent processes occurring in the fuel cell and the stack is another
important problem. For the latter purpose, current interruption, electrochemical
impedance spectroscopy (EIS) measurements, and other electrochemical
approaches are preferable.

11.3.2.6.2. Current Interrupt

In general, the current interrupt method is used to measure the ohmic losses in
a PEM fuel cell. The principle is that the ohmic losses vanish much more
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FIGURE 11.9 Ideal voltage transient in a PEM fuel cell after current interruption. The cell is
operated at a fixed current. At t = ty, the current is interrupted and the ohmic losses vanish almost
immediately. After the current interruption, overpotentials start to decay and the voltage increases
exponentially toward OCV. At t =tl, the current is again switched on [71].

quickly than do the electrochemical overpotentials when the current is inter-
rupted. As shown schematically in Fig. 11.9, a typical current interrupt result is
obtained by recording the transient voltages on interruption of the current after
the fuel cell has been operated at a constant current. The ohmic losses disappear
almost immediately, whereas the electrochemical (or activation) overpotentials
decline to the open circuit value at a considerably slower rate. Therefore, a rapid
acquisition of the transient data is of vital importance to adequately differentiate
the ohmic and activation losses. Using the current interrupt method, Mennola
et al. [71] determined the ohmic resistances in the individual cells of a PEM fuel
cell stack. This was achieved by producing voltage transients and monitoring
them with a digital oscilloscope connected in parallel with the individual cell.
Their results showed a good agreement between the ohmic losses in the entire
stack and the sum of the ohmic losses in each individual cell.

Compared with other methods, such as impedance spectroscopy, the current
interrupt method has the advantage of relatively straightforward data analysis.
However, one of the weaknesses of this method is that the information obtained
for a single cell or stack is limited. Another issue is the difficulty in determining
the exact point at which the voltage jumps instantaneously.

11.3.2.6 3. Electrochemical Impedance Spectroscopy

In contrast to linear sweep and potential step methods, where the system is far
from equilibrium, EIS applies a small ac voltage or current perturbation/signal
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(of known amplitude and frequency) to the cell, and the amplitude and phase of
the resulting signal are measured as a function of frequency. Basically,
impedance is a measure of the ability of a system to impede the flow of electrical
current; thus, EIS is another powerful technique that can resolve various sources
of polarization loss in a short time, and it has been widely applied to PEM fuel
cells. As introduced in Chapter 3, the high-frequency arcs of EIS reflect
a combination of the double-layer capacitance in the CL, the effective charge
transfer resistance, and the ohmic resistance, through which the latter can be
directly compared with the data obtained from current interrupt measurements.
The low-frequency arc reflects the impedance due to mass transport limitations.

Common uses of EIS for CL investigations are to study the ORR, to
characterize transport (diffusion) losses, to evaluate ohmic resistance and
electrode properties such as charge transfer resistance and double-layer
capacitance, to optimize the MEA, and to evaluate fuel cell degradation.

This dynamic method can yield more information than do steady-state
experiments and can provide diagnostic criteria for evaluating PEM fuel cell
performance and degradation. The main advantage of EIS as a diagnostic tool
for evaluating fuel cell behavior is its ability to resolve, in the frequency
domain, the individual contributions of the various factors that determine
overall PEM fuel cell power losses: ohmic, kinetic, and mass transport. Such
a separation provides useful information for both optimization of fuel cell
design and analysis of CL degradation.

11.3.2.6.4. Cyclic Voltammetry

Cyclic voltammetry (CV) is a commonly used in situ approach in fuel cell
research, especially to assess catalyst activity, and has proven quite valuable for
ascertaining the ECSA of gas diffusion electrodes. The ECSA of the electrode
is estimated based on the relationship between the surface area and the H,
adsorption charge on the electrode, as determined from CV measurement.

The disadvantage of this technique for assessing supported electrocatalysts
is that the carbon features mask the H; adsorption and desorption character-
istics—for example, the double-layer charging and redox behavior of surface
active groups on carbon. To avoid carbon oxidation, the anodic limit is always
set to <1.0 V (vs. DHE).

11.3.2.6.5. CO Stripping Voltammetry

CO stripping voltammetry is another common technique for determining the
ECSA of electrodes through the oxidation of adsorbed CO at room temperature,
operating under the same principle as CV. The CO stripping peak charge can
also provide information about the active surface sites of the CL. Experimental
results have demonstrated that the CO stripping peak potential can provide
information on the composition of an unsupported metal alloy surface and is
useful for exploring the reaction mechanism of a metal alloy with enhanced CO
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tolerance. This technique has also been used to investigate the effect of
different electrode fabrication procedures on the structural properties of MEAs.
Moreover, it has been found that exposing CO to platinum, and the subsequent
removal of that CO by electrochemical stripping, is an excellent method of
cleaning and activating Pt. The fuel cell achieves its maximum performance
after several CO adsorption/CO, desorption cycles.

11.3.2.6.6. Other Analytical Techniques

Except for morphological observation, composition analysis, and electrochemical
diagnosis, elemental content and atomic structural analysis techniques are useful
diagnostic tools to quantitatively characterize microstructural/macrostructural
changes in the CL during degradation. For elemental content analysis, inductively
coupled plasma and atomic adsorption spectroscopy can be used to investigate Pt
content changes in the CL. Guilminot et al. [72] also used ultraviolet spectroscopy
successfully to detect the presence of Pt”* ionic species. In terms of carbon support
characterization, MS and GC are both effective tools for estimating the total
amount of surface oxygen on carbon, when combined with the thermal desorption
method. For atomic structural analysis, XRD and XPS are the most commonly
used techniques to characterize the average Pt particle size and the surface elec-
tronic structural changes during the degradation process. According to a recent
report by Yoshida et al. [73], X-ray absorption spectroscopy was carried out to
obtain crucial information about the atomic/electronic structure of the surface Pt.
The results revealed that the local Pt structure of a Pt/C catalyst was dependent on
the particle size, a vital parameter that should lead to a difference in the electro-
chemical properties of the Pt catalyst. The authors also derived the local structural
parameters, coordination number, and Pt—Pt bond distance from extended X-ray
absorption fine structure oscillations. In addition, laser Raman spectroscopy [74]
has also been conducted to detect the carbon structural disorder degree in research
on CL degradation in PEM fuel cells. Except for the broad band at approximately
1600 cm ™', assigned to ideal graphite, the presence of another band at approxi-
mately 1350 cm™" proved the existence of disordered graphite in the CL after
a high-potential holding test.

11.3.3. Catalyst/ionomer Interface Failure

11.3.3.1. Catalyst/ionomer Interface Degradation Mechanisms

For the membrane in an operating fuel cell, higher current density will intensify
the chemical degradation of the membrane due to the much higher electro-
chemical reaction rates. Higher reaction rates include a higher rate of oxidative
radical generation and a higher proton flux through the membrane. For the same
reasons, the ionomer in the CL experiences similar degradation, because the
electrochemical reactions take place at the interface between the catalyst
clusters and the ionomer network. Meanwhile, high liquid water content may
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facilitate the movement of ions and particles, and hence the agglomeration or
growth of catalyst nanoparticles. As the microstructural changes arising from
catalyst, catalyst support, and ionomer degradation inside the CL accumulate
with time, they will undoubtedly lead to decreased connection between
different solid phases, and even mechanical damage to the MEA. Delamination
can cause increased resistance, loss of apparent catalytic activity, and devel-
opment of flooded areas and pinholes. Guilminot et al. [75] reported an obvious
separation and cracks at aged cathode/membrane interfaces during testing over
529 h of constant power (0.12 W cm ™). They proved that delamination and
cracks between the CL and the PEM or GDL occurred more easily due to RH
and temperature changes during load cycles. These interfacial degradations are
considered unrecoverable and permanent compared with the recoverable and
temporary changes due to water content fluctuations.

Water phase transformations and volume changes due to freeze/thaw cycles
severely impair ionic conductivity, gas impermeability, and the mechanical
strength of the membrane, eventually having a detrimental effect on the
membrane’s lifetime. In addition, another serious effect is interfacial degra-
dation during subzero startups and freeze/thaw cycling. During cold startups in
subzero environments, water produced in the CL may freeze instantaneously in
the pore systems, covering the electrochemical active sites and thereby
reducing reaction capability and damaging the interface structure. Yang et al.
[76] characterized cross-sectional samples of aged MEAs after 110 cold startup
cycles. By using TEM and XRD, they confirmed that interfacial delamination
between the CL and PEM, as well as cathode CL pore collapse, was among the
degradation mechanisms resulting from cold startups. CL delamination from
both the PEM and the GDL was also observed by Yan et al. [77] when the cell
cathode temperature fell to <—5 °C during cold startup studies. Similarly, under
frequent freeze/thaw cycles, a shear force induced by phase transition between
water and ice will cause uneven mechanical stress for different components,
resulting in interfacial delamination and damage.

Because ice formation is the main reason for structural and performance
degradation during exposure to subzero temperatures, proposed mitigation
strategies include gas purging and solution purging to remove residual water
during fuel cell startup and shutdown. Delamination between the CLs and the
baer membrane can result in the development of flooded areas, increased
resistance in the MEA, the development of pinhole areas, loss of apparent
catalytic activity, and the development of areas susceptible to erosion.

11.3.3.2. Catalyst/lonomer Interface Failure Testing
and Diagnosis
As discussed above, interfacial delay and delamination between the CL and

PEM, resulting from variations in operating conditions such as load cycling,
freeze/thaw cycling, or reactant starvation (mostly fuel starvation), can severely
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impair ionic conductivity and eventually result in MEA failure. For the catalyst/
ionomer interface, SEM/EDX and X-ray CT imaging have often been used to
characterize and diagnose failure modes and degradation mechanisms. Novel
X-ray CT in particular has several advantages, including the fact that it is
noninvasive, requires little or no sample preparation, does not require the
sample to be conductive, and does not disturb the microstructure as compared
with TEM or SEM. Moreover, novel CT instruments operate under ambient
conditions rather than under high vacuum, thus producing fewer morphological
changes due to severe dehydration of the ionomer. X-rays generate much less
sample beam damage for polymers compared with the charged particles used in
electron imaging techniques. The micro-CT sliced images of three MEAs after
different ASTs, at 0.7-micron pixel resolution, are shown in Fig. 11.10. For the
fresh, unused membrane (#1), the sample electrode density is uniform and the
CL/ionomer interface is smooth. In the case of the degraded membrane (#2),
after a drive cycle without stop until failure, the electrode interface became
rough with membrane thinning, and significant carbon corrosion occurred at
the cathode, with Pt redistribution. Membrane #3 underwent a drive cycle with
start stops until failure. Its cathode electrode interface was severely damaged,
and its membrane decay and thinning were the worst of the three [67].

11.3.4. Gas Diffusion Layer Failure

11.3.4.1. Gas Diffusion Layer Degradation Mechanisms

In a typical PEM fuel cell, The GDL is a dual-layer, carbon-based porous
material, including a macroporous carbon fiber paper or carbon cloth substrate

brane # 1. Ui dfuelcellr

Membrane # 2. went through drive cycle test
until failure.

cT1
cT2
cT3

Membrane # 3. went through a cycle test with
start- stop till failure

FIGURE 11.10 Micro-CT sliced images of three MEAs after different ASTs [67]. (For color
version of this figure, the reader is referred to the online version of this book.)
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covered by a thinner MPL, and it consists of carbon black powder and
a hydrophobic agent. In previous studies of GDLs, the focal point has been the
impact of GDL materials and design on PEM fuel cell performance, rather than
durability. However, increased GDL surface hydrophilicity has been clearly
observed after 11,000 h of operation and cold start conditions, which unques-
tionably indicates that further investigation of the GDL is warranted. To date,
only a limited number of studies have focused on the degradation mechanisms
of GDLs or on the relationship between GDL properties and fuel cell perfor-
mance decay. Moreover, these studies have mainly used ex situ GDL aging
procedures to avoid the possible confounding effects from adjoining compo-
nents such as the CL and bipolar plate.

As the fuel cell operates, the PTFE and carbon composite of the GDLs are
susceptible to chemical attack (i.e. OH- radicals, as electrochemical byprod-
ucts) and electrochemical (voltage) oxidation. Loss of PTFE and carbon results
in changes in the physical properties of a GDL, such as decreases in GDL
conductivity and hydrophobicity, which further lower MEA performance and
negatively affect the durability of the whole fuel cell. Several GDL degradation
mechanisms have been proposed, including carbon oxidation [78,79], PTFE
decomposition [80,81], and mechanical degradation as a result of compression
[82]. The first two mechanisms cause hydrophobicity loss and changes in the
GDL pore structure, resulting in an increase in the water content of the GDL
and MPL and thus altering the water balance in the MEA and limiting reactant
mass transport. XPS investigations of the polymers in GDLs have demonstrated
that the PTFE can be partially decomposed by electrochemical stressing. But
the mechanism of PTFE decomposition in the GDL due to fuel cell operation
has not been clearly understood [80,81]. Recently, a novel Nafion/MPL/poly-
imide barrier was developed and sandwiched between the anode and cathode
GDLs to investigate the in situ degradation behavior of commercial GDLs [83].
The experimental results suggested that material loss plays an important role in
GDL degradation mechanisms, whereas excessive mechanical stress before
degradation weakens the GDL structure and changes its physical properties,
consequently accelerating material loss in the GDL during aging. It should be
noted that the carbon particles or carbon fibers in the GDL are more stable than
the carbon particles in the CL, due to the absence of Pt that could otherwise
catalyze the electrochemical oxidation of carbon.

11.3.4.2. Mitigation Strategies for GDL Degradation

Little information about mitigating GDL degradation is available from the
literature. To improve GDL oxidative and electro-oxidative stability, Borup
et al. [84] suggested using graphitized fibers during GDL preparation. Borup
also proposed that a higher PTFE loading could benefit the water management
ability of aged GDLs, as shown in Fig. 11.11. By incorporating the graphitized
carbon material Pureblack® in the MPL, Owejan et al. [85] found a 25%

improvement in the start/stop degradation rate at 1.2 A cm™ 2.
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FIGURE 11.11 Effect of GDL graphite fiber type and PTFE loading on contact angle [85]. (For
color version of this figure, the reader is referred to the online version of this book.)

11.3.4.3. Gas Diffusion Layer Failure Testing and Diagnosis

For GDL failure diagnosis, changes in the physical characteristics of the GDL
before and after degradation tests have always drawn much attention, including
porosimetry, permeability and gas diffusivity, contact angle, and conductivity.

11.3.4.3.1. Porosimetry

From a mass transport perspective, the proper porosities of the CL. and GDL are
critical parameters for optimizing PEM fuel cell performance. Due to the
electrochemical reactions occurring inside the matrix CL, the reactants must
pass through the GDL into the CL, and in the meantime, the residual water
needs to be removed from the electrodes. Therefore, a porous structure is
necessary in both the CL and the GDL. If the thickness and real weight of the
CL or GDL are known, the porosity can easily be calculated by dividing the
volume of the solid phase by the total volume of the electrode, as expressed in
the following equation [86]:
Wa

Preal din

g =1 (11.4)
where &, is the porosity, Wy is the real weight (g cm™?), preal is the solid-phase
density (for carbon-based materials, p, varies between 1.6 and 1.9 g cm ),
and dy, is the thickness (either compressed or uncompressed).

Otherwise, the porosity of the electrode needs to be determined by diag-
nostic methods. So far, several methods have been proposed and implemented
to comprehensively characterize porosity, including mercury or gas porosim-
etry, capillary flow porosimetry, and standard contact porosimetry.
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With regard to mercury porosimetry, the applied pressure for injecting
mercury into the sample is inversely proportional to the pore radius, in
accordance with the Washburn equation, and consequently, the pore size
distribution can be evaluated. Mercury porosimetry can be used to characterize
larger pore sizes (3 nm—300 pm), whereas gas porosimetry is suited to smaller
sizes (0.5-100 nm). As an example, mercury porosimetry measurements were
conducted by Wu et al. [83] to determine changes in the total porosity and pore
size distribution of GDL samples before and after degradation. However, one
limitation of this method is that the sample has to be cut into small pieces and
stacked in the holder, requiring relatively large volumes of sample and thus
compromising the measuring accuracy. Another concern is the high pressure
required for determining small pore sizes, which may result in the collapse of
the electrode’s pore structure. Jena and Gupta [87] reported using capillary flow
porosimetry by monitoring the through-plane and in-plane flow of a gas
through dry and wet two-layer porous electrodes. Measurement using this
method can yield microstructural information such as largest pore diameter,
mean flow pore diameter, cumulative flow percentage, and pore size
distribution.

Standard contact porosimetry was recently developed by Volfkovich et al.
[88] to characterize the porous electrodes. In this method, disks of the sample
and two porous standards are first filled with a low contact angle liquid (e.g.
octane or decane) and weighed. Then, the sample is sandwiched between the
standards and held in compression to attain capillary equilibrium. By heating
and/or vacuum treatment or by a flow of dry inert gas through the sandwich,
a certain amount of wetting liquid is removed, and the liquid in the sample is
allowed to reach capillary equilibrium again with the standard. The disks are
then disassembled and weighed. This process is repeated until all the liquid is
completely evaporated from the sample. Standard contact porosimetry with
appropriate standard samples can be used to measure pore sizes in the range of
1-3 x 10° nm. The main drawback is that these measurements are time
consuming.

11.3.4.3.2. Permeability and Gas Diffusivity

When the porosity (gp) of the electrode is known, the effective diffusivity of the
gas phase in this porous media, D.f, can be calculated according to the
Bruggeman correlation:

Deff = DO[Sp(l - Sls)r (115)

where D° is the diffusion coefficient, Sis is the liquid saturation, and 1 is the
tortuosity. As for the liquid phase, the driving force, capillary pressure (P.), is
related to the porosity and the surface tension (o), as shown in [89]:

Pe = 04cos(8.)(ep/Kperm)" /2 I (S) (11.6)
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where 6 is the contact angle, Kperm represents the absolute permeability, and
J(S) is the Leverett function. Based on the fluid flow direction through the
porous electrode, the permeability coefficients are normally defined as in-plane
permeability (x, y directions) and through-plane permeability (z direction).
Experimental determination of permeability has been reported by several
research groups using their homemade apparatuses with manometers. The
principle of measuring the permeability (kperm) is based on the Darcy formula:

Kperm AP

(11.7)
My L

Ve =
where v¢ is the fluid velocity, AP is the pressure drop, /y, is the thickness of the
electrode, and ugy, is the fluid viscosity. Then, the permeability of the porous
electrode can be calculated by transforming :

b = oy (18)

Williams et al. [90] reported that the through-plane permeability was 0.8—
3.1 x 10" m? for baer carbon paper and that the addition of microporous
layers decreased this value by approximately two orders of magnitude.
Prasanna et al. [91] reported a permeability of 1-8 x 10" m* for carbon
paper, which decreased significantly as the Tefion® loading was increased.

11.3.4.3.3. Contact Angle

The hydrophobicity and hydrophilicity of the GDL and CL play complex and
critical roles in water management within PEM fuel cells. Adequate hydro-
philicity is necessary for better PEM fuel cell performance and extended
lifetime. If the amount of water in the membrane is too low, the membrane
conductivity will decrease, as will the fuel cell performance. However, if an
electrode is too hydrophilic, the excess water cannot be removed efficiently;
liquid water floods the electrodes, interfering with mass transport of the reac-
tant. Significant effort has been put into investigating water transport and water
balance within PEM fuel cells. Research has found that the hydrophobic
properties of electrodes can be controlled by the choice of carbon, the ionomer/
carbon ratios, the content of the hydrophobic agent, and the pretreatment and
fabrication procedures.

The wettability of a PEM fuel cell electrode is normally characterized
according to its contact angle to water, which can be divided into two cate-
gories: external surface contact angle and internal contact angle. The surface is
said to be hydrophilic when its contact angle to water is <90°, and hydrophobic
if the contact angle is >90°. Most methods in use today, such as goniometry
(the sessile drop method), the capillary meniscus height method, or the
Wilhelmy plate gravimetric method [92] aim to determine the external surface
contact angle. Goniometry is the most common method of measuring the
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contact angle of a liquid on a solid surface, and involves placing a small liquid
droplet on a GDL substrate. The contact angle can be determined by measuring
the angle between the tangent of the droplet surface at the contact line and the
surface. In this method, the droplet size should be small enough to eliminate
the influence of the droplet’s weight. For the capillary meniscus height method,
the sample is first dipped into water, then an optical technique is used to directly
record and measure the capillary meniscus height, as shown in Fig. 11.12 [93].
Considering the force balance between gravity and surface tension through
a meniscus line, the contact angle (6.) between water and the sample has the
following relationship with the meniscus height [93]:
2
sinf, — 1 208 (11.9)
20
where Ap is the difference between the densities of water and vapor, g is the
gravitational acceleration, % is the meniscus height, and oy is the liquid—gas
surface tension of water. For the Wilhelmy plate method, the sample is dipped
into liquid, while the force on the sample due to wetting (Fy,) is measured via
a tensiometer or microbalance. The contact angle between water and the
sample can be expressed as follows:

— Fm
o 2IW *Ogt

cost, (11.10)
where [, is the wetted length of the sample. The advantages of the Wilhelmy
plate method include that the angle values obtained represent averages over the
sample’s entire wetted length, and that the temperature of the liquid can be
precisely monitored. These methods for determining the external surface
contact angle are suitable for materials with smooth surfaces, such as proton
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FIGURE 11.12 Experimental setup of the capillary meniscus height method for measuring the
external contact angle [93]. (For color version of this figure, the reader is referred to the online
version of this book.)
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exchange membranes, bipolar plates, or CLs prepared on the membrane
surface. Brack et al. [94] studied the membrane properties by means of goni-
ometry and found that the contact angle increased with dehydration of the
membrane.

However, when these methods were applied to characterize the porous
materials with rough surfaces, such as GDLs, the values of the external contact
angle as reported in the literature were between 120° and 140°, or even higher
[93]. Because the contact angle to water of pure PTFE is only 108°, these large
values cannot be explained by the presence of a hydrophobic agent inside the
GDL pores but rather by the contribution of GDL surface roughness. For
a rough structured surface, these methods do not provide a true measure of the
interfacial properties of the material. Instead, microstructural aspects dominate
the observed behavior through such phenomena as droplet pinning. To over-
come the limitation of these methods for measuring the external surface contact
angle of porous electrodes, Parry et al. used the Washburn method to charac-
terize the internal wetting properties of different GDLs with low PTFE loadings
[95]. Capillary rise experiments were performed in a tensiometer by
submerging the GDL samples in water. Each sample was held by a metal clamp
attached to a microbalance. The mass of liquid water absorbed by the sample
was recorded as a function of time. When inertia and gravity forces are
negligible, the internal contact angle can be calculated according to the Lucas—
Washburn equation:

2
cosf, — L__ M. (11.11)

ta CwpivLy

where my, is the mass of the liquid absorbed by the sample in time #,; Cw is the
Washburn constant of the GDL sample; and 7, pr, and ypy are the liquid
viscosity, density, and surface tension, respectively. However, the Washburn
method is only applicable to hydrophilic materials. Recently, Gurau et al. [92]
combined the Washburn method with the Owens—Wendt theory to estimate the
internal contact angle to water of hydrophobic GDLs. In their experiments, the
Washburn method was first conducted with a set of wetting fluids to find their
internal contact angles to the GDL material. The Owens—Wendt theory was
used next to extrapolate the data obtained with the Washburn method and
estimate the contact angle to water of the GDL material.

11.3.4.3.4. Conductivity

From the viewpoint of PEM fuel cell performance, high electrical and protonic
conductivities are very desirable for optimizing the electrode structure and
components. To measure lateral electrical conductivity, a 4-probe technique
provides more accurate measurements compared with the 2-probe method.
Both local and large-scale conductivity can be determined, depending on the
location and separation of the probes. Although this is not a mainstream



PEM Fuel Cell Testing and Diagnosis

characterization method, it is useful as a quality control or development tool.
The 4-probe technique can yield valuable information on crack formation and
membrane deterioration. Through-plane electrical conductivity can be
measured by sandwiching the electrode sample between two gold-coated
copper plates and subsequently compressing the assembly under a certain
pressure [83]. A fixed current (/) is applied with a DC power supply, and the
resulting voltage drop between two gold-coated plates (AV) is measured with
a sensitive multimeter. The through-plane electrical resistance (R) can be
described by

_ AV paLn
I Ael

where pe) is the through-plane electrical resistivity, A is the area of the sample,
and Ly, is the thickness of the electrode sample under a compressive load.

R

(11.12)

11.3.5. Sealing Gasket Failure

11.3.5.1. Sealing Gasket Degradation Mechanisms

As described in Chapter 2, the sealing material is placed between the bipolar
plates, not only to prevent gas and coolant leakage and crossover but also to
function as electrical insulation and stack height control. Typically, elastomeric
materials are used as seals, as they are relatively inexpensive and easy to
fabricate. Although there is a substantial literature discussing chemical or
thermal degradation of elastomeric seal materials, only a few are concerned
with such a degradation and its mechanisms in a PEM fuel cell environment.
Typical sealing materials used in PEM fuel cells include fluorinated elastomers,
ethylene propylene diene monomer rubber (EPDM), silicone, and glass-rein-
forced PTFE. All these materials offer good chemical resistance; however,
there are problems associated with each system. Fluoroelastomers offer
excellent sealing properties but are poor when it comes to gasketing and
disassembly of the cell. Silicone offers good thermal and chemical resistance
but has a high value of compression set. PTFE-based systems are only suited for
one-time use due to their poor compression set. Material selection concerns
include outgassing, degradation, and extraction of the seal components, which
may contribute to contaminant migration into the membrane. Another key
concern is the potential for internal and/or external leakage of fuel cell reactant
gases when seal materials lose their compression set capabilities, and thus lose
their “sealing contact” with the adjoining substrates.

Tan et al. [96,97] studied the degradation characteristics of commercial
gasket materials, including silicone, fluoroelastomers, and EPDM, in a simulated
fuel cell environment consisting of solutions containing hydrogen fluoride and
sulfuric acid, and found significant leaching of fillers from seal material, which
contaminated the GDL and the MEA. Cleghorn et al. [44] and St-Pierre and
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Jia [98] observed the complete degradation of a glass-reinforced silicone seal in
a fuel cell stack, with silicon from the seal detectable throughout the MEA.
Schulze et al. [99] detailed the degradation of silicon-based seals, and using XPS
detected residues of silicone in the anode CL and cathode GDL. They concluded
that the direction of movement of the silicone traces was from the anode to the
cathode, due to the electrical field, and that it was blocked by the PEM. However,
traces of decomposition products from the sealing material in both the membrane
and electrodes were detected by Du et al. [100], as shown in Fig. 11.13.

During fuel cell operation, the seal material is subjected to mechanical
stress in the presence of variable temperature and chemical environments,
which pose significant durability concerns for polymeric materials in terms of
accelerated degradation. Thermal cycling alone may result in an enhanced
stress relaxation and compression set, leading to reduced stack pressure and
adversely affecting the fuel cell performance. Compression of the seal material
results in a direction-dependent stress state where compressive and tensile
stresses are present. Residual stresses induced during seal material curing or
due to shrinkage against the bipolar plate may be tensile in nature and lead to
failure over time. The presence of tensile stresses and a corrosive environment
may lead to the formation of a crack or the growth of a pre-existing crack,
which may lead to seal failure. The seal failure modes can be grouped into two
categories: (1) seal cracking/fracture due to material degradation in the fuel cell
operating environment and (2) reduction in sealing contact stress due to stress
relaxation.

The process causing stress relaxation may be physical or chemical in nature,
and in a fuel cell both the processes can occur simultaneously. Physical
relaxation involves the motion of molecular chains toward new configurations

L1 [S—

(a) 100 um (b) 100 um
FIGURE 11.13 SEM-EDX images of an embrittled membrane sample. The holes and tears
resulted from reduced mechanical integrity caused by the crystallization of (a) silicon-containing

and (b) calcium-containing particles from the degradation of incompatible sealing materials inside
and on the surface of a membrane [100].
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in equilibrium at the new strained state, and may involve the movement of
entanglements and dangling ends, which is generally believed to be reversible
in cross-linked systems on removing the strain from the system. Chemical
relaxation involves primarily scission and cross-linking events, resulting from
the breakage and formation of covalent bonds, respectively. Chemical
processes may occur, either in the absence of oxygen (thermal degradation) or
in its presence (oxidative degradation), both leading primarily to chain scission
reactions. The chemical component of relaxation is typically irreversible. At
normal to low temperatures and/or for short periods of time, stress relaxation is
dominated by the physical processes, whereas at high temperatures and/or for
prolonged periods, the chemical processes are often dominant. Cracks may be
present on the surface of the seal as a result of manufacturing or handling and
may also develop during service due to seal material degradation. A pre-
existing crack on the seal surface may grow and reach a critical size, leading to
seal failure. Also, the aggressively acidic environment within a PEM fuel cell,
together with thermal stressing or hydrogen embrittlement, may significantly
reduce the energy required for the crack to propagate.

The degradation of seals results in the loss of their force retention and can
lead to compression loss, external leaks of coolant, gas crossover, or plate
electrical shorting, eventually accelerating fuel cell performance degradation.
The migration and accumulation of sealing materials within the electrodes will
also negatively change the electrodes’ hydrophobic character and probably
poison the Pt catalysts. Further, traces from the seal may diffuse into the
membrane phase and consequently lead to a decrease in the membrane
conductivity and a reduction in the mechanical integrity of the membrane, both
of which would severely impair the fuel cell lifetime. Seal selection through ex
situ and in situ screening processes should be based on the overall chemical and
mechanical properties of the materials. Recently, the Fuel Cell and Hydrogen
Energy Association summarized and recommended the standard test protocols
for screening fuel cell gaskets material, including tension testing, brittleness
temperature, chemical resistance, and outgassing [101]. To the best of our
knowledge, with regard to seal material degradation, no publications relevant to
mitigation strategies are yet available.

11.3.5.2. Sealing Gasket Failure Testing and Diagnosis

The degradation of seal material due to aging in the presence of a corrosive
environment, elevated temperatures, and mechanical stress may result in the
loss of sealing force, leading to external leaks of coolant, gas crossover, or plate
electrical shorting. It is therefore very important to develop and fabricate
durable seals that can last the desired lifetime of a fuel cell unit. To be able to
choose the best-suited sealing material or to reliably judge whether a given
material is suitable at all for sealing applications, seal material characterization
must be conducted and an accelerated means to degrade seal material must be
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adopted so that the performance of such gaskets or seals under service
conditions can be accurately predicted.

11.3.5.2.1. Chemical Characterization

Optical microscopy is always used to reveal topographical changes on a sealing
gasket surface during degradation tests, showing the progression from an
initially smooth to a rough and cracked surface, and finally to crack propaga-
tion. Fillers are required to enhance the mechanical properties of elastomeric
materials for sealing gasket applications, for example, tensile strength, hard-
ness, and resistance to compression set. As discussed above, some of the filler
materials, such as silicon dioxide and calcium carbonate, can be attacked in
a PEM fuel cell operating environment. Atomic absorption spectrometry has
been used to analyze the elements leached from sealing gaskets, such as silicon,
calcium, and magnesium. Attenuated total reflection FTIR spectroscopy can be
used to study the changes in the gasket surface chemistry, and it has been found
that the chemical degradation of sealing gaskets is likely due to de-crosslinking
via hydrolysis of cross-link sites and chain scission in the backbone over time.
XPS is a surface-sensitive analysis method to elucidate surface chemicals and
has always been used to determine qualitative and quantitative information
about elements on the gasket surface before and after degradation tests [102].

11.3.5.2.2. Physical Characterization

Sealing gaskets are normally amorphous polymers above the glass transition
temperature. They exhibit the ability to elongate to a large extent under an
applied force and subsequently return to their original shape. To obtain the
material properties of bulk specimens, standard tests such as uniaxial tension,
trouser tear, and compression stress relaxation can be conducted. These tests
are typically performed according to the procedures outlined in the American
Society for Testing and Materials (ASTM) standards such as ASTM D412 for
tension and ASTM D624 for tear properties [103], and provide the baseline
properties of the neat material, as summarized in Table 11.3.

11.3.5.2.2.1. Compression Stress Relaxation The definition of compres-
sion stress relaxation is that when a constant strain is applied to the gasket
sample, the force necessary to maintain that strain is not constant but decreases
with time; this behavior is called stress relaxation. The test apparatus used for
compression stress relaxation measurements is the Wykeham Farrance device.
It provides information for the prediction of the service life of materials by
measuring the sealing force decay of a sealing gasket sample as a function of
time, temperature, and environment.

The device precisely measures the counterforce exerted by a sample
maintained at constant strain between two stainless steel plates inside the
compression jig over a period of time. The decay force is then plotted against
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fTABLE 11.3 The Properties and Test Methods of Sealing \
Gaskets [101,103]
Suggested
Test Standard Properties of Interest Equipment
Compression ASTM D6147-97 Calculation of sealing force Custom-
stress relaxation in the seal in various designed jig
environments and
temperatures
Tensile ASTM D638 Tensile strength, elongation Tensile testing
to break equipment
Tear ASTM D624 Seal material resistance Tear testing
Type T to crack propagation equipment
Compression ASTM D395-03  Residual deformation after Custom-
set removal of compressive stress  designed jig

Durometer ASTM D2240- Indentation hardness, elastic ~ Microindenter
04el modulus
Mass uptake/ ASTM D570 Diffusion coefficient, Analytical
weight change solubility balance
Outgassing - Volatile organic components ~ GC—MS or
liberated with heat and time ~ TGA

\J ~/

time to generate the stress—relaxation curve, which provides a valuable tool in
failure diagnosis and new gasket materials screening.

11.3.5.2.2.2. Tensile Test For characterization of the tensile properties of
an elastomer, tensile strength, strain to break, tension set, and modulus at
100% strain are typically used. In the measurement of tensile stress—strain
properties, a test piece is stretched to the breaking point, and the force and
elongation are measured at regular intervals. The modulus is relevant where
stiffness of the product is important. Tensile strength can be used to evaluate
aging performance, though tensile strength decreases more slowly than does
elongation to break. Owing to the differences in aging characteristics of
tensile strength and elongation to break, the most important property crite-
rion for lifetime prediction must be selected based on the particular
application.

11.3.5.2.2.3. Tear Test In measuring tensile strength, the material has to
completely break through the cross-section in the absence of a defect, whereas
measurement of the tear strength indicates the material resistance to the
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propagation of a defect. Tear properties are commonly determined at a constant
rate, but such properties can also be determined at various rates due to the rate-
dependent behavior of elastomeric materials. The tear strength of non-
crystallizing elastomers depends on the rate of tearing and temperature. These
variations parallel closely the variation of viscoelastic properties with rate and
temperature, that is, the tear strength increases with increasing viscoelastic
energy dissipation. Tearing in noncrystallizing elastomers often proceeds in
a steady, time-dependent manner, whereby the force in a trouser tear test carried
out at a constant rate remains relatively constant.

11.3.5.2.2.4. Microindentation Test The microindentation test has been
widely applied to measure the mechanical properties of solids such as metals
and ceramics because of the ease and speed with which it can be done. It has
been performed on rubber coatings and elastomer films, and in recent years,
indentation tests have also been conducted on gasket materials to assess the
mechanical property changes due to gasket degradation, such as hardness
and elastic modulus. In a microindentation test, a diamond or stainless steel
indenter of specific geometry is impressed into the surface of the test
samples using a known applied load. The microindenter monitors and
records the load and displacement of the indenter and obtains an indentation
load—depth curve. The indentation load at the peak indentation depth can be
used as a manifestation of the surface hardening of the samples. Hertz
contact theory is often used to obtain the elastic modulus from the inden-
tation load—indentation depth curves. Based on the Hertz theory of elastic
contact, considering the contact between a rigid sphere (the indenter tip) and
a flat surface (the gasket sample), the relationship between the total
displacement of both the indenter and the sample, d, and the load, P, can be

written as follows:
9p2 \}

where R is the radius of the indenter, whereas E is a combination of the modulus
of the indenter and the sample; E can be given by

2 92
l — 1 - 0indenter + 1 ﬁsample (1 1. 14)
E Eindenter Esample

where Ejngenter and Esample are the elastic modulus and djpgenter and Psample are
Poisson’s ratios of the indenter and the sample, respectively. Equation (11.14)
can be rewritten as follows:

3
E = mpa*” (11.15)
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When arigid indenter compresses a soft flat sample such as a gasket sample,
d is the depth of the indentation because the diamond or steel indenter’s
deformation is negligible relative to that of the sample. Based on Eqn (11.14)
and experimental indentation load and indentation depth, the elastic modulus of
the sample can be obtained.

11.3.5.2.2.5. Mass Uptake/weight Change When monitoring gasket
degradation, the weights of the sealing gasket samples before and after
degradation tests are always recorded by a microelectronic balance. The
percent weight loss, Wy, is calculated by the following equation [104]:

W, — W,
— X

WL(%) = 100 (11.16)
where W is the initial weight of the sample in air, and W, is the weight of the
aged sample in air.

11.3.5.2.2.6. Outgassing Gasket materials that are “cured-in-place” or
“formed-in-place” are known to outgas harmful volatile compounds during
curing (e.g. solvents, cross-linking agents). In addition, fully cured gaskets can
also emit species (e.g. low molecular reaction products) that may negatively
affect membrane health. Therefore, it is imperative to identify the type and
concentration of potential contaminants using ex situ testing methods. This
evaluation can involve measurement of volatile organic content using gas
chromatography-MS (GC-MS) or by performing thermogravimetric (TGA)
analysis under simulated nominal fuel cell operating conditions.

11.4. ACCELERATED STRESS TEST METHODS AND PROTOCOLS

Traditional durability data analysis in engineering involves analyzing times-to-
failure data obtained under normal operating conditions to quantify the life
characteristics of the product, system, or component. In the case of fuel cells,
such times-to-failure data are always very difficult to obtain due to the issues
mentioned above: prolonged test periods and high costs. More importantly,
a fuel cell stack is a complicated system comprising various components for
which the degradation mechanisms, component interactions, and effects of
operating conditions need to be fully understood before establishing fuel cell
commercial viability. As mentioned earlier, several fuel cell developers have
implemented various ASTs to analyze the failure modes of fuel cell compo-
nents, to increase sample throughput and reduce experimental time. Currently,
the US Department of Energy (DOE) and the US Fuel Cell Council (USFCC)
are each trying to establish PEM fuel cell durability testing protocols with the
intent of providing a standard set of test conditions and operating procedures
for evaluating new cell component materials and structures. An accelerated
stress testing method should not only activate the targeted failure mode of the
specific component, but it should also minimize the confounding effects from
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other components. For instance, the AST protocol for catalyst supports is
different from that for electrocatalysts because the components experience
different degradation mechanisms under different conditions. Similarly, the
AST for mechanical degradation of the membrane should distinguish and
isolate the effects of chemical degradation of the membrane. These protocols
help prevent the prolonged test periods and high costs associated with real-time
tests, assess the performance and durability of PEM fuel cell components, and
ensure that the generated data can be compared.

11.5. CHAPTER SUMMARY

It is universally acknowledged that cost, durability, and reliability are delaying
the commercialization of PEM fuel cell technology. Above all, durability is the
most critical issue and influences the other two issues. Various efforts have been
made to investigate the degradation mechanisms of fuel cell systems and
components in an attempt to enhance the durability of fuel cells. However, the
current understanding of the degradation mechanisms of PEM fuel cell
components is still insufficient. Continuing efforts are critical to propose
necessary mitigation strategies and eventually to facilitate the move toward
commercialization of PEM fuel cell technology.

With respect to membrane durability, great achievements have been made
by modifying the membrane structure to improve its chemical/electrochemical
stability and by using a PTFE-reinforced membrane to enhance its mechanical
stability. However, further improvements in preventing crossover and
preserving stability are necessary for a successful operation in the rugged
environment of automotive applications, rather than only under mild steady-
state conditions. Similarly, catalysts must also survive the harsh transient
operating conditions of a vehicle, such as load and RH cycles. Unfortunately,
the catalyst decay that occurs with present-day materials is still too high to meet
DOE performance targets. Further optimization of materials and an improved
understanding of degradation mechanisms are needed to alleviate Pt dissolution
and carbon corrosion. Pt-alloy catalysts such as PtCo or Pt—Cr—Ni loaded on
materials highly resistant to electrochemical oxidation, such as CNTs, are
suggested for further work. The limited research on GDLs and sealing materials
is based mainly on ex situ analysis. Accelerated stresses include mechanical
press and/or chemical oxidation. More work in these areas is needed to improve
the fuel cell stability in the long term.

The durable physical features of an electrode usually include surface
morphology, microstructural properties, physical characteristics, chemical
characteristics, and composition. Very often, it becomes important to know as
much as possible about the microstructure of an electrode to determine how to
improve its efficiency and lifetime in carrying out the relevant electrochemical
reaction. In this chapter, the commonly used techniques for characterizing PEM
fuel cell electrode components have been addressed. Our discussion has
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focused on the merits and limitations of each technique when it is applied to
PEM fuel cell failure diagnosis research.

The establishment of AST protocols will provide a standard set of test
conditions and operating procedures for evaluating new cell component materials
and structures. The present AST protocols developed individually by DOE and
USFCC are still limited to the component level (electrocatalyst, catalyst support,
membrane, and MEA). It is worth noting that, even though these two protocols
generally agree with each other, they still differ in a few areas. Achieving the
completion and unanimity of AST protocols for the PEM fuel cell as a whole,
in addition to those for the components, is imperative for the near future.
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12.1. INTRODUCTION

As described in Chapter 1, the electrochemical reactions in a PEM fuel cell
include two half-cell reactions: the fuel oxidation reaction, such as the
hydrogen oxidation reaction (HOR), occurs at the anode while the oxygen
reduction reaction (ORR) proceeds at the cathode. When investigating one
reaction and its associated catalysis mechanism, as well as the effects that
operating conditions have on this reaction, possible interference from the other
reaction is normally eliminated through a half-cell method. In addition, for
quick downselection of electrode materials and components, such as the
catalyst and its associated catalyst layer, an ex situ approach using a half-cell
setup is the quickest and most cost-effective method. Half-cell testing is usually
conducted in a three-electrode system containing working, counter electrode
(CE) and reference electrode (RE). Cyclic voltammetry (CV), rotating disk
electrode (RDE), rotating ring-disk electrode (RRDE), and electrochemical
impedance spectroscopy are the typical half-cell testing techniques to inves-
tigate a catalyst’s characteristics in terms of the HOR and ORR. Besides their
utility for investigating these two reactions, some special half-cell designs also
allow testing of other operating conditions, such as catalyst layer/membrane
electrode assembly (MEA) designs, temperature, pressure, humidity, as well as
fuel and air-flow rates.

12.2. CONVENTIONAL THREE-ELECTRODE HALF-CELL
12.2.1. Half-Cell Design and Fabrication

Figure 12.1 shows the design for a conventional three-electrode half-cell.
The three electrodes in this half-cell (or electrochemical cell) are (1) the
catalyst-coated working electrode (WE), for example, an RDE made of either
carbon, such as glassy carbon (GC), or other stable metal materials, such as Au
or Pt, or an RRDE whose disk is made of carbon material (GC), Au or Pt,
and whose ring is made of Pt located at the outside edge of the disk electrode;
(2) the CE (e.g. Pt wire or Pt foil); and (3) the RE, such as a standard or normal
hydrogen electrode (SHE or NHE), a reversible hydrogen electrode (RHE), an
Ag/AgCl electrode, a saturated calomel electrode (SCE), an Hg/HgSO4 elec-
trode, or another kind. Note that the difference between an SHE and an NHE is
that the former uses a theoretical Pt electrode/1.0 M H" aqueous solution
interface and assumes that the H' ions do not interact with other ions
(a condition that is not physically attainable), whereas the latter is actually
constructed using a practical Pt electrode/1.0 M H" aqueous solution (such as
0.5 M H,S0,) interface. At standard conditions, the SHE’s potential is defined
as 0.000 V and is used as the standard RE potential. However, in practice, only
the NHE is physically attainable, but its potential is almost the same as that of
the SHEs. The difference between the NHE and the RHE is that the latter
uses the same electrolyte solution as does the measurement cell, rather than
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FIGURE 12.1 Schematic of conventional three-electrode half-cell. (For color version of this
figure, the reader is referred to the online version of this book.)

a 1.0 M H* aqueous solution, as in the NHE. For example, if the electrolyte
solution in the measurement cell is 0.05 M H,SOy, the electrolyte solution in
the RHE electrolyte chamber is also 0.05 M H,SO,. Therefore, there is a large
potential difference between the NHE and the RHE, and only when both
electrolyte solutions are 1.0 M H" aqueous solution can they have the same
electrode potential.

As shown in Fig. 12.1, the three-electrode cell has an inlet and an outlet for
gas purging. For surface CV measurement, N, gas is used to purge the elec-
trolyte solution for 30 min to remove dissolved O,. For ORR measurement, pure
O, gas or air is used to purge the electrolyte solution and introduce dissolved
O, into the solution. For CO-stripping experiments, a CO/N;, mixed gas is used
to purge the solution and introduce dissolved CO into the solution. In addition,
there is a port for a thermometer to monitor the temperature of the electrolyte
solution. To control the temperature, the whole cell is emerged in a thermal bath
in which the temperature of the liquid can be adjusted to the desired level.

RDE and RRDE techniques have been widely used for studying the kinetics
of the ORR [1-10] and HOR [11-17] in PEM fuel cells. Particularly in ex situ
evaluations of catalysts and catalyst layers, the conventional half-cell is used to
measure the electrochemical Pt surface area (EPSA), ORR mass activity,
catalyst stability, as well as non-noble metal catalyst activity and stability, as
described in later sections of this chapter.
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12.2.2. Pt-Based Catalyst Measurements for the ORR

A necessary step in conducting these measurements is preparation of the WE.
A well-developed procedure for electrode preparation is described by
Mayrhofer et al. [3]. A small amount of catalyst power (Pt- or Pt alloy-based
catalyst) is first mixed ultrasonically with deionized water, followed by the
addition of alcohol or isopropanol (~1.0 ml alcohol to 5 mg catalyst) and
5 wt.% Nafion® ionomer solution (~1/40 volume ratio with the alcohol) to form
a well-mixed catalyst ink. Then a small amount of catalyst ink is pipetted and
coated onto a disk electrode surface such as GC or gold electrode, with
a geometric area of 0.2-0.5 cm”. The coated electrode is then left to air dry. The
total catalyst loading on a GC electrode can be adjusted to 0.02-0.2 mg cm 2.

Another way to prepare the electrode is to make a catalyst ink that does not
contain Nafion® ionomer solution. The ink is pipetted and coated onto the GC
or gold surface, and then, the required amount of Nafion® ionomer solution is
dropped onto the top of the catalyst coating to form a catalyst layer coated
electrode.

The following is an example of measuring EPSA, ORR mass activity, and
stability [18]. In this instance, the WE was coated with a Pt-based catalyst and
then put into an electrochemical half-cell containing N»-saturated 0.1 M HC1O4
or HySO4 solution for CV testing. The temperature of this electrolyte solution
was controlled at 20-30 °C. Before the data were recorded, the WE was pre-
conditioned by using CV in the potential range of 0.0-1.4 V vs. RHE at a sweep
rate of 100 mV s™' for 20 cycles. Then, the potential was scanned in the
potential range of 0.05-1.2 V at a scan rate of 20 mV s Twenty scans were
taken for each experiment, and the stable twentieth cyclic voltammogram was
used to calculate the EPSA. Figure 12.2 shows a typical example of a cyclic
voltammogram recorded using a catalyst-coated GC electrode.

The EPSA was calculated by averaging the charges of the hydrogen
adsorption/desorption peaks (Fig. 12.2) in the potential range of 0.05-0.40 V,
corrected for double layer charging. The recognized value for the
monolayer hydrogen adsorption charge on a smooth Pt electrode surface,
0.21 mC cm %(Pt), was used for the calculation. By averaging the seven
electrode measurements in Fig. 12.2, an EPSA of 88 m?> g_1 can be obtained,
which is close to Gasteiger’s value of 80 m* g~ ' [19].

To confirm the EPSA data obtained by the CV method, CO-stripping
experiments were also carried out in CO-saturated 0.1 M HClOy4 solution. The
electrolyte solution was first purged with nitrogen gas for at least 30 min before
preconditioning the WE. The catalyst-coated WE was preconditioned by CV in
the potential range of 0.0-1.4 V vs. RHE at a sweep rate of 100 mV s~ for
20 cycles. After preconditioning, CO was absorbed by purging the solution
with CO gas at a flow rate of 200 ml min~', while holding the WE potential at
0.05 V vs. RHE. By keeping the potential at the same value, the purging gas
was switched to nitrogen for 30 min to remove CO traces from the solution.
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FIGURE 12.2 Cyclic voltammogram of baseline 47 wt.% Pt/C catalyst (purchased from Tanaka
Kikinzoku Kogyo Co. Ltd) coated GC electrode, recorded in N,-saturated 0.1 M HCIO,. Potential
scan rate: 20 mV s~ '; Pt/C catalyst loading: 50 pg cm™2 [18].
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FIGURE 12.3 A CO-stripping voltammogram on 47 wt.% Pt/C catalyst-coated GC electrode,

recorded in N,-saturated 0.1 M HCIO,. Potential scan rate: 20 mV s~ '; Pt/C catalyst loading:

48 nug cm™2 [18]. (For color version of this fi gure, the reader is referred to the online version of this
book.)

Then, the potential was scanned in the range of 0.05-1.2V at a rate of
20 mV s~'. Figure 12.3 shows a typical example of a CO-stripping cyclic
voltammogram.

The EPSA was then calculated by integrating the charge of the CO peak and
subtracting the background charge arising from double layer charging and
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oxide formation. This calculation was based on the procedure used by
Vidakovic et al. [20]. The obtained EPSA was 77 m> gfl, which is consistent
with the value obtained from the H, adsorption/desorption peaks in the
following scans (75 m* g~ '), and close to the EPSA of 88 m? g~ 'obtained by
CVin Fig. 12.2.
Mass activity of the catalyst toward the ORR can also be evaluated with
a conventional half-cell by using the RDE technique. Normally, mass activity is
measured using the RDE technique in Oj-saturated 0.1 M HClO,4 solution
at 30 °C. Figure 12.4 shows the voltammetric curves in the potential range of
1.2-0.4 V at a scan rate of 5 mV sfl, for different rotation rates. A diffusion-
limiting current can be observed at a potential <0.8 V, depending on the
rotation rate. The kinetic current of the catalytic ORR (ix) was calculated by
using the current at 0.9 V vs. RHE on the voltammetric curve, at an electrode
rotation rate of 1600 rpm, followed by a calculation by using the following
equation:
j = ! (12.1)

ig—1

where i is the current measured at 0.9 V and ij is the diffusion-limiting current.
The mass activity, with a unit of A mg'1 (Pt), was calculated by dividing the ik
by the Pt loading. For example, for a commercially available Pt/C catalyst,
a typical mass activity of 0.11 A mg~" (Pt) at 0.9 V vs. RHE and 30 °C can be

obtained.
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FIGURE 12.4 Current-voltage curves recorded on a rotating disk GC electrode coated with
47 wt.% Pt/C catalyst, measured in O,-saturated 0.1 M HCIO,. Potential scan rate: 5 mV s~ !, Pt/C
catalyst loading: 50 pgcm 2 [18].
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Catalyst stability can also be measured with a half-cell by using either
a potential square wave scan or CV cycling. In a typical experiment, before
durability testing, the EPSA and ORR mass activity are measured using the same
procedure described above. Then, potential square wave scans are performed,
30 seachat0.6 or 1.2 V vs. RHE for 1000 cycles, after which both the EPSA and
the ORR mass activity are measured and then compared with the values obtained
before the durability test. For a commercially available Pt/C catalyst, the EPSA
and ORR mass activity losses after 1000 cycles are 38% and 33%, respectively.

CV cycling can also be used to test the stability. In typical CV cycling, the
potential is scanned between 0.05 and 1.2 V vs. RHE for 1000 cycles. The
EPSA and ORR mass activity are measured before and after durability testing.
For a commercially available Pt/C catalyst, the EPSA and ORR mass activity
losses after 1000 cycles are approximately 20% and 40%, respectively.

12.2.3. Non-noble Metal Catalysts for the ORR [2]

The half-cell shown in Fig. 12.1 can also be used for evaluating non-Pt-based
catalysts. For example, Lee et al. [2] investigated the ORR kinetics and
mechanisms on carbon-supported cobalt polypyrrole (Co—PPy/C) catalysts by
using both RDE and RRDE techniques. Figure 12.5 presents the ORR current—
voltage (I-V) curves in 0.5 M H,SO,4 with several Co—PPy/C catalysts, which
shows that the catalyst heat treated at 800 °C can yield the highest catalytic

0.0 —
05}
i S -
10
5]
P L
E
< 15} — Co-PPy/BP UTin 02
Co-PPy/BP 600C in 02
20l - Co-PPy/BP 800C in 02
| — Co-PPy/BP 1000C in 02
— Co-PPy/BP 800C in N2
25 L 1 . L . L L L L
0.0 0.2 0.4 06 0.8 1.0

E /Vvs. RHE

FIGURE 12.5 Polarization curves of unpyrolyzed and pyrolyzed Co—PPy/C catalysts at 25 °C in
0.5 M H,SO, under saturated N, and O,, respectively. Potential scan rate: 5 mV s~L. Electrode
rotation rate: 400 rpm. Co—PPy/C loading: 0.122 mg cm ™ [2]. (For color version of this figure, the
reader is referred to the online version of this book.)
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activity in terms of both ORR onset potential and limiting current. Lee et al. [2]
also recorded the ORR I-V curves at various electrode rotation rates to evaluate
the catalyzed ORR mechanism. According to the Koutecky—Levich theory, the
current density, i, of the ORR on an RDE can be expressed as in Eqn (12.2):

11
S =t (12.2)

i i g
Here, iq is the diffusion-limiting current density and can be expressed as in
Eqn (12.3):

is = 0.62nFCo,Dg, v /0w (12.3)

where n is the number of electrons transferred during the overall reduction
process, Co, is the concentration of O, Do, is the diffusion coefficient of O,, v
is the kinetic viscosity of the electrolyte, and w is the electrode rotation rate. It
is worth pointing out that the RDE theory expressed by Eqn (12.2) should be
modified if a porous layer electrode rather than a smooth electrode is used, as
shown in Eqn (12.8) (section 12.2.4). The effect arises from the thickness
of the Nafion® ionomer porous layer, which can limit the diffusion of O, within
the electrode [21]; in that study, certain calculations indicated that the effect of
the ionomer layer thickness on the iy values was insignificant, so this effect was
ignored.

According to Eqns (12.2) and (12.3), the reciprocal of the current density, ig,
is plotted against the reciprocal of the square root of the rotation rate, w, to
obtain the Koutecky-Levich plots, as shown in Fig. 12.6. It can be seen that the
slope of the Koutecky—Levich plot with an unpyrolyzed catalyst is close to that
of the theoretical 2-electron transfer reaction, and the slopes with pyrolyzed
catalysts are close to that of the theoretical 4-electron transfer reaction, indi-
cating that the ORR proceeds with a 2-electron transfer mechanism on an
unpyrolyzed catalyst and with a 4-electron transfer mechanism on pyrolyzed
catalysts.

The authors also conducted their mechanism study using an RRDE tech-
nique and calculated the electron transfer number and the percentage of
produced H;0, according to Eqns (12.4) and (12.5) [2]:

n = M (12.4)
N
%H,0, = Uf}{f[‘*) x 100 (12.5)

where I; and I3 are the currents at the ring and disk electrodes, respectively, and
N is the RRDE collection efficiency, which was determined by the authors in
this study to be 0.21 [2]. The electron transfer numbers calculated from their
RRDE analysis were close to those calculated based on the Koutecky—Levich
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FIGURE 12.6 Koutecky—Levich plots for the ORR on unpyrolyzed and pyrolyzed Co-PPy/C
catalysts at 0.3V vs. RHE in 0.5M H,SO4 under saturated O,. The current densities were
normalized to the geometric area. Co-PPy/C loading: 0.122 mg cm ™2 [2]. (For color version of this
figure, the reader is referred to the online version of this book.)

plot. From the electron numbers obtained, they concluded that the ORR
proceeds via different mechanisms on unpyrolyzed and pyrolzed catalysts.

In another study, on a Magneli phase Ti4O7 electrode for the ORR using
a half-cell RDE/RRDE technique, Li et al. [22] identified that the ORR
mechanism on a Ti4O7 electrode is a combination of 2- and 4-electron transfer
pathways in KOH aqueous solutions. The ORR kinetic parameters—such as the
chemical reaction rate constant between O, and the active reaction site of the
catalyst before electron transfer (k.), the electron transfer rate constant in
the ORR rate-determining step (RDS) (k.), the electron transfer coefficient in
the RDS (), and the ORR exchange current density—were obtained in alkaline
solution, as listed in Table 12.1.

Regarding the ORR mechanism, the authors believed that the first step
should be oxygen adsorption on the Ti4O7 electrode surface, which is then
electrochemically reduced through several elementary steps. The H,O,
produced (in the form of HO; in alkaline solution) can then be further reduced
to water or can dissolve into the solution, depending on the electrode material
used. If the HO; is relatively stable, it can enter into the solution before being
further reduced by another two electrons to H,O. This dissolved HO, will be
detected by the ring electrode when the RRDE is rotated. To facilitate under-
standing, the authors offered the following hypothetical steps for the ORR
mechanism:

TisO7 + 0, >0, — TisO; (12.1)
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fTABLE 12.1 Electron Transfer Rate Constant (k.) and Electron Transfer \
Coefficient («) in the ORR Rate-Determining Step, Calculated Based on
the Intercept and the Slope Values Obtained Using Koutecky—Levich
plots. The Electron Transfer Number in the ORR Rate-Determining Step
was Taken to be 1 [22]

KOH Concentration in

Aqueous Solution ™ 4M 6 M
ke (cms™) 1.6x107"2 8.1x10°"° 9.8x1078
i, (MA cm™?) 3.8x1071° 7.7x1078 4.8x107°
a 0.19 0.15 0.12

\ /)

0O, — TisO7 + ¢~ =0, — TiyO; (Rate-Determining Step) (12.1D

0; —Tis07 + ¢ + H,0—~HO, — Ti,O; + OH™ (12.111)
x(HO; — TisO7) + xH,0 + 2xe~ —xTisO7 + 3x(OH") (12.1V)
(1 — x)(HO; — Tis07)— (1 — x)TisO7 + (1 — x)HO; (12.V)

In this mechanism, Reaction (12.I) is the chemical reaction to form the
adduct, which has a reaction rate constant of 1.0 x 1072 ¢m s~! as deter-
mined by the RDE measurements in this work. Reaction (12.I1) is the ORR
RDS on the TigO7 electrode surface, whose rate constants are given in Table
12.1. Reaction (12.II1) represents the reactions for peroxide formation. After
HO; formation, HO; can react in one of two ways: further 2-electron
reduction to OH™ through Reaction (12.IV), or chemical desorption
through Reaction (12.V) to form a free peroxide ion, which then enters into
the bulk solution and can be detected by the ring electrode of the RRDE. The
ORR on the TizO7 electrode has a mixed 2- and 4-electron transfer path-
way and gives an overall electron transfer number of <4. The relative
portion of Reaction (12.IV) can be expressed as x, and the portion of Reaction
(12.V) can be expressed as (1-x). When x =1, the mechanism will follow
a totally 4-electron transfer pathway, and when x = 0, the mechanism will be a
totally 2-electron pathway. If the x value is >0 and <1, the ORR will have
a mixed 2- and 4-electron transfer pathway. Note that this ORR mechanism is
only hypothetical, to facilitate further discussion. More evidence is needed to
validate the mechanism.
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It is worth mentioning that kinetic parameters such as the electron
transfer coefficient and the exchange current density can also be obtained
by the Tafel method, based on RDE currents. For example, in a study by Li
et al. [21] on the ORR catalyzed by a carbon composite non-noble metal
catalyst, LaggCap4Co03/C (abbreviated as LCCO/C), the RDE current—
voltage curves were recorded at different electrode rotation rates in
solutions containing three different KOH concentrations. The RDE current—
potential curves were analyzed using the following Tafel and Nernst
equations:

. 2303RT, . 2.303RT iiq
E = Egjon + =y 102(id, jon )~ =plo (id—i> (12.6)
2.303RT
E = Epoq ———log(OH ") (12.7)

where E is the electrode potential, E%z JOH is the thermodynamic electrode
potential of the ORR, R is the gas constant (8.314 JK 'mol™"), T is the
absolute temperature (K), n, and « are the electron transfer number and
coefficient in the RDS of the catalyzed ORR, i%z JOH- is the ORR exchange
current density, and both i and ig have the same meaning as in Eqn (12.2).
The diffusion-current-corrected current densities in these regions (at
1600 rpm) were used to construct the Tafel plots shown in Fig. 12.7. It can be
seen that well-defined linear plots of log(iig/iq — i) vs. E were obtained in these
potential ranges. The resulting values of the Tafel slope (2.303RT /an,F) for
the LCCO/C and LCCO electrodes in all three KOH concentrations were
obtained, from which the values of the electron transfer coefficient, «, were
calculated by assuming that the RDS is a 1-electron transfer process (1, = 1).
The exchange current density ioo2 Jon- Was also determined from the intercept
of the Tafel plots.
12.2.4. Pt-Based Catalyst Layer Measurements
Using the HOR [23]

Schmidt et al. [23] used a conventional electrochemical half-cell to characterize
the electrocatalytic properties of highly dispersed electrocatalysts in an RDE
configuration. The WE was rotating GC coated by Pt/Vulcan catalyst powder
that had been impregnated with a thin Nafion® ionomer film. RDE measure-
ments on the catalyzed HOR showed that if the equivalent Nafion® film in the
catalyst layer was too thick, the mass transfer process could be significantly
affected. To take account of this effect, an alternative expression to Eqn (12.2)
was written as follows:

1 1 1 1
=t =4 — (12.8)
1 Ik It 14
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FIGURE 12.7 (Color online) ORR Tafel plots constructed using diffusion-current-corrected
current densities recorded on LCCO/C (red) and LCCO (blue) electrodes in O,-saturated (a) 1 M,
(b) 4 M, and (c) 6 M KOH solutions. LCCO/C loading: 0.41 mg cm™2 (LCCO:C = 0.4:0.6 w:w)
[21]. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this book.)

where i is diffusion-limiting current within the Nafion® ionomer layer, which
can be expressed as in Eqn (12.9):

ir = nFAC}y Dy L™ (12.9)

where n, F, and A have the same meanings as in Eqn (12.3), C{{Z and D{{Z are,
respectively, the concentration and diffusion coefficients of H; inside the
Nafion® layer, and L is its thickness. Based on these equations and the
measured data at different Nafion® film thicknesses, the effect of ir was
investigated, as shown in Fig. 12.8. Figure 12.8d shows that when the equiv-
alent Nafion® film thickness is >0.5 mm, the effect of ir on the RDE current
should be taken into account when investigating the electrode reaction Kinetics.

This method to correct the i effect was also used by Li et al. [21] for the
ORR. In their study, the thickness of the Nafion® ionomer layer was calculated
to be approximately 0.63 pm by assuming that the density of Nafion® film is
2 gcm . Based on the assumption that the concentration and diffusion coef-
ficients of oxygen in the Nafion® layer displayed no remarkable difference
between 1 M H,SO, and alkaline solutions, i was calculated to be 57 mA cm ™2
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FIGURE 12.8 (a) Hydrogen oxidation on a 15-pm-thick Nafion® film; (b) hydrogen oxidation
on a 0.1-pum-thick Nafion® film; (c) Koutecky—Levich plots based on the hydrogen oxidation data
with different Nafion® film thicknesses; (d) inverse Levich intercepts obtained from (c) vs. inverse
film thickness. 7= 25 °C; Pt loading =7 pg cm2; 0.5 M H,SOy; scan rate = 10 mV s~ ! [23].

according to the reported values of the O, concentration diffusion coefficient.
This i value was used to correct the kinetic parameters in their work. Their
Koutecky—Levich data were plotted at different electrode potentials, from
—0.20 to —0.45V, in three KOH concentrations. Each data group was
extrapolated to w~'* = 0 to obtain the intercept (1/ix + 1/i¢), from which the
ORR kinetic current densities (ix) were obtained by subtracting the value of i.
They found that the deviation could be as high as 20% after i correction,
depending on both the electrode potential and the current range, especially at
lower alkaline concentrations.

12.3. HALF-CELL DESIGN TO MIMIC FUEL CELL ELECTRODE
SITUATION FOR LIQUID FUEL OXIDATION REACTION [24]

12.3.1. Half-Cell Design and Fabrication

To mimic fuel cell operating conditions, some novel half-cells have been
designed and fabricated for evaluating catalysts and catalyst layers. For
example, Fig. 12.9a shows the schematic setup of a half-cell designed for fuel
cell electrode characterization and catalyst evaluation [24]. In this half-cell, the
CE reservoir is on the left-hand side, and the WE and its holder are placed in the
central chamber. Figure 12.9b shows the WE glass frit, and an upward oblique
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FIGURE 12.9 (a) Half-cell design front view, (b) half-cell design side view, (c) top view of half-
cell assembly, and (d) side and front views of WE assembly with 1cm? active area. Wound
Teflon® tape not shown [24].

salt bridge that is connected to the RE chamber. This upward oblique orien-
tation (rather than a horizontally positioned reference salt bridge with a glass
frit) is designed to avoid gas accumulation inside the bridge tube. Experiments
have shown that this special design feature is necessary because the accumu-
lation of gas inside the RE bridge can isolate the electrolyte connection
between the RE and WE, resulting in measurement failure. The WE holder has
its back connected to the RE salt bridge glass frit. The front and top of the WE
holder is open to the electrolyte, and the front is aligned to face straight right to
the fritted glass port mouth of the CE reservoir, straight on the left-hand side.
The WE electrode active surface, onto which the catalyst layer is coated, is
made to face the outside from the holder. The back of the WE active surface,
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which is not catalyzed, is made to face the RE salt bridge frit. In this way, the
current may only pass between the WE surface and the CE; consequently, the
current distribution field can be effectively blocked by both the WE glass
holder wall and the RE salt bridge tube wall. As a result, there should not be
significant current distribution between the WE and RE, leading to minimal IR
drop (current-electrolyte resistance drop) between the WE and RE. The WE
assembly, as shown in Fig. 12.9d, consists of a strip of gas diffusion electrode
carbon paper (GDE, 1 cm x 15 cm) sandwiched between two carbon graphite
holders. All three pieces are held together by tightly wound Teflon® tape, to
leave a 1.0 cm? (geometric) active area exposed on the WE tip. In Fig. 12.9a
and b, there are three cap ports on the top cap of the cell. Two outer ports are
sealed, and the third, with one holder, is for the thermometer. The central port
holds the WE shaft via O-rings at the top and bottom. The O-rings keep the WE
tip stationary and help prevent the tip from breaking. Fig. 12.9c gives a clear
view of the three cap ports as well as the three-way valve (“T” stop-cock) and
purge gas tube, both on the top of the drawing. The three-way valve (“T”
stop-cock) and purge gas tube are also both shown on the left-hand side of
Fig. 12.9b. The valve and tubes are used for bubbling gas from the bottom of the
half-cell, or passing gas over the surface of the electrolyte, or isolating the cell
from the gas flow altogether. The whole half-cell resides in a temperature
controlled water bath covered with insulating plastic balls that are used to keep
the temperature of the bath more stable and to minimize evaporation.

This half-cell was used for evaluating methanol oxidation catalysts and
catalyst layers [24], as described in the following section. It is expected that this
cell could also be suitable to mimic fuel cell operating conditions for other
liquid fuel oxidation because the WE structure is similar to the structure of the
anode in a direct liquid fuel cell.

12.3.2. Methanol Oxidation Under Mimicked Fuel Cell
Conditions [24]

Figure 12.10 shows the CVs for methanol oxidation on a Pt/Ru catalyzed
electrode at various temperatures. It can be seen that there is a significant
increase in the current density with increasing temperature. From the data in
this figure, the kinetic parameters of methanol oxidation can be estimated. For
an electrochemical reaction controlled purely by electron transfer kinetics, if
the reaction overpotential is large enough (>60 mV), the Butler—Volmer
equation can be simplified to the form of a Tafel equation, which is similar to
Eqn (12.6):

2.303RT 2.303RT

7log(i§/leOH/COz ) + TaFlog(l) (12 10)

E = El(\)/leOH/COZ - anF
o

where E is the anode potential, £V, o1 /COs is the standard electrode potential
for methanol oxidation, « and n, have the same meanings as in Eqn (12.6)



PEM Fuel Cell Testing and Diagnosis

0.9

80°C

0.8

0.7

0.6

0.5

il A

04 | 40°C

0.3
0.2

0.1
20°C

0.0 . . . . . . !
02 0.3 04 05 06 0.7 08 0.9 1.0 11 12

E/V (vs. NHE)

FIGURE 12.10 Cyclic voltammograms for methanol oxidation using 40 wt.% Pt:Ru (1:1 atomic

ratio) on Vulcan XC-72 with a catalyst loading of 1.0 mg em™2 in 1.0 mol dm > methanol and

sulfuric acid at different temperatures, as marked on each curve. The anode geometric area was
1.0 cm?. Potential scan rate: 5 mV s~ ' [24].

except that they are for methanol oxidation, and i}, . /O, is the exchange

current density of methanol oxidation. In Fig. 12.10, due to the slow potential
scan rate, the corresponding forward and backward currents at each potential
point during the CV scan can be averaged to obtain a steady-state current. The
Tafel plots of log (i) vs. E can be used to determine the kinetic parameters for
methanol oxidation, according to Eqn (12.10).

The Tafel plots based on the data in Fig. 12.10 at all four temperatures in the
potential range of 0.31-0.75 V showed that when the electrode potential was
increased, all curves began to deviate from the expected linear behavior; this
indicates that the oxidation reaction was no longer a purely kinetically
controlled process in this higher potential range. At low temperatures, such as
<40 °C, deviation from linearity was mainly due to poisoning by the CO
produced during methanol oxidation, which can be seen from the CVs at 20 and
40 °C in Fig. 12.10 (the “looped,” scattered, forward, and backward currents at
higher potentials). At higher temperatures, such as >60 °C, the deviation from
linearity was believed to be caused by limited methanol diffusion through the
catalyst layer to the reaction sites. The Tafel plots of log(i)~ vs. E in the
potential range of 0.35-0.65 V (vs. NHE) were used to estimate the kinetic
parameters of the Tafel slope b (= 2.303RT/anyF); Y1 .on Jco,» and ang, as
listed in Table 12.2. The Tafel slope values (~160 mV) are consistent with those
reported in the literature [25].

Because the measurements were conducted on an electrode that mimics
a direct methanol fuel cell (DMFC) anode electrode, the data shown in
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KTABLE 12.2 Kinetic Parameters at Different Temperatures, Estimated \
From the Tafel Plots of Methanol Oxidation on a Fuel Cell Anode
Catalyzed by Carbon-Supported Pt/Ru (40%, 1:1 atomic ratio) Catalyst,
1.0 mol dm~3 Methanol Solution with 1.0 mol dm 3 H,SO, as
Supporting Electrolyte, and at Ambient Pressure

T (K) 293 313 333 353

b (mV) 159 161 163 169
iMeot/co, (Acm™?) 1.93x107%  3.69x107%  8.33x107%  2.02x1077
an, 0.36 0.39 0.40 0.41
Eveonyco, V) —0.0120 —0.0262 —0.0404 —0.0546

—/

Table 12.2 may be treated as in situ data for methanol oxidation under DMFC
operating conditions.

The methanol oxidation activation energy was also obtained according to
Eqgn (12.11):

. . E,
Ln(llovleOH/coz) = Ln(lg,MeOH/COZ) TRT (12.11)
where E, is the reaction activation energy and i\ /co, is the absolute

reaction exchange current density of the reaction. The plot of the logarithm of
the exchange current density vs. 7' based on the data in Table 12.2 gave
a slope of E,/R, from which the reaction activation energy of methanol
oxidation was obtained, which was 33.6 kJ mol ™.

12.3.3. Electrochemical Impedance Spectroscopic
Measurements for Methanol Oxidation [24]

The half-cell shown in Fig. 12.9 can also be used for measuring the AC
impedance of methanol oxidation. The data obtained at different electrode
potentials and different temperatures are shown in Figs 12.11 and 12.12,
respectively. In Fig. 12.11, a small arc in the high-frequency (HF) region
and a well-developed semicircle in the mid-frequency (MF) region are
discernible, followed by an inductive arc in the low-frequency (LF)
region.

The MF arc shrinks rapidly when the bias potential increases from 0.35 to
0.65 V. In Fig. 12.12, at approximately 0.3-V bias potential, an increase in the
temperature from 20 to 80 °C also makes the MF arc shrink significantly. The
curve intercepts at the HF end of the Z’ axis normally represent the solution
electrolyte resistance. The HF arc may be ascribed to the ionic resistance within
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FIGURE 12.11 Nyquist plots of methanol oxidation at 80 °C and 0.35V, 0.45V, 0.55 V, and
0.65 V (vs. NHE) for an electrode with 40 wt.% Pt:Ru (1:1 atomic ratio) on Vulcan XC-72 in
1.0 mol dm > methanol and 1.0 mol dm > sulfuric acid. Experimental data (symbols) and fitted
results for equivalent circuit model (ECM) curves (solid lines) [24]. (For color version of this
figure, the reader is referred to the online version of this book.)
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(symbols) and fitted curves (solid lines) [24].
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FIGURE 12.13 ECM for methanol oxidation on a Pt/Ru catalyzed fuel cell anode.

the catalyst layer, coupled with a pseudocapacitance within the GDE. The MF
arc is usually associated with the electrochemical reaction charge transfer
process across the catalyst/electrolyte interface during the electrochemical
reaction, and the LF inductive loop may be caused by an adsorbed intermediate
species, such as CO. This adsorbed CO can be removed by oxidation and results
in an inductive loop on the LF end of the spectrum [26-28]. Normally, the
bigger the arc radii, the slower the corresponding process will be. In Fig. 12.11,
the increase in potential results in shrinkage of the MF arc radius; this indi-
cating that the rate of charge transfer for methanol oxidation increases with
increasing electrode potential, which is to be expected from the electrochemical
kinetics [29].

For a more quantitative description of the behavior shown in Figs 12.11 and
12.12, an ECM was constructed by these authors, as shown in Fig. 12.13.

In the ECM (Fig. 12.13), Ry is the ohmic resistance of the solution
electrolyte, while R; and C; (constant phase element, CPE), respectively,
represent the ionic ohmic resistance and ionic capacitance in the catalyst
layer; the capacitance (C;) was replaced by a CPE to more accurately
reflect the porous electrode behavior [30]. R, and C, represent methanol
oxidation charge transfer resistance and interfacial double layer capaci-
tance, respectively, and Rz represents intermediate adsorbate resistance due
to the increase in intermediate adsorbate coverage at the reaction site of
the catalyst surface. An adsorbed intermediate, such as CO, can be
oxidized to CO, above a critical potential to result in an inductance, L;
[28]. The inductance of the instrument in the HF region was not pursued in
this ECM.

Experimental data fitting using the ECM was performed with ZPlot’s
complex nonlinear least square fitting program. It was confirmed that the
experimental data were fitted very well at all four temperatures and
potentials, and this demonstrates that the proposed model in Fig. 12.13 is
feasible for description of the methanol oxidation process. The charge
transfer resistance (R;) of the methanol anode oxidation was obtained from
the ECM fitting at the four different temperatures and potentials, as plotted in
Fig. 12.14.

From Fig. 12.14, it can be seen that the charge transfer resistance,
R, decreases monotonically with increasing temperature for each potential.
The decrease in this resistance with increasing electrode potential reflects
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FIGURE 12.14 Reciprocals of R, as a function of temperature and electrode potential, obtained
by fitting the impedance data by using the ECM shown in Fig. 12.13 [24].

that an increase in the electrode potential can speed up the methanol electro-
oxidation Kinetics, which is consistent with the CV results shown in
Fig. 12.10.

12.4. HALF-CELL DESIGN TO MIMIC THE FUEL CELL
ELECTRODE SITUATION FOR THE ORR AND HOR [31]

12.4.1. Half-Cell Design and Fabrication

Figure 12.15 shows a half-cell design consisting of three electrodes: the WE,
CE (a platinum sheet), and RE (an SCE). A Teflon® container with both the CE
and RE inlets and two gas vents serves as the electrolyte chamber, filled with
0.5 M H,SOy4 solution. Before each electrochemical measurement, this elec-
trolyte solution is bubbled with N, for 30 min to remove dissolved O,. The WE
(anode or cathode) and flow field plate containing gas channels are located
inside the metal titanium current collector. The RE is located right beside the
WE so that its tip touches the membrane of the catalyst-coated membrane
electrode (CCME). In this way, the IR drop between the RE and the catalyst
layer can be minimized. The gas diffusion layer (GDL, carbon paper) of
the CCME is exposed to the feed gases, and the catalyst layer side—which
has an active area of 1.0 mm? (i.e. 1.0 mm x 1.0 mm) covered by Nafion®
112 membrane—is exposed to the electrolyte solution through a small round
window at the end of the electrolyte chamber. Note that because the membrane
is in direct contact with the aqueous electrolyte solution, the situation
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FIGURE 12.15 Schematic of a designed half-cell for PEM fuel cell anode or cathode catalyst/
catalyst layer evaluation [31]. (For color version of this figure, the reader is referred to the online
version of this book.)

resembles that of a fuel cell whose cathode MEA is totally flooded. Four metal
pins are used to hold together the electrolyte chamber and the metal current
collector.

12.4.2. Half-Cell Design Validation Using Both the ORR
and the HOR [31]

In validating the half-cell shown in Fig. 12.15, the authors used 20 wt.% Pt/C
and 20 wt.% Pty sRug s/C catalysts to construct the cathode and anode catalyst
layers for the ORR and HOR, respectively [31]. The CCME, constructed for
cathode or anode, consisted of three layers: (1) the GDL on which (2) the
catalyst layer was coated, and (3) the Nafion® membrane, which was bonded to
the top of the catalyst layer using hot-pressing. When this CCME was
assembled into the half-cell, the GDL side was made to face the channel in the
flow field plate, and the membrane side was made to face and be in contact with
the electrolyte solution.

With optimization of the design, in particular, the size of the electrolyte
window, an overpotential of 47 mV at 1.0 A cm 2 for the HOR was achieved,
which was less than the 50 mV observed in a fuel cell HOR. This demonstrates
that this cell design is feasible.

To further confirm the feasibility of the half-cell, the Pt-based CCME
was also used to test the ORR at the cathode. Figure 12.16 shows the ORR
curves as a function of air-flow rate. It can be seen that an air-flow rate of
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FIGURE 12.16 ORR curves at different air-flow rates, as marked. Pt/C (20 wt.%) was used to
prepare the cathode catalyst layer, which had a Pt loading of 2.0 mgcm 2. Potential scan rate:
20 mV s~ [31]. (For color version of this figure, the reader is referred to the online version of this
book.)

5 mlmin~" is not enough to support the ORR current; the air-flow rate must
be >10ml min~'. The curves also show plateau current densities of
approximately 7 A cm™2; this value is limited by O, diffusion. When the
electrode potential is more negative than 0.2 V, another electrode process
starts, which is probably H,O reduction to produce H,. The result shown in
Fig. 12.16 demonstrates that this half-cell can also be used for studying

cathode ORR catalysts.

12.4.3. Half-Cell Testing for CO-Tolerant Anode Catalysts [31]

The half-cell shown in Fig. 12.15 was also used to study CO-tolerant catalysts
[31]. In this study, both Pt-based and Pt 5Rug s-based CCMEs were used for
HOR testing in the presence of various CO concentrations.

Figure 12.17 shows the HOR performance catalyzed by these two catalysts
in the presence of various CO concentrations (10, 50, 100, 300, and 500 ppm)
in the Hj stream. It can be seen that the Pt sRug s/C catalyst has a lower ORR
catalytic activity compared to the Pt/C catalyst. However, when the CO
concentration is >100 ppm, Pty 5sRug s/C shows a higher performance than Pt/C
does, which suggests that Pty sRug s/C has a higher CO tolerance. Note that in
the presence of >100 ppm CO, when the electrode potential is more positive
than approximately 0.55 V (vs. RHE), the current density increases rapidly on
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FIGURE 12.17 Comparison of H, oxidation performance with Pt-based and Pt-Ru-based
electrodes in the presence of various CO concentrations. Pt/C (20 wt.%) was used to prepare the
anode catalyst layer, with a Pt loading of 2.0 mg cm™2. Potential scan rate: 20 mV s~ '; H, flow
rate: 5 mlmin~! [31]. (For color version of this figure, the reader is referred to the online version
of this book.)

the curves. This should indicate a surface CO oxidation reaction that releases
more Pt sites for the HOR.

12.5. CHAPTER SUMMARY

For quickly downselecting fuel cell electrode materials and components such
as the catalyst and its associated catalyst layer, an ex situ approach using an
electrochemical half-cell setup is the quickest and most cost-effective method
because it allows the investigation of one electrochemical reaction and its
associated catalysis mechanism as well as the effects that operating conditions
have on this reaction, without interference from another electrochemical
reaction. By using novel half-cell designs that enable mimicking of fuel cell
operating conditions, some evaluation is possible. In this chapter, three
different kinds of half-cell design are presented; these include the conver-
sional three-electrode half-cell and two novel half-cells that allow such
mimicking. Several examples are also given to validate these half-cell designs,
including the evaluation of (1) ORR catalysts in terms of their EPSA, mass
activity, and stability; (2) the catalyst layer for the effect of its Nafion®
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content; (3) catalysts for the methanol oxidation reaction; and (4) HOR
catalysts in the presence of CO.
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/Acronyms and

AAS
AB

AC
A-CL
ADT
AECD
AFM
A-GDM
A-MPL
AP
APR
AST
ATR-FTIR
BM
BMI
BOL
BP
C-CL
CL
CCM
CCME
CE
C-GDM
CL
C-MPL
CNT
CPE
CT

Ccv

DC
DMAc
DMFC
DOE
DSC
DTA
EPSA
EC-AFM
ECM
EDS
EDX
EIS
EOL
EPDM
ESA

\_ Abbreviations

atomic adsorption spectroscopy
acetylene black

alternating current

anode catalyst layer

accelerated degradation test or accelerated durability test
apparent exchange current density
atomic force microscopy

anode gas diffusion medium

anode microporous layer
1-aminopyrene

average pore radius

accelerated stress test

attenuated total reflection Fourier transform infrared spectroscopy
benzyl mercaptan

1-butyl, 3-methylimidazolium
beginning of lifetime

Black Pearls®

cathode catalyst layer

catalyst layer

catalyst-coated membrane
catalyst-coated membrane electrode
counter electrode

cathode gas diffusion medium
catalyst layer

cathode microporous layer

carbon nanotube

constant phase element

computed tomography

cyclic voltammetry

direct current

dimethylacetamide

direct methanol fuel cell

United States Department of Energy
differential scanning calorimetry
differential thermal analysis
electrochemical Pt surface area
electrochemical atomic force microscopy
equivalent circuit model

energy dispersive X-ray spectroscopy
energy dispersive X-ray analysis
electrochemical impedance spectroscopy
end of lifetime

ethylene propylene diene monomer
electrochemical surface area
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Acronyms and Abbreviations

EXAFS extended X-ray absorption fine structure

FC fuel cell

FEP fluorinated ethylene propylene

FF flow field

FRA frequency response analyzer

FTIR Fourier transform infrared spectroscopy

FWHM full width at half maximum

GC gas chromatography or glassy carbon

GC-MS gas chromatography—mass spectroscopy

GDB gas diffusion backing

GDE gas diffusion electrode

GDHL gas diffusion half-layer

GDL gas diffusion layer

GDM gas diffusion medium/media

HAADF-STEM  high-angle annular dark field scanning transmission electron microscopy

HF high frequency

HFR high-frequency resistance

HOR hydrogen oxidation reaction

HR-TEM high-resolution transmission electron microscopy

HT-PEM high-temperature PEM

ICP inductively coupled plasma

IECD intrinsic exchange current density

IR infrared

KPM Kelvin probe microscopy

LCCO LaoAGCa0‘4CoO3

LF low frequency

LRS laser Raman spectroscopy

(Y linear sweep voltammetry

LT-PEM low-temperature PEM

MEA membrane electrode assembly

MF midfrequency

MPL microporous layer

MS mass spectrometry

NDC normal direction conductivity

NHE normal hydrogen electrode

NMR nuclear magnetic resonance

ocv open circuit voltage

ORR oxygen reduction reaction

PA phosphoric acid

PAAM polyacrylamide

PBI polybenzimidazole

PCA 1-pyrenecarboxylic acid

PCB printed circuit board

PEEK poly(ether ether ketone)

PEEKK poly(ether ether ketone ketone)

PEI polyethylenimine

PEM proton exchange membrane or polymer electrolyte membrane

PEMFC polymer electrolyte membrane fuel cell or proton exchange
membrane fuel cell

PEO poly(ethylene oxide)

PFSA perfluorosulfonic acid

PFSI perfluorosulfonated ionomer or perfluorosulfonimide



Acronyms and Abbreviations

PP
PSF
PSSA
PTA
PTFE
PVA
PVDF
RDE
RRDE
RE
RH
RHE
RRDE
SAB
SCE
SEM
SEM-EDS
SHE
SPEEK
SPM
SPSF
STM
TDC
TEM
TFCL
TGA
TPSA
USFCC
uvs
VOC
WE
WDS
XAS
XPS
XRD

polyphenylenes

polysulfones

polystyrene sulfonic acid
phosphotungstic acid
polytetrafluoroethylene

polyvinyl alcohol

polyvinylidene difluoride

rotating disk electrode

rotating ring-disk electrode

reference electrode

relative humidity

reversible hydrogen electrode
rotating ring-disk electrode
Shawinigan acetylene black
saturated calomel reference electrode
scanning electron microscopy
scanning electron microscopy—energy-dispersive X-ray microscopy
standard hydrogen electrode
sulfonated poly(ether ether ketone)
scanning probe microscopy
sulfonated polysulfone

scanning tunneling microscopy
tangential direction conductivity
transmission electron microscope/microscopy
thin-film catalyst layer

thermal gravimetric analysis

total Pt surface area

US Fuel Cell Council

ultraviolet spectroscopy

volatile organic compound

working electrode
wavelength-dispersive X-ray spectroscopy
X-ray absorption spectroscopy

X-ray photoelectron spectroscopy
X-ray diffraction
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A
Abbe’s theory, 304-305
Accelerated durability testing method
hold test conditions, 197, 198t
membrane chemical degradation, 196-197
reversible and irreversible degradation,
198-199, 199f
transmission electron microscopy, 197, 198f
Acetylene black (AB), 49-50
Atomic force microscopy (AFM), 307

B

Backpressure effects
apparent exchange current densities, 229
electrode kinetics and mass transfer process,
232-233
anode, cathode and total cell voltage
change, 233-234, 234f
charge transfer resistance, 235-236, 235f
mass transfer limiting current density, 236
mass transfer resistance, 236237, 237f
MEAs, 234
overall impedance, 235
reactant gas transportation, 236
Henry’s constant, 229-231
hydrogen crossover, 238-239, 238f
kinetic parameters, 229-231, 230t
membrane resistance, 237
OCYV, 231-232, 233f
polarization curves, 231, 231f
Nafion®-212 membrane, 239, 240f
Beginning of lifetime (BOL) test, 84
Black Pearls® (BP), 49-50
Bruggeman correlation, 174, 320-321
Butler—Volmer equation, 11, 97-98

C

Carbon nanotubes (CNTs), 303-304

Carbon paper wet proofing method, 59,
60f-62f, 61

Carbon support corrosion, 25-26

Carbon-supported cobalt polypyrrole
(Co-PPy/C) catalyst, 343-344, 343f

Carbon-supported Pt catalyst (Pt/C)
agglomeration mechanism, 256, 256f
degradation modes, 256
TEM images and Pt particle size distribution,

256-257, 257f

Catalyst coated membrane (CCM)

technology, 54-55, 54f

Catalyst layer (CL)
hydrophilic CL

CCM technology, 54-55, 54f
GDL-based hydrophilic CL, 53
ionomer-bonded hydrophilic CL, 53.
See also Ionomer-bonded hydrophilic
catalyst layer
hydrophobic CL, 52-53, 52f
PTFE-bonded, 63-64
Nafion®-ionomer-bonded electrode, 55-57,
56f, 57f
properties, 51
requirements, 51
sputtering-deposition method, 51
three-phase reaction boundary, 50-51,
SIf

Catalyst synthesis, 26

Clapeyron equation, 202-203

Contact angle
capillary meniscus height method, 321-322,

322f
external surface contact angle, 321-322
force balance, 322-323
hydrophobicity and hydrophilicity, 321
internal surface contact angle, 321-322
Owens—Wendt theory, 323
‘Washburn method, 323
Wilhelmy plate method, 322-323

Contaminant tolerance
anode CO contamination, 245
CO adsorption types, 245, 245f
Langmuir-type adsorption, 246247,

246f
PEEK membrane, 246-247
voltage loss, 246-247, 247f
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Co-PPy/C catalyst. See Carbon-supported Electrical energy efficiency, 5-6
cobalt polypyrrole (Co-PPy/C) hydrogen utilization, 35
catalyst Electrochemical atomic force microscopy

Current density, 37-38
Current mapping
cell-subcell arrangement, 101, 103f
current distribution, 105
end plate and adjustment screws, 101-102,
103f
flow field plate
cross-section, 101-102, 104f
current collectors, 101-102, 103f
infrared thermography, 102
MEA design, 101, 102f
PCB segmented electrode, 103—105, 105f
segmentated cell methods, 101
Cyclic voltammetry (CV) technique, 274,
314
cyclic voltammogram, 85-86, 86f
in situ characterization, electrocatalysts
CO stripping method, 89-90, 90f, 91f
CV curve, 87, 88f
EPSA, 86-88, 90
Pt-based catalyst, 86—87
Pt—linear and bridge bonding,
90-91
Pt utilization, 88-89
TPSA, 88-89
LSV
hydrogen crossover rate, 91-92
limiting current, 92-93
Nafion®-112 membrane-based MEA,
92-93, 92f
reference electrode, 93
ultrahigh-purity hydrogen and nitrogen,
92-93
potentiostat, 85-86
waveform, 85-86, 85f

D

Degradation rate, 84

Differential scanning calorimetry (DSC),
311-312

Direct methanol fuel cell (DMFC), 352-353

E

EC-AFM. See Electrochemical atomic force
microscopy (EC-AFM)

EDS. See Energy-dispersive spectrometry
(EDS)

EIS. See Electrochemical impedance
spectroscopy (EIS)

(EC-AFM)
in situ method, 159-160, 160f
membrane topography, 160, 161f
number of image points, histogram, 160,
162f
time-resolved conductivity mapping,
160-162

Electrochemical half-cells

fuel oxidation reaction, 338
mimic fuel cell electrode
anode/cathode catalyst/catalyst layer
evaluation, 356-357, 357f
CO-tolerant anode catalyst, 358-359,
359f
liquid fuel oxidation reaction. See Liquid
fuel oxidation reaction
ORR and HOR, 357-358, 358f
Teflon® container, 356-357
three-electrode half-cell
design and fabrication, 338-339,
339f
HOR. See Hydrogen oxidation reaction
(HOR)
ORR. See Oxygen reduction reaction
(ORR)

Electrochemical impedance spectroscopy

(EIS), 124-125, 126f, 274-275, 276f,
313-314

advantages, 93-94, 153-154

Bode plot, 93-94, 95f

electrode—electrolyte interfaces, 93

equivalent circuit, 96, 96f

ex situ measurement, 93

FRA, loadbank and fuel cell connections, 95,
96f

HFR measurement frequency, 155

measurement under load, 99-101, 100f

membrane conductivity measurement,
96-97

PBI membrane-based PEM fuel cell,
154-155, 155f

Nyquist plot, 93-94, 94f

OCV. See Open circuit voltage (OCV)

Solartron 1260 FRA and RBL 488 series,
154, 154f

voltage and current control mode, 94-95

ZView® program, 96

Electrochemical monitoring technique,
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Electrochemical reaction, Hy/air fuel cell
kinetics
HOR. See Hydrogen oxidation reaction
(HOR)
ORR. See Oxygen reduction reaction
(ORR)
thermodynamics
electrical energy efficiency, 5-6
electrode potential and cell voltage, 3—4
total reaction heat energy, 5
Electron transfer coefficient, 345, 346t
Electron transfer rate constant, 345, 346t
End of lifetime (EOL) test, 84
Energy-dispersive spectrometry (EDS),
310-311, 311f
Everhart-Thornley detector, 310-311

F

Failure modes
accelerated stress test method, 284, 286t
and AST protocols, 330-331
catalyst/ionomer interface
chemical degradation, 315-316
freeze/thaw cycles, 316
ice formation, 316
testing and diagnosis, 316-317, 317f
components, 284, 285t
electrocatalyst and catalyst support
degradation
carbon corrosion, 300
CNTs, 303-304
CO stripping voltammetry, 314-315
current interrupt method, 312-313, 313f
CV, 314
EDS, 310-311, 311f
EIS, 313-314
elemental content analysis, 315
operating condition impacts, 301, 302f
optical microscopy, 304-305
particle size coarsening, 299-300
polarization curves, 312
Pt-alloy catalysts, 301-303
SEM, 305-306, 306f
SPM, 307
surface morphology characteristics, 304
TEM, 307-309, 308f
thermal gravimetric analysis, 311-312
water electrolysis, 301, 303f
water oxidation, 300-301
X-ray imaging, 309-310, 310f
GDL. See Gas diffusion layer (GDL)
impurity types, 286

membrane failure
carboxylate groups, 292
characteristics, 295
chemical degradation mechanism, 290,
291f
contamination, trace metal ions,
291-292
F-ion test, 297
free-radical stabilizers and inhibitors,
294-295
gas leakage test, 297-298
Gore reinforced and nonreinforced
membrane, 293-294, 293f
high-frequency resistance, 299
H,O; concentration, 290-291
hydrogen crossover rates, 295-296
keep-warm method, 294
mechanical degradation, 287-288
membrane classification, 294
OCV test, 298-299
PFSA, 289-290, 292
PSSA, 294-295
requirements, 287
surface morphology characteristics,
298
thermal degradation, 288-289
ORR, 284
sealing gasket
amorphous polymers, 327
chemical characterization, 327
compression stress relaxation, 327
degradation characteristics, 324-325
elastomeric materials, 324
fluoroelastomers, 324
mass uptake/weight change, 330
membrane sample, SEM-EDX images,
324-325, 325f
microindentation test, 329-330
migration and accumulation, 326
outgassing gasket materials, 330
properties and test methods, 327, 328t
residual stress, 325
stress relaxation, 325-326
tear test, 328-329
tensile stress, 325
tensile test, 328
startup and shutdown, 284-286
temperature and RH changes, 287
time-to-failure data, 284

Fick’s first law, 173
Flow field plate/bipolar plate, 29-30, 31f
Frequency response analyzer (FRA), 154
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Fuel cell degradation
durability, definition, 283-284
failure modes. See Failure modes
Fuel cell resistance, 124-125

bipolar plates, 279

catalyst agglomeration and carbon corrosion,
277-278, 278f

catalyst design, 262-263

catalyst development, 255-256

G carbon corrosion mechanism, 259,

Gas chromatography method, 178 262f

Gas diffusion layer (GDL), 26-27 fuel cell performance curves, 257-259,

capillary flow porosimetry, 320

capillary pressure, 320-321

carbon-fiber paper and cloth, properties, 45,
46t

conductivity, 323-324

contact angle. See Contact angle

Darcy formula, 320-321

effective diffusivity, 320-321

ex situ GDL aging procedure, 317-318

functions, 44

hydrophobicity/hydrophilicity, 45

mercury porosimetry, 320

MPL. See Microporous layer (MPL)

permeability, 320-321

porosity, 319

PTFE and carbon composite, 318

PTFE effect, 47, 47f

standard contact porosimetry, 320

water management, 318, 319f

Gas-diffusion media (GDM), 26-27

Gas flow rates and stoichiometries, 37-39
Gas permeation rate, 296

GDL. See Gas diffusion layer (GDL)

Gibbs free energy, 4

Grotthuss-type mechanism, 144, 145f

H

HOR. See Hydrogen oxidation reaction

(HOR)

High-temperature proton exchange

membrane (HT-PEM) fuel cell
acid-base polymer membrane, 254255,
255f
acid impregnation, 265, 266f
benefits
anode CO contamination, 245
CO adsorption types, 245, 245f
electrode kinetics, 244-245
Langmuir-type adsorption, 246247,
246f
methanol reformer, 249
PEEK membrane, 246-247
voltage loss, 246-247, 247f
water and heat management, 247-248

258f
noncarbon materials, 259-262
Pt agglomeration, 257-259
Pt/C catalyst, particle size distribution,
257-259, 261f
Pt/C stability, 256-257, 256f, 257f
Pt4ZrO,/C, particle size distribution,
257-259, 260f
catalyst layer, 264
diagnosis, 273
CV and LSV techniques, 274, 275f
EIS, 274-275, 276f
physical characterization, 275
gas diffusion electrode, 264
H3PO4-doped PBI ionomer, 265, 267f
MEA
preparation, 269-270, 269f
structure, 265, 267f
membrane classification, 249
membrane dehydration and conductivity
loss, 276277
methanol reformate and fuel processor
integration, 268-269
modified PFSA membranes
cell potential vs. current density, 251-252,
251f
hygroscopic oxides, 251
mechanical strength reduction, 250
methods, 250
Nafion® structure, 249-250, 250f
time performance test, 251-252, 252f
PA-doped PBI membrane, polarization
curves, 264, 265f
pore-filling membrane, 263-264, 264f
PTFE, 265, 266f
single-cell and stack design, 265-268, 268f,
270, 270f, 271f
sulfonated polymers
inorganic—organic composite membrane,
254
Nafion® microstructures, 253, 253f
sulfonated hydrocarbon membrane,
252
thermal stability, 253-254
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testing
external and internal method, 272-273
PBI-based system, 273
relative humidity, 272
saturated water vapor pressure vs.
temperature, 272, 273f
thermal management, 273
test station modification, 270-271, 272f
Hydrogen crossover, 133-135, 134f, 135f
cathode degradation, 177
definition, 171-172
ex situ and in situ methods, 177
fuel cell OCV, 176-177
fuel cell voltage, 172
fuel efficiency, 176
LSV, 178-179, 179f
membrane degradation, 177
membrane permeability measurement, 178
membrane resistance, 172
model
Bruggeman correlation, 174
Fick’s first law, 173
H, diffusion, 173-174
MEA, 172-173, 173f
Nafion®-112 membrane, 174-175
permeability coefficient, 175-176
pressure dependence, 182t, 183—184, 184f
RH dependence, 182-183, 182t, 183f
steady-state electrochemical method,
180-181, 180f, 181f
temperature dependence, 181-182, 182t,
183f
Hydrogen oxidation reaction (HOR), 122,
127-128, 154155
anode overpotential, 11
apparent and intrinsic exchange current
densities, 128, 130t
Arrhenius form, 13
Butler—Volmer equation, 11
charge transfer resistance, 13
diffusion-limiting current, 347-348, 349f
EIS measurements, 13
electrocatalytic properties, 347-348
EPSA, 127-128
exchange current density, 10-11, 128,
129t
forward and backward reaction rate
constants, 9
hydrogen concentration, 8
limiting diffusion current density, 13—14
mass transfer coefficient, 13-14
Nafion® layer, 348-349
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net current density, 9—10
Pt particles, catalyst, 6
surface species/reaction sites, 7
Tafel equation and plot, 12, 12f
Hydrophilic catalyst layer
CCM technology, 54-55, 54f
GDL-based hydrophilic CL, 53
ionomer-bonded hydrophilic CL, 53
decal transfer method, 66-67, 66f,
67f
preparation process, 65
voltage degradation, 62f, 67

I
Tonomer-bonded hydrophilic catalyst layer
decal transfer method, 66, 66f
polarization curves, 66-67, 67f
preparation process, 65
voltage degradation, 62f, 67

K

Kelvin probe microscopy (KPM), 307
Koutecky—Levich theory, 343-345, 345f

L

Linear scan voltammetry, 178-179, 179f
Linear sweep voltammetry (LSV), 274
hydrogen crossover rate, 91-92
limiting current, 92-93
Nafion®-112 membrane-based MEA,
92-93, 92f
reference electrode, 93
ultrahigh-purity hydrogen and nitrogen,
92-93
Liquid fuel oxidation reaction
characterization and catalyst evaluation,
349-351, 350f
electrochemical impedance spectroscopic
measurements
charge transfer resistance, 355-356, 356f
ECM, 355, 355f
Nyquist plots, 353-355, 354f
methanol oxidation
activation energy, 353
DMEC, 352-353
kinetic parameters, 352-353, 353t
Pt/Ru catalyzed electrode, 351-352, 352f
Tafel equation, 351-352
LSV. See Linear sweep voltammetry
(LSV)



M
Magnus equation, 202-203
Mass power density, 34
Membrane conductivity
Arrhenius plots, 132, 133f
Nafion®-112 membrane resistance, 132,
133f
PFSA membrane, 132
Membrane electrode assembly (MEA)
design, 29
CL design. See Catalyst layer (CL)
electrode porosity, 59
fabrication
CL fabrication. See Catalyst layer (CL)
GDM preparation, 59-62, 60f—62f
hot-pressing temperature and time effects,
68-69, 69f
membrane pretreatment process, 68
MPL preparation, 62-63, 63f, 64f
GDL
carbon-fiber paper and cloth, properties,
45, 46t
functions, 44
hydrophobicity/hydrophilicity, 45
MPL. See Microporous layer (MPL)
PTFE effect, 47, 47f
hot-pressing process, 58
structure of, 44, 45f
Membrane/ionomer proton conductivity
measurements
conduction mechanism. See Proton
conduction mechanism
current interruption method
activation polarization, 151-152
advantage and disadvantage, 152-153
cell operation, constant current, 150-151,
150f
dielectric relaxation time/time constant,
152
equivalent circuit, 151-152, 151f
voltage drop, 150-151
voltage transient, 152, 153f
EC-AFM
in situ method, 159-160, 160f
membrane topography, 160, 161f
number of image points, histogram, 160,
162f
time-resolved conductivity mapping,
160-162
EIS
advantage, 153-154
HFR measurement frequency, 155

Index

PBI membrane-based PEM fuel cell,
154-155, 155f
Solartron 1260 FRA and RBL 488 series,
154, 154f
electronic resistivity, 149-150
ex situ AC impedance spectroscopy
four-point probe method, 157-159, 158f,
159t
TDC, 155-156
two-point probe method, 156157, 156f,
157t
Nafion® 117 membrane
Arrhenius plot, 164-165, 165f
current density, 164—165
water content, 162, 163f
water uptake, 162-163, 163f
water uptake vs. water vapor activity, 162,
164f
redox reactions, 144
relative humidity and water content
effect
current density, 167-168, 168f
water diffusion coefficient, 167, 167f
water uptake ratio, 165-167
water vapor sorption, 165-167, 166f
types, conductivity, 143-144
Microporous layer (MPL)
carbon loading effects
AB-BP, 49-50
carbon blacks, 48-49
pore size distribution, 49-50, 50f
porosimetric characteristics, 4849, 49t
preparation materials, 48—49, 48t
properties, 46
water management, 45-46

N

Nernst equations, 3—4

O
Open circuit voltage (OCV), 4, 123-124
accelerated durability testing method
hold test conditions, 197, 198t
membrane chemical degradation,
196-197
reversible and irreversible degradation,
198-199, 199f
transmission electron microscopy, 197,
198f
AC impedance measurement, 98
Butler—Volmer equation, 97-98
diagnostic method, 196, 197f
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exchange current density
HOR, 99
ORR, 97-98, 98t
H, crossover effect
Butler—Volmer equation, 193-194
current density, 193—194, 193f, 194t
hydrogen oxidation reaction,
192-193
Nafion®-112-membrane-based MEA,
194
mixed potential effect, 190-192, 191t
Nyquist plot, 97-98, 97f
0O,, H, and carbon support C, side reactions,
188-189, 189t
ohmic shorting, 190
temperature effect, 194—195, 195f
theoretical thermodynamic voltage,
187-188
Osmotic drag coefficient, 206-207
Owens—Wendt theory, 323
Oxygen reduction reaction (ORR), 122-123,
123f, 154-155
Arrhenius form, 21
Butler—Volmer equation, 20
2-electron transfer pathway, 15
equilibrium electrode potential, 18
exchange current density, 19, 212-213, 212t
forward and backward reaction rate
constants, 16-17
limiting diffusion current densities,
21-22
net ORR current density, 19
non-noble metal catalyst
Co-PPy/C catalyst, 343-344, 343f
diffusion-current-corrected current
density, 347, 348f
diffusion-limiting current density,
343-344
electron transfer rate constant and electron
transfer coefficient, 345, 346t
kinetic parameters, 347
Koutecky—Levich theory, 343-345, 345f
oxygen adsorption, 345-346
peroxide formation, 346
RRDE technique, 344-345
Tafel and Nernst equations, 347
ORR rate, 18
Pt-based catalyst measurement, 15
catalyst stability, 343
CO-stripping voltammogram, 340-341,
341f
current—voltage curves, 342, 342f
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cyclic voltammogram, 340, 341f
electrode preparation, 340
EPSA data, 340
mass activity, 342
surface species/reaction sites, 17
Tafel equation and plot, 20-21, 20f
Tafel slope
activation polarization, 213
agglomerate model, kinetic and transport
parameters, 215, 215t
IR-corrected cell voltage, 213, 214f
operating conditions, 213, 214f
temperature effects, 129t, 130t, 131-132

P
PEM fuel cell. See Proton exchange
membrane (PEM) fuel cell
Perfluorosulfonic acid (PSFA) membranes,
27-28
Permeability coefficient, 296
Poly(ether ether ketone ketone) (PEEKK),
146, 147f
Polystyrene sulfonic acid (PSSA) membrane,
294-295
Power density, 83, 83f
Pressure effects
backpressure effects. See Backpressure
effects
exergoeconomic analysis, 225-226
operating pressure
anode and cathode pressure, 226-227
average oxygen partial pressure, 228,
228f
inlet and outlet pressure, 226
saturated water vapor pressure, 227
total pressure, 227
Proton conduction mechanism
hydrated Nafion® and sulfonated
poly(ether ether ketone ketone), 146,
147f
hydronium ions, 146-148
hydrophilic sulfonic acid group, 146
hydrophobic polymer, 146
proton dissociation, 146-148
self-diffusion coefficient, 148—149, 148f,
149f
in water
Grotthuss-type mechanism, 144, 145f
H-bonded network, 146
vehicle mechanism, 144-145, 145f
Zundel and Eigen ions, 145-146, 145f
water channel network, 148-149
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Proton exchange membrane (PEM) fuel cell Nafion®, 2

accelerated testing, 84
components, 8§1-82
catalyst layers, 26
current collectors, 30-32
electrocatalysts, 25-26
end plate, 32
flow field plate/bipolar plate, 29-30, 31f
GDLs, 26-27, 27f
MEA, 29
PTFE-based sealing, 32
solid electrolyte. See Solid electrolyte
structure of, 24-25, 24f
current control mode, 83
current generation, 101
current mapping. See Current mapping
current-voltage expression
cell voltage, 22-23
OCYV, 24
polarization curve, 23-24, 23f

CV technique. See Cyclic voltammetry (CV)

technique
disadvantages, 57-58
EIS. See Electrochemical impedance
spectroscopy (EIS)
electrical energy efficiency, 35
electrochemical half-cells.
See Electrochemical half-cells
failure modes. See Failure modes
flow field design, 70f
channel pattern, 71-72
fabrication process, 72-73
functions, 70
geometric parameters, 72, 72f
materials, 71
fuel cell stack operation, 32-33, 33f
gas crossover, 34-35
gas flow rates and stoichiometries, 37-39
Hby/air fuel cell, 2, 2f
electrochemical reaction.
See Electrochemical reaction, Ho/air
fuel cell
power density, 33-34, 34f
half-cell testing, 82
HT-PEM, 121-122. See also
High-temperature proton exchange
membrane (HT-PEM) fuel cell
hydrogen crossover, 34-35. See also
Hydrogen crossover
lifetime/durability testing, 84
MEA design. See Membrane electrode
assembly (MEA) design

molecular structure, 57-58
neutron imaging
in situ monitoring, 109-111
MEA active area, 111-112, 111f
membrane hydration measurement,
109-111, 110f
temporal and spatial resolution, 112
water generation process, 111-112, 111f
OCV. See Open circuit voltage (OCV)
operating pressure, 36
operating temperature, 36
polarization curve analysis, EIS, 124-125,
126f
power density curves, 83, 83f
pressure effects. See Pressure effects
proton-conducting membranes, 58
proton conductivity measurements.
See Membrane/ionomer proton
conductivity measurements
Pt catalyst
anode H, oxidation, 122
cathode O, reduction, 122—-124,
123f
relative humidity, 36-37, 37f. See also
Relative humidity (RH) effects
requirements, 57-58
sealing design
fabrication methods, 73-74, 74f
material selection, 73
sealing gasket, functions, 73
SEM, 112, 113f
single cell assembly, 74-75, 75f
single cell hardware, 74
stack design
assembly, 77
hardware, 75-76, 76f
heat management, 7677
TEM, 114, 115f
temperature effects, 136
ambient backpressure, polarization
curves, 137-138, 138f
cell performance, humidification
temperature, 137, 137f
HOR. See Hydrogen oxidation reaction
(HOR)
hydrogen crossover, 133—135, 134f, 135f
mass transfer, 135-136, 136f
membrane conductivity, 132, 133f
ORR, 129t, 130t, 131-132
thermodynamic OCV, 125-127, 128f
temperature mapping, 105-107, 106f, 107f
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transparent cell, 107, 108f
voltage control mode, 83-84
XPS, 115-116

X-ray imaging, 108-109, 109f
XRD, 114-115, 116f

R
Relative humidity (RH) effects, 36-37, 37f
anode and cathode catalyst layer, 203-205
Clapeyron equation, 202-203
definition, at temperature, 202, 205
direct liquid water injection method, 207
direct vapor injection method, 207-208
distributions of, 206-207
fuel cell performance, 220-221, 220f
fuel cell reaction kinetics
charge transfer resistance, 215-216, 216f
current density, 209
EIS, 209-210
feed streams, reactant gases, 210-211,
211f
fuel cell voltage, 208-209
OCY, 208
ORR. See Oxygen reduction reaction
(ORR)
polarization range, 209
Tafel slope, 208
thermodynamics, 211-212
I-V polarization curve, 221-222, 221f
laboratory test system, 207
Magnus equation, 202-203
mass transfer
high current density, 216-217, 217f
polarization curves, 217-218, 218f
“water flooding”, 218
membrane resistance
conductivity, 219, 220f
current density, 218-219, 219f
Nyquist plot, 218-219
PFSA, 201-202
saturated water vapor pressure, 203, 204f
self-humidifying membrane, 208
water balance, 203-205, 204f
water vapor formation, 202-203, 203f

S

Scanning electron microscopy (SEM), 112,
113f, 305-306, 306f
Scanning probe microscopy (SPM), 307
Solid electrolyte
Nafion®
cluster network model, 28-29, 28f
conductivity, 29, 29f
molecular structure, 27-28, 28f
relative humidity, 29
PSFA membranes, 27-28

T
Tafel equation and plot, 12, 12f
Tafel slope, 208
activation polarization, 213
agglomerate model, kinetic and transport
parameters, 215, 215t
IR-corrected cell voltage, 213, 214f
operating conditions, 213, 214f
Tangential direction conductivity (TDC),
155-156
Teflon® substrate, 54-55
Thermal gravimetric analysis, 311-312
Total reaction heat energy, 5
Transmission electron microscopy (TEM),
114, 115f, 307-309, 308t

\Y

Volume power density, 34

W

‘Washburn method, 323

Water-vapor equilibrated system, 206-207
Wilhelmy plate method, 322-323

X
X-ray diffraction (XRD), 114-115, 116f
X-ray photoelectron spectroscopy (XPS),

115-116

y 4

ZView® program, 96
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