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PREFACE Xi

PREFACE

Rotating disk electrode (RDE) and rotating ring-disk electrode
(RRDE) techniques are one kind of the important and commonly
used methods in electrochemical science and technology, par-
ticularly, in the fundamental understanding of electrochemical
catalytic reaction mechanisms such as electrocatalytic oxygen
reduction reaction (ORR). The kinetics and mechanisms of ORR
catalyzed by both noble metal- and nonnoble metal-based
electrocatalysts are the most important aspects in fuel cell and
other ORR-related electrochemical technologies. Using RDE and
RRDE to evaluate the activities of catalysts and their catalyzed
ORR mechanisms is necessary and also one of the most feasible
approaches in the development of ORR electrocatalysts.

In developing ORR electrocatalysts, significant challenges
exist in achieving high catalyst activity and stability. To facilitate
the effort to overcome these challenges, a book with focus on the
catalyzed ORR and its associated testing and diagnosis of ORR
catalysts is particularly useful. Although all researchers in the
area of ORR-related electrocatalysts use RDE/RRDE as routine
techniques to evaluate their catalysts and explore the catalyzed
ORR mechanisms, based on our observation, however, a funda-
mental understanding of these methods seems not being fully
achieved. Some confusion can be found in the literature when
RDE/RRDE methods were used and the data explained. There-
fore, a detailed and comprehensive description about these
techniques from fundamentals to applications is definitely
helpful and may be necessary.

In Chapter 1 of this book, the necessary parameters for both
RDE/RRDE analysis in ORR study, such as O, solubility, O, dif-
fusion coefficient, and the viscosity of the aqueous electrolyte
solutions, are discussed in depth in terms of their definitions,
theoretical background, and experimental measurements. The
effects of type/concentration of electrolyte, temperature, and
pressure on values of these parameters are also discussed. To
provide the readers with useful information, the values of these
parameters are collected from the literature, and summarized in
several tables. In addition, the values of both the O, solubility and
diffusion coefficient in Nafion® membranes or ionomers are also
listed in the tables. Hopefully, this chapter would be able to serve
as a data source for the later chapters of this book, and also the
readers could find it useful in their experimental data analysis.

In Chapter 2, to facilitate understanding and preparing the
basic knowledge for rotating electrode theory, both the electron
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transfer and reactant transport theories at the interface of elec-
trode/electrolyte are presented. Regarding the reactant trans-
port, three transportation modes such as diffusion, migration,
and convection are described. A focusing discussion is given to
the reactant diffusion near the electrode surface using both
Fick’s first and second laws. In addition, based on the approach
in the literature, the kinetics of reactant transport near and
within porous matrix electrode layer and its effect on the elec-
tron transfer process is also presented using a simple equivalent
electrode/electrolyte interface.

In Chapter 3, to give some basic knowledge and concepts,
some fundamentals about the catalyst activity and stability of
ORR electrocatalysts, which are the targeted research systems by
rotating electrode methods, are presented. A detailed description
about the electrocatalysts and catalyst layers and their applica-
tions for ORR in terms of their types, structures, properties,
catalytic activity/stability, as well as their research progress in
the past several decades are also given. Furthermore, both the
synthesis and characterization methods for ORR electrocatalysts,
and the fabrication procedures for catalyst layers are also
reviewed.

In Chapter 4, the fundamentals of ORR including thermody-
namics and electrode kinetics are presented. The ORR kinetics
including reaction mechanisms catalyzed by different electrode
materials and catalysts including Pt, Pt alloys, carbon materials,
and nonnoble metal catalysts are discussed based on literature in
terms of both experiment and theoretical approaches. It is our
belief that these fundamentals of ORR are necessary in order to
perform the meaningful characterization of catalytic ORR activ-
ity using both RDE and RRDE methods.

In Chapter 5, to give readers the knowledge how to appro-
priately use RDE in their ORR study, fundamentals of both the
electron transfer process on electrode surface and diffusion-
convection kinetics near the rotating electrode are presented.
Two kinds of RDE and their associated theories of the diffusion-
convection kinetics and its coupling with the electron transfer
process are presented, one is the smooth electrode surface, and
the other is the catalyst-layer coated electrode. For measure-
ments using RDE method, the apparatus of RDE and its asso-
ciated devices such as rotator and electrochemical cell are
described to give the readers the basic sense about this techni-
que. The measurement procedure including RDE preparation,
catalyst layer fabrication, current—potential curve recording, the
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data analysis, as well as the cautions in RDE measurements are
also discussed in this chapter.

In Chapter 6, the importance of RRDE fundamentals and
practical usage in ORR study is emphasized in terms of both
the electron transfer process on electrode surface, diffusion-
convection kinetics near the electrode, and the ORR mechanism,
particularly the detection of intermediate such as peroxide. One
of most important parameters of RRDE, the collection efficiency,
is deeply described including its concept, theoretical expression,
as well as experiment calibration. Its usage in evaluating the
ORR kinetic parameters, the apparent electron transfer, and
percentage of peroxide formation is also presented. In addition,
the measurement procedure including RRDE preparation,
current—potential curve recording, and the data analysis are also
discussed in this chapter.

Chapter 7 reviews the applications of RDE and RRDE tech-
niques in ORR research and its associated catalyst evaluation.
Some typical examples for RDE and RRDE analysis in obtaining
the ORR kinetic information such as the overall electron transfer
number, electron transfer coefficiency, and exchange current
density are also given in this chapter. It demonstrates that both
RDE and RRDE methods are a powerful tool in ORR study, and
using RDE and RRDE methods, ORR has been successfully
studied on Pt electrode, carbon electrode, monolayer metal
catalyst, Pt-based catalyst, and nonnoble metal-based catalysts.

It is our hope that this book could be used as a reference for
college/university students including undergraduates and grad-
uates, scientists and engineers who work in the areas of energy,
electrochemistry science/technology, fuel cells, and batteries.

We would like to acknowledge with deep appreciation our
families for their understanding and support of our work. If
technical errors exist in this book, we would deeply appreciate
the readers’ constructive comments for correction and further
improvement.

Wei Xing, PhD
Geping Yin, PhD
Jiujun Zhang, PhD

April 2013
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1.1. Introduction

Rotating electrode technology including rotating disk elec-
trode (RDE) and rotating ring-disk electrode (RRDE) techniques
is one of the important electrochemical measurement methods.
Particularly, in studying electrode reaction kinetics and mech-
anisms, both RDE and RRDE have shown their advantages in
measuring reaction electron transfer number, reactant con-
centration and diffusion coefficient, reaction kinetic constant,
and reaction intermediates. In this book, our focus will be on the
oxygen reduction reaction (ORR) for fuel cell catalyst evalua-
tion, in which both RDE and RRDE techniques have been
approved to be the most power methods in terms of measuring
the catalysts’ ORR activity as well as their catalyzed kinetics and
mechanisms.

The most popular theory for analyzing data collected using
RDE and RRDE techniques for catalyzed ORR is called the
Koutecky—Levich theory," which gives the relationships among
the ORR electron transfer number, O, concentration (or solubil-
ity), O, diffusion coefficient, viscosity of the electrolyte solution,
and the electrode rotating rate. By analyzing these relationships,
both the ORR kinetics and mechanism can be estimated, from
which the activity of the catalysts can be evaluated for further
catalyst design and down-selection. Therefore, the O, concen-
tration (or solubility), O, diffusion coefficient, and viscosity of the
measuring electrolyte solution are the most frequently used pa-
rameters, and their values must be known in order to do the
analysis by Koutecky—Levich theory. Because the measurements
are carried out in different electrolyte solutions, at different O,
partial pressures, or at different temperatures, the values of these
three important parameters at various conditions will be given in
this chapter. These values will be used in later chapters in this
book, and hopefully, these parameters will also be useful for the
readers for their study and research.
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1.2. Physical and Chemical Properties
of Oxygen

Oxygen (abbreviated as O;) is the first element in Group 16
(VIA) of the periodic table. The O, is a diatomic O—O gas and is also
called molecular oxygen or dioxygen, which has a molecule weight
0f 15.99994 g per mole of O,. In O, molecule, two oxygen atoms are
connected together through a chemical covalent bond. This bond
has a length of 121 pm, and a strength of 494 k] mol .

1.2.1. Physical Properties

O, is a colorless, odorless, and tasteless gas under normal
conditions. Its content in the atmospheric air is 20.94% by volume
or 20% by weight. The density of pure oxygen is 1.429 g dm > at
273 Kand 1.0 atm, which is slightly heavier than air. When cooled
below its boiling point (—183°C), O, becomes a pale blue
liquid; when cooled below its melting point (—218 °C), the liquid
solidifies, retaining its color. The heat of vaporization is
3.4099 kJ mol ! and the heat of fusion is 0.22259 k] mol . Liquid
oxygen is potentially hazardous about flames and sparks in the
presence of combustible materials. It can be separated from air
by fractionated liquefaction and distillation.

Oxygen exists in three allotropic forms. Allotropes are forms of
an element with different physical and chemical properties. The
three allotropes of oxygen are normal oxygen, or diatomic oxy-
gen, or dioxygen; nascent, atomic, or monatomic oxygen; and
ozone, or triatomic oxygen. The three allotropes differ from each
other in a number of ways. First, they differ on the simplest level
of atoms and molecules. The oxygen that we are most familiar
with in the atmosphere has two atoms in every molecule. By
comparison, nascent oxygen has only one atom per molecule.
The formula is simply O, or sometimes (O). The parentheses
indicate that nascent oxygen does not exist very long under
normal conditions. It has a tendency to form normal dioxygen.
The third allotrope of oxygen, ozone, has three atoms in each
molecule. The chemical formula is Os. Like nascent oxygen,
ozone does not exist for very long under normal conditions. It
tends to break down and form normal dioxygen. Ozone does
occur in fairly large amounts under special conditions. For
example, there is an unusually large amount of ozone in the
Earth’s upper atmosphere. That ozone layer is important to life
on Earth. It shields out harmful radiation that comes from the
Sun. Ozone is also sometimes found closer to the Earth’s surface.
It is produced when gasoline is burned in cars and trucks. It is
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part of the condition known as air pollution. Ozone at ground
level is not helpful to life, and may cause health problems for
plants, humans, and other animals. The physical properties of
ozone are somewhat different from those of dioxygen. It has a
slightly bluish color as both a gas and a liquid. It changes to a
liquid at a temperature of —111.9 °C (—169.4 °F) and from a liquid
to a solid at —193 °C (—135 °F). The density is 2.144 g dm .

Oxygen is part of a small group of gases literally paramagnetic,
and it is the most paramagnetic of all. Liquid oxygen is also slightly
paramagnetic. O, has two states. Mostly, the gas exists as a triplet
state but singlet oxygen can also be formed and is more reactive. The
electronically excited, metastable singlet oxygen molecules might
be involved as the reactive intermediate in dye-sensitized photo-
oxygenation.” It has two electrons in an unpaired triplet state. Ox-
ygenis the only naturally occurring chemical with this property. The
singlet form of oxygen reacts swiftly with almost all compounds.

O not only occurs in the atmosphere but also in oceans, lakes,
rivers, and ice caps in the form of water. Nearly 89% of the weight
of water is oxygen. It is also the most abundant element in the
Earth’s crust. Its abundance is estimated at about 45% in the
earth. That makes it almost twice as abundant as the next most
common element, silicon. For example, O, occurs in all kinds of
minerals. Some common examples include the oxides, carbon-
ates, nitrates, sulfates, and phosphates. Oxides are chemical
compounds that contain oxygen and one other element. Calcium
oxide, or lime or quicklime (CaO), is an example. Carbonates are
compounds that contain oxygen, carbon, and at least one other
element. Sodium carbonate, or soda, soda ash, or sal soda
(NayCOg), is an example. It is often found in detergents and
cleaning products. Nitrates, sulfates, and phosphates also contain
oxygen and other elements. The other elements in these com-
pounds are nitrogen, sulfur, or phosphorus plus one other
element. Examples of these compounds are potassium nitrate, or
saltpeter (KNOj3); magnesium sulfate, or Epsom salts (MgSQOy,);
and calcium phosphate (Cas (POy)y).

Oxygen is essential and necessary for human life and many
processes that occur in living creatures, specifically cellular
respiration. For example, O, in the air is necessary for humans
and animals for breathing, and the small amount of dissolved O,
in fresh or sea water is sufficient to sustain marine and aquatic life
and for the destruction of organic wastes in water bodies. Another
example is it is used in mitochondria to help generate adenosine
triphosphate during oxidative phosphorylation. One important
use of oxygen is in medicine. People who have trouble breathing
are given extra doses of 0. O, also has many commercial uses.
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The most important use is in the manufacture of metals. More
than half of the O, produced in the United States is used for this
purpose.

1.2.2. Chemical Properties

Oxygen has a high affinity for all chemicals except noble gases.
Every element, except fluorine and the noble gases, combines
spontaneously with oxygen at galactic standard temperature and
pressure. Thus most terrestrial oxygen occurs in form of com-
pound with other elements such as silicates oxides, and water. In
this sense, although oxygen is quite stable in nature and its bond
dissociation energy is very high, it is a very reactive oxidizing
agent. It is the essential element in the respiratory processes of
most of the living cells. Oxygen itself does not burn but it supports
combustion, combines with most elements, and is a component of
hundreds of thousands of organic compounds. The combustion
(burning) of charcoal is an example. When oxygen reacts with
metals, it forms oxides that are mostly ionic in nature. Rusting is an
example. Rusting is a process by which a metal combines with
oxygen. For example, iron rust is a reaction product of iron and
atmosphere oxygen. Decay is another example. Decay is the pro-
cess by which once-living material combines with oxygen. The
products of decay are mainly carbon dioxide (CO2) and water
(H20). Oxygen is rarely featured as the central atom in a molecular
structure and can never have more than four elements bonded to it
due to its small size and its inability to create an expanded valence
shell. When it reacts with hydrogen, it forms water, which is
extensively hydrogen-bonded, has a large dipole moment, and is
considered as a universal solvent.

In this book, electrochemical ORR is our targeted system. This
electrochemical ORR is one of the important chemical reactions
of O, which is also one of the necessary two reactions in fuel cells
and metal—air batteries.

1.3. Oxygen Solubility in Aqueous Solutions

Molecular O, has a tendancy to dissolve into liquid media
such as both aqueous and nonaqueous solutions. The O, solu-
bility can be expressed as gram or mole of O, per liter of liquid, or
mole of O, per cubic milliliter: grams per cubic decimeter
(g dm~2) or moles per cubic decimeter (mol dm™2), or moles per
cubic centimeter (mol cm™3). In this book, we are only focused on
aqueous solutions. For nonaqueous solution, the readers may
refer to the relevant books and literature.
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1.3.1. Solubility in Pure Water

Oxygen solubility in pure or fresh water at 25 °C and 1.0 atm of
O, pressure is about 1.22 x 103 mol dm~2 (the values are varied
from 1.18 to 1.25 mol dm * as reported in different literature).>*
In air with a normal composition, the oxygen partial pressure is
0.21 atm, the O3 solubility would become 2.56 x 10~* mol dm>.
The solubility of oxygen in water has been the subject of much
literature. Currently the oxygen polarographic probe 1s usually
used to measure solubility of O, in aqueous solutions.”

Normally, oxygen solubility is strongly dependent on (1) the
amount of dissolved electrolyte salt(s) (decreases at higher con-
centration of electrolyte), (2) temperature (decreases at higher
temperatures), and (3) pressure (increases at higher pressure). We
will give some detailed discussion about these factors and their
effects on the O, solubility in the following subsections.

1.3.2. Electrolyte, Electrolyte Concentration,
and pH Effects on 0, Solubility

In electrochemical measurements, the solutions used must be
ionic conductive except those measurements using microelec-
trodes. To make an ionic conductive solution, some electrolyte
salts are normally dissolved in water according to the designed
concentration. These inorganic solutes of major interest are acids,
alkalis, and salts. When water is added to one of these electrolytes
to form ionic conductive solution, the O, solubility in such as so-
lution will be decreased. However, the general pattern of O, sol-
ubility behavior appears to be complex, and is strongly dependent
on the type of the electrolytes and their concentration.”

The salting-out effect of most electrolytes on O, solubility
could be described by a relation originally proposed by Sechenov
et al.” This relation is given by

1 €6, = KC,

2

where Cp, is the oxygen solubility in electrolyte solution with a
concentration of Ce, Cg, is the oxygen solubility in pure water,
and K is the electrolyte-related O, solubility constant. Equation
(1.1) indicates that O, solubility is decreased with increasing
the concentration of electrolyte. For some electrolytes, this
theoretic equation has been validated by experimental data
with sufficient accuracy, as shown in Figure 1.1(A). However,
for the electrolytes containing multiple components, the O,
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according to Eqn (1.1); (B)
solubility of 0, at 25 °C, experi-
mental results for H,S0,4, NaOH,

0

T T T
3 4

€ mol™! dm-3

T and KOH.”~® (For color version of
this figure, the reader is referred
to the online version of this book.)

solubility cannot be simply expressed by Eqn (1.1). To address
this, John et al.” modified Egn (1.1) into Eqn (1.2):

<C8 > i
log —*| = HiIi
Co, =1

where [; is the ionic strength of the contributing specific ion i, and
H; is the specific ion-related solubility constant, which can be

(1.2)
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determined experimentally. If the individual ion’s ionic strength
can be expressed as I = 1C;Z2, Eqn (1.2) will become Eqn (1.3):

C82 1 = 2
log e ) =2 > HiCiZ; (1.3)
2 i=1

where C; is the molar concentration of ion i (moles per cubic
decimeter), Z; is the charge number of ion i, and the sum is taken
over all zn ions in the solution. If the values of H; for ionic species
could be obtained from the results of relatively simple experi-
ments, Eqn (1.3) can be used in the prediction of oxygen solubility
in other electrolyte solutions containing the same ion regardless of
the type of compounds from which they were originally formed.”

In the study of ORR using rotating electrodes, the commonly
employed electrolytes are H,SO,4, HClIO4, NaOH, and KOH. The
data of O, solubility in these electrolyte solutions are very useful.
Figure 1.1(B) gives the plots of O, solubility vs electrolyte con-
centration for these H,SO4, NaOH, and KOH electrolyte sol-
utions.”? Unfortunately, it is very difficult to find the solubility of
O, in HCIO4. To be clearer, Table 1.1 lists all O, solubility data
used for Figure 1.1(B). From Figure 1.1(B), it can be seen that the
O, solubility falls off with increasing concentration of H,SOy,
NaOH, or KOH.

Because the commonly used electrolyte solutions in ORR are
acidic and alkaline solutions, the pH effect on the O, solubility
may be considered. Solution pH is determined by the concen-
tration of acid such as H,SOy4, or alkali such as KOH and NaOH.

Table 1.1. 0, Solubility in Different Electrolyte

Solutions
0, Solubility in Aqueous Electrolyte Solution (mol dm—3)

Electrolyte

Concentration (mol dm—3) H,S0, NaOH KOH

0.05 111 x 1078 1.10x 107° 1.16 x 1073
0.10 110 % 1072 1.08 x 107° 115 x 1073
0,50 1.05x 1072 092 x 1073 1.00 x 1072
1.00 098 x 1072 081 x 1072 083 %1073
2.0 098 x 1072 056 x 1072 055 x 1073
3.0 072 x 1072 0.37 x 1072 0.40 x 1073
40 0.66 x 1072 024 x 1073 027 x 1073

Note that the 0, solubility in pure water is taken as ~1.25 x 107> mol dm—>.

—3
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The effect of pH on the O, solubility can be understood in terms
of the effect of ionic strength, as described by Eqn (1.3). For
H,SO4, KOH, or NaOH aqueous solution, different pH means
different concentration of acid or alkali, then different ionic
strengths. According to Eqn (1.3), the logarithm of O, solubility is
inversely proportional to the ionic strength, the larger the ionic
strength, the smaller the O, solubility would be. In an electrolyte
solution only containing H,SO, solute, increasing pH means the
decrease in H,SO,4 concentration, leading to a decreased solution
ionic strength. As a result, the O, solubility will be increased. In an
electrolyte solution only containing KOH solute, increasing pH
means the increase in KOH concentration, leading to an
increased solution ionic strength. As a result, the O, solubility will
be decreased.

1.3.3. Temperature Effect on 0, Solubility

Oxygen solubility is strongly dependent on temperature. The
higher the temperature, the smaller the O, solubility. For quan-
titative expression of O solubility (Cp, with a unit of moles per
cubic decimeter) in pure water as a function of temperature in the
range of less than 373 K, the following Eqn (1.4) may be used''":

- 55.56P,
- exp(371814 + 5597@.17 _ 104795368) — Po

Co, (L4)

2
where P, is the partial pressure above the solution (atm), and T'is
the temperature (K). Equation (1.4) indicates that the O, solubi-
lity is decreased with increasing temperature. Table 1.2 lists the
experimental values for oxygen solubility at the selected tem-
peratures in different electrolyte solutions. It is shown that the
solubility of oxygen is reduced with decreasing temperature be-
tween 273.15 and 373.15 K. For a clearer observation, Figure 1.2
shows the plots of Cp, vs T.

Actually, different measurements of Cp, gave slightly different
values due to experimental errors. For example, Figure 1.3 shows
the O, solubility in pure water from different sources.'”

1.3.4. Pressure Effect on 0, Solubility

In general, O, solubility in aqueous solution is governed by
Henry’s law, which states that at a constant temperature, the
amount of a given gas that dissolves in a given type and volume of
liquid is directly proportional to the partial pressure of that gas in
equilibrium with that liquid. For O, solubility, Henry’s law can be
put into mathematical terms (at constant temperature) as
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Table 1.2. 0, Solubility at Different Temperatures
and 101.325 kPa Pressure in Different Aqueous

Temperature (K)

273
283
293
303
313
323
888
343
353
363
373

- 6,12—14
Solutions
0, Solubility in Aqueous Electrolyte Solution (mol dm3)
H,S0, NaOH KOH
Pure Water (1.0 mol dm—3) (1.0 mol dm—3) (0.93 mol dm—3)
219 x 1078 177 x 1072 142 x 1073 147 x 1072
170 x 1073 141 x 1072 113 x 1072 117 x 1072
139 x 1073 117 x 1072 092 x 1073 0.95x 1073
121 x 1073 0.99 x 1072 077 x 1073 081 x 10732
1.04 x 1073 0.87 x 1072 067 x 1073 071 x 1072
0.95 x 1072 079 x 1072 061 x 1073 064 x 1078
088 x 1072 072 x 1072 057 x 1073 058 x 1072
083 x 1072 0.69 x 1073 053 x 1073 055 x 1073
079 x 1072 0.67 x 1072 052 x 1073 053 x 1072
077 x 1072 0.65 x 1072 051 x 1073 053 x 1072
076 x 1072 0.65 x 1072 051 x 1073 053 x 1072
0.0022
0.0020
0.0018
& 0.0016 ~
!E J
S 0.0014
|
B -
£ 0.0012
§ 4
0.0010 4 Hzo
0.0008—- st A
0.0006 KO
1 NaOH
0.0004 . . . . . . r
280 300 320 340 360 380
T(K)

Figure 1.2 0, solubility as a function of temperature in different electrolyte

solutions. 0, pressure: 101.325 kPa.

6,12—14
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Figure 1.3 Solubility of oxygen in pure water at 1.0 bar."? (For color version of this
figure, the reader is referred to the online version of this book.)

Co, = KuPo, (1.5)

where Po, is the partial pressure of O in the gas above the so-
lution (atmosphere), Cp, is the concentration of the O, in the
solution (moles per cubic decimeter), and Ky is the constant with
the dimensions of pressure divided by concentration (moles per
cubic decimeter per atmosphere). In pure water at 298 K, Ky has a
value of 769.2 mol dm > atm ™. It is obvious that the solubility of
oxygen increases with increasing the partial pressure of oxygen at
a constant rate of Ky. This Henry’s law constant is normally
dependent on the solute, the solvent, and the temperature. Table
1.3 lists some values of Ky at different temperatures in pure water.

As an example, Figure 1.4 shows the solubility of oxygen in pure
water with varying pressure at five different temperatures.’ It can
be seen that the increased rate of oxygen solubility with increasing
O, partial pressure is different at different temperatures.

1.4. 0, Diffusion Coefficients in Aqueous
Solution

In nature, a substance (a molecule or an ion) dissolved in a
liquid such as aqueous solution will flow from a region of its high
concentration to a region of its low concentration. To describe
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Figure 1.4 Solubility of oxygen in
water with varying pressure.

Table 1.3. Henry's Law Constants at Different
Temperatures in Pure Water'”
Temperature (K) 273 283 293 303 313 323 333 353 373

Henry's law constants in 2.18 1.70 1.38 1.17 1.03 0.93 0.87 0.79 0.76
pure water
(10° mol dm— atm™")

0.35

0.30

0.25 4

0.20

0.15

Co, (mol-1dm-3)

0.10

0.05

0.00
7 0

such a natural tendency, Fick’s first law is applied, which can be
expressed as
dc

J=-D g (1.6)
where J is the diffusion flux—the amount of substance that flows
through a unit area per unit time (moles per cubic centimeter per
second), D is the diffusion coefficient (square centimeters per
second), dC is the concentration change of substance (moles
per cubic centimeter), and dx is the length of the diffusion path
(centimeters). It can be seen that this diffusion coefficient is a
parameter determining how fast the corresponding substance
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can diffuse within the solution. For a deeper description about
the diffusion process, please see Chapter two of this book.

In the case of O, dissolved in an aqueous solution, Eqn (1.6)
will become

dCo,
-0y

where Jo, is the diffusion flux—the amount of dissolved O that
flows through a unit area per unit time (moles per square
centimeter per second), Do, is the diffusion coefficient of O3 in
the aqueous solution (square centimeters per second), dCp,
is the concentration of O, (moles per cubic centimeter), and dx is
the length of the diffusion path (centimeters). The O, diffusion
coefficient is one of the necessary parameters in analyzing
catalyzed ORR using Koutecky—Levich theory. Its value is
strongly dependent on temperature/pressure, the type of the
solution, as well as the electrolyte type used. In the following
subsections, O, diffusion coefficients at different temperatures/
pressures in different aqueous electrolyte solutions will be
discussed.

Jo, (1.7)

1.4.1. 0, Diffusion Coefficiencies in Pure Water

The estimation of oxygen diffusion coefficient (Dg,) in
aqueous solution could be calculated based on the Stokes—
Einstein equation using several known parameters such as the
molecular weight of water, the absolute temperature, the solution
viscosity, and the molar volume of water. For a more detailed
discussion, please see the publication from Wilke and Chang.'®
Based on this calculation, different experimental ways have been
developed to determine the oxygen diffusion in liquid solutions.
For example, Hung and Dinius'’ measured the diffusivities of
oxygen dissolved in aqueous solutions by means of a diaphragm
cell technique. Holtzapple and Eubank'® compared three models
of diffusion of oxygen through aqueous solutions. Based on mole
fraction, chemical potential, or oxygen activity as the driving
force, they demonstrated that the three models did not differ
significantly in their predictions, except for the extremely high
oxygen partial pressure. The mean experimental value of Dg, in
pure water is about 2 x 10° cm? s~ ! at 20 °C and is sensitive to
the temperature. Experimental data for Do, in pure water by
several research groups as examples were shown in Figure 1.5 and
Table 1.4.'9 It can be seen that the value of O, diffusion coefficient
in pure water at 25 °C and 1.0 atm O, pressure is varied from 1.9
t0 2.3 x 10> cm?s ™",
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Figure 1.5 Experimental oxygen diffusion

coefficients in pure water. Note that the label of
Y-axis should be “D, 10° cm? s~'" rather than

“D, cm2 37111.19

4.0+

3.0

D (cm?s™)

2.0

This work

@ Yatskovskii and Fedotov

& Davis, Horvath and
Tobias

A Jordon and Bauer
v Baird and Davidson
+ Davidson and Cullen
X Tamman and Jessen

1 1 J

1 1
30 40
Temp (°C)

50 60 70

Table 1.4. 0, Diffusion Coefficients in Pure Water at
Different Temperatures and 1.0 atm 0, Pressure

Temperature (K)

273
288
293
298
308
318
333

0, Diffusion Coefficients
in Pure Water (10° cm?s ")

1.2
1.5—1.7
2.0
1.9-2.3
26—29
3.4
4.0-46

References

20
19.21,22
21
21-23
19,23
24

8,24
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1.4.2. Electrolyte and Electrolyte Concentration
Effects on O, Diffusion Coefficient

O, diffusion coefficient (Dg, with a unit of square centimeters
per second) could be described over the concentration range of
electrolytes studied by the Stokes—Einstein equation™:
kT
6Ty

0, (1.8)
where k is the Boltzmann constant (kilogram square centimeters
per square second), T is the absolute temperature (Kelvin) is, n is
the dynamic viscosity of the solution (kilogram per second per
centimeter), and r is the radius of the O, molecule (assumed
spherical) (centimeters).

From Eqn (1.8), it can be seen that O, diffusion coefficient is
increased with increasing temperature, and decreased with
increasing either the dynamic viscosity of the solution or the
radius of the O, molecule. Because different electrolyte solu-
tions have different values of dynamic viscosity, the O, diffu-
sion coefficient will be strongly dependent on the type/nature
of the electrolytes and the electrolyte concentration, which has
been proved experimentally. For example, at 25 °C and for KOH
concentrations between 1.0 and 8.0 mol dm 3, the O, diffusion
coefficient changed significantly.”® Bard et al.”” calculated Do,
in aqueous solutions containing various concentrations of
NaOH (1—12 mol dm3). The radius of the dissolved O, mole-
cule was found to be 2.8 A, which was independent of NaOH
concentration in the concentration range from 2 to
12 mol dm 3. However, the value of Do, was found to decrease
significantly when the solution viscosity was increased in the
concentration range from 2 to 12 mol dm . The same change
of Do, with increasing concentration was also found in KOH
solutions.”® In addition, D, in KOH solutions was found to be
always higher than that in the corresponding same concentra-
tion of NaOH solutions because of both the lower viscosity of
KOH solution and the smaller oxygen radii (1.68 A) in KOH
solution than that in NaOH solution. The calculated and
experimental Do, in NaOH and KOH solutions at 298 K are
shown in Figure 1.6(A). Figure 1.6(B) gives the oxygen diffusion
coefficients in H3PO, electrolyte with different concentra-
tions.”® Table 1.5 lists the values of Do, in different electrolyte
solutions for HsPO,4, HCIO4, H»SO4 NaOH, and KOH with
different concentrations. It can be seen that all Dg, values are
decreased with increasing the concentration of electrolytes. As
discussed above, this is because the higher the electrolyte
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A . B
( ) 120 — A = NaOH calculated ( )
J N —=— NaOH experimental
100 | “a A KOH calculated 20 1
- . N - A- KOH experimental ~
o 80 o o
§ 1 E |
e 807 o o °o N\ o
"y | S 0 ®
S 40 < 10 o
- D 0
20 +
J 5 A
0 —
[ T [ T [ T [ T [ T [ T [ T T
2 4 6 8 10 12 14 85 90 95 100
Calkaline (Mol I”") H;PO, (Wt%)

Figure 1.6 (A) Calculated and experimental oxygen diffusion coefficients in NaOH and KOH solutions at 298 K*;
(B) oxygen diffusion coefficient vs HsP0, concentration. (A) 100 °C; (C1) 120 °C; (O) 150 °C.%

Table 1.5. 0, Diffusion Coefficients in Different
Electrolyte Solutions

0, Diffusion Coefficient in Aqueous Electrolyte Solution (Dg,)
(x10” em?s™")

Electrolyte

Concentration NaOH KOH
(mol dm_s) H3P04 HCIO4 HzSOq (25 OC) (25 OC)
0.1 14.6 mol dm—2: 0.1 mol dm™; 0.5 mol dm™; 222 190

1 66.6 (100 °C) 167 (25 °C) 140 (25 °C) 165 =

2 82.9 (120 °C) 60.4 126
4 33.8 979
6 226 73.8
8 15.2 55.4
10 8.08 38.3
12 4.7 24.8
14 2.06 15.5

concentration, the higher the solution viscosity, leading to the
reduced Do, values. It can also be seen that different types of
electrolytes can give different Dg, values due to their difference
in solution viscosity.
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1.4.3. Temperature Effect on 0y Diffusion
Coefficient

As indicated by Eqn (1.8), the value of Do, is strongly depen-
dent on the temperature, which increases with increasing tem-
perature, as shown in Figure 1.5 for pure water. The variation of
Do, in H3POy solutions with increasing temperature is also shown
in Figure 1.6(B). A typical example is the diffusion coefficient data
in 0.1 M NaOH solution from 0 to 65°C, measured using a
rotating Pt electrode.'” The data were related to temperature as
expressed as an Arrhenius form:

Ep
2.303RT

where Dg), is a constant and Ep is the apparent activation energy,
both of which were obtained to be 8.03 x 10> cm?s~' and
3.49 kcal mol *, respectively, using Figure 1.7; R is the universal
gas constant, and T is the temperature.

log(Do,) = log(Dp,) (1.9)

1.4.4. Pressure Effect on 0, Diffusion Coefficient

The pressure effect on O, diffusion coefficient (Dg,) is mainly
reflected by its effect on the solution viscosity.””*’ Regarding the
effect of pressure on the water viscosity, in general, this effect is
insignificant. For instance, in the pressure range of 0—2 atm,
the change of relative viscosity of a pure water solution was from

—logyo (D)

I I I I I I I
2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6

I/T x 103

Figure 1.7 Logarithm of the 0,
diffusion coefficient in 0.1 M
NaOH solution as a function of the
reciprocal of the absolute
temperature.'
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0.93 to 1.05.°" In a detailed study by Horne et al.,*' there were two
temperature ranges such as below 25 °C, and higher than 25 °C,
where pressure had different effects. In the temperature range
below 25 °C, the viscosity of water was decreased with increasing
pressure at pressure below 1.0 atm, when the pressure was
increased to higher than 25 °C, the viscosity was increased with
increasing pressure with a turning point at about 1.0 atm.*
However, in the temperature range higher than 25 °C, the vis-
cosity was increased with increasing pressure from zero pressure
to several atmospheres.

As discussed above, the viscosity change of aqueous solution
induced by the pressure change would result in a change of O,
diffusion coefficient. The relationship between Dg, and pressure
could be related by a parameter V,*":

V,P
2.303RT

where Dgz is the O, diffusion coefficient at zero pressure and T, P
is the solution pressure, V, is the activation volume, and R is the
gas constant. When the value of V, is positive, Do, will decrease
with increasing pressure; and as V, is negative, Dp, will increase
with increasing pressure. For detailed explanation of this active
volume and its relationship with pressure, please read the pub-
lication by Shimizu et al.”’

log(Do,) = log(Dy),) (1.10)

1.5. Viscosity of Aqueous Solution

The viscosity of a liquid is its internal property that offers
resistance to flow. Actually a liquid can be also defined as a
material that deforms as long as it is subjected to a tensile or shear
stress. Under shear, the rate of deformation (or shear rate) is
proportional to the shearing stress. According to Newton’s idea,
the ratio of the stress to the shear rate is a constant, called vis-
cosity, which is independent of the shear rate. For ideal or
“Newtonian” liquids, e.g., water, this viscosity is independent of
the shear rate. However, the viscosities of many liquids are not
independent of the shear rate, which is called “non-Newtonian”
liquids. Such “non-Newtonian” liquids can exhibit either shear-
thinning or shear-thickening and can be classified according to
their viscosity behavior as a function of the shear rate. Generally,
viscosity can be defined in two ways:

1. Dynamic viscosity, also absolute viscosity. The usual symbol
for dynamic viscosity used by mechanical and chemical engi-
neers is the Greek letter mu (u). The symbol 7 is used by chem-
ists, physicists, and the International Union of Pure and
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Applied Chemistry. The dynamic viscosity (n) of a liquid is
defined as follows (equal to the gradient of the shear stress
vs the shear rate curve):

dr

"=y (1.11)

where 1 is the shear stress, and v is the shear rate. The SI physical
unit of dynamic viscosity is the pascal-second (Pa s), (equivalent to
newton second per square meter, or kilogram per meter per sec-
ond). The meaning of a viscosity of 1 Pa s is that one liquid is placed
between two plates, and one plate is pushed sideways with a shear
stress of 1 Pa, within 1 s it moves a distance equal to the thickness of
the layer between the plates. Water at 20 °C has a viscosity of
0.001002 Pa s. The centimeter—gram—second (cgs) physical unit
for dynamic viscosity is the poise (P), named after Jean Louis Marie
Poiseuille. It is more commonly expressed, particularly in American
Society for Testing and Materials standards, as centipoise (cP)
(1P=0.1Pas,and 1 cP=1mPas=0.001Pas).
2. Kinematic viscosity. The kinematic viscosity (v) of a liquid is
the viscosity coefficient divided by the density of the liquid (p):

n
v P (1.12)
Typically, kinematic viscosity has a unit of square centimeters per
second. The cgs physical unit for kinematic viscosity is the stokes
(St) 1St=1cm*s ' =10"*"m?s™ '), named after George Gabriel
Stokes. It is sometimes expressed in terms of centiStokes (cSt). In
US usage, stoke is sometimes used as the singular form.

In electrochemical measurements using rotating electrode
technique and data treatment using Koutecky—Levich theory, the
most commonly used solution viscosity is kinematic viscosity.
Therefore, in the following sections, we will only focus on this
kinematic viscosity.

1.5.1. Viscosity of Pure Water

Kinematic viscosity of pure liquid water at different temper-
atures up to 100 °C is listed in Table 1.6.

1.5.2. Electrolyte, Electrolyte Concentration, and
pH Effects on Viscosity

Generally to say, the electrolyte effect on the viscosity of
aqueous solution is a complicated matter and several models



20 Chapter 1 OXYGEN SOLUBILITY, DIFFUSION COEFFICIENT, AND SOLUTION VISCOSITY

Table 1.6. Kinematic Viscosity of
Pure Liquid Water at Different

Temperatures and 1.0 atm Pressure™

Kinematic Viscosity

Temperature (K) (102 cm?s™")
273 1.787
278 1.519
283 1.307
293 1.004
303 0.801
313 0.658
323 0.553
888 0.475
343 0.413
858 0.365
363 0.326
373 0.290

with hypothesis have been proposed and discussed since 1847.
For a detailed discussion, the readers may go to the literature
indicated in this subsection. For the usage in electrochemical
rotating electrode technique, the viscosity data at different elec-
trolytes may be more useful. Table 1.7 lists the kinematic viscosity
data obtained using aqueous solutions containing H3PO,4, H»SOy4,
HCIlO4, KOH, and NaOH.

For a clearer observation of the effect of electrolyte concen-
tration on the viscosity, Figure 1.8 shows the plots of kinetic
viscosity vs electrolyte concentration for several typical electro-
lytes. It can be seen that with increasing electrolyte concentra-
tion, the kinematic viscosity of the corresponding solution also
increase steadily.

The pH effect on viscosity can be seen from Figure 1.8 at
different acid or alkali concentrations. For acidic solutions, the
higher the acid concentration (the lower the pH), the higher
the kinematic viscosity would be. For alkali solutions, the higher
the alkali concentration (the higher the pH), the higher the
kinematic viscosity would be.



Table 1.7. Kinematic Viscosity of Aqueous Solutions Containing H;P0,*"
H,S0,°° HCIO,* KOH,” and NaOH** at Room
Temperature and 1.0 atm Pressure

Kinematic Dynamic Kinematic Kinematic Kinematic
H;P0, Viscosity HCIO, Viscosity H,S0, Viscosity KOH Viscosity NaOH Viscosity
(wiw%)  (102ecm?*s™")  (w/w%) (cP) (wiw%)  (10%2ecm?*s™")  (ww%)  (10°em?s™")  (w/w%)  (10cm?’s™")
5 0.99 10 1.006 0 0.94 5 0.98 10 1.27
10 1.1 20 1.040 5 0.98 10 1.1 20 1.72
15 12 30 1.144 9.39 1.05 15 12 30 9.85
20 14 40 1.338 13.42 1.05 20 15 40 22.38
25 1.6 50 1.782 17.42 1.20 25 1.8 50 4408
30 19 60 213 20.34 1.25 30 22
35 2.2 24.1 1.35 35 2.7
40 2.6 29.8 1.55 40 3.6
45 3.1 39.7 1.90 45 53
50 3.7 51.2 2.48 50 73
55 45 62.5 3.90
60 5.6 70.9 5.90
65 6.8 78.2 9.10
70 9.2 814 10.8
75 12 83.5 1.2
80 17 875 10.8
85 23 90.3 10.0
90 34 94.75 96
95 55 98.3 11.0

100 100 99.6 13.2
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Figure 1.8 Kinetic viscosity as
a function of electrolyte
concentration at three typical
electrolytes. Data from Table 1.7,
Refs 34,35,38.
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1.5.3. Temperature Effect on Viscosity

Normally, the viscosity of a liquid decreases with increasing
temperature, as seen in Table 1.6 for pure liquid water. For
quantitative expression of the temperature effect on the viscosity,
several models, such as the Eyring model,”” the exponential
model,” Arrhenius model,"’ and Williams—Landel—Ferry
model,”” have been proposed and validated using experimental
data. The typical equation relating kinematic viscosity (v) of the
solution to temperature may be expressed as an Arrhenius form:

v =1°exp Ev
RT

where »° is the kinetic viscosity when T — «, and E, is the active
energy of viscous flow. Both »° and E, can be obtained experi-
mentally by measuring » at different temperatures.

For the usage of electrochemical rotating electrode technique,
Table 1.8 lists the data of kinematic viscosity at several typical
electrolyte solutions as a function of temperature.

For a clearer observation of the temperature effect on the
viscosity, Figure 1.9 shows the plots of kinetic viscosity vs tem-
perature for several typical electrolytes. It can be seen that an
increase in temperature leads to the decrease of viscosity of all the
five solutions.

(1.13)
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Kinematic viscosity (cm”s™)

Table 1.8. Kinematic Viscosity at Several Typical
Electrolyte Solutions as a Function of Temperature

(1.0 atm)
Kinetic Viscosity (Dynamic Viscosity for HCI0,) (10 cm?s™")
Temperature  Pure HsP0,  HCIO,®  H,80,” NaOH*  KOH¥
(K) Water”  (10wt%) (20 wt%)  (39.92wt%) (20 wt%) (20 wt%)
273 1.787 — 1.779 — — 27
283 1.307 — 1.357 3.48 5.24 —
293 1.004 1.2 1.04 2.7 3.94 1.6
303 0.801 0.99 0.867 22 2.63 1.3
313 0.658 0.83 0.721 1.85 1.98 1.1
323 0.553 0.71 0.6 1.6 1.58 0.94
888 0.475 0.61 = 1.4 1.34 0.82
343 0.413 0.54 — 1.1 1.06 0.72
353 0.365 0.47 = = 0.93 0.63
363 0.326 0.42 = = 0.76 0.57
373 0.290 0.38 = = = 0.51
5 - s
\
\
4. N pure water
\ - = H,PQ, solution
e \ - - - H,SO, solution
3 N — - — NaOH solution
.o\ — - - = KOH solution
2

T

3%0
T(K)

T T
280 300

Figure 1.9 Kinetic viscosity as a
function of temperature at
several typical electrolytes. Data
from Table 1.8.
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Figure 1.10 Relative viscosity of
water as a function of pressure.”

1.5.4. Pressure Effect on Viscosity

In general, the viscosity of an aqueous solution is almost in-
dependent of pressure except at very high pressures. While for
water, there are two interesting viscosity phenomena at high
pressures. Figure 1.10 shows the experimental results for the
relative viscosity of water.*’

From Figure 1.10, it can be seen that the plots of kinematic
viscosity vs pressure at temperatures below 308 K have a minimum
at 0—1973 atm, and the calculation indicated that the activation
energy of viscous flow has a minimum at about 1973 atm. These
decreases in viscosity and activation energy with increasing pres-
sure on the low-pressure side of the minima were ascribed to a
break of the bulky water structure like hydrogen-bonded tetra-
hedra. However, when the pressure is increased to a value of higher
than 2000 atm, a monotonic increase with further increasing
pressure can be observed. The similar trend was observed not only
for pure liquid water but also for several electrolyte solutions.*

1.6. Oxygen Solubility and Diffusion
Coefficient in Nafion® Membranes

In electrochemical measurements of ORR using rotating
electrode technique, the surface of working electrode (RDE) is

2.0

16 —=—22°C
= ] ——10°C
o —a—20°C
:g 12 —»—30°C
3 ——50°C
@ ——75°C
>
2 08 ——100°C
o
[0]
o

0.4 -

0.0

L T d T . T . I
0 2000 4000 6000 8000
Pressure (atm)
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normally coated by a catalyst layer. To prevent the catalyst par-
ticles from falling off the electrode surface and to make the
catalyst layer ionic conductive, a conductive ionomer such as
Nafion® ionomer is normally applied on the catalyst layer. This
layer of Nafion® ionomer will have effect on the O, diffusion.
Therefore, both the O, solubility and diffusion coefficient must be
known in order to count the ionomer effect on the catalyst ORR
current. In this section, the data of O, solubility and diffusion
coefficient at different temperatures, pressures, and water con-
tents will be given as follows.

1.6.1. Temperature Effect on both the 0, Solubility
and Diffusion Coefficient

In general, both the O, solubility and the diffusion coefficient
in Nafion® membrane or ionomer increase with increasing
temperature. The experimental data for Cp, and Do, on Nafion®
112, 211, and 117 membranes are summarized in Table 1.9 from
different literature. It can be seen that both the values of Cp, and
Do, are varied with type of the Nafion® membranes and the
temperature.

1.6.2. Pressure Effect on both the 07 Solubility and
Diffusion Coefficient

The solubility of O, in Nafion® increases linearly with pressure
and follows Henry’s law for dilute gases, as indicated by Eqn (1.5).
The experimental results on Nafion® 117 are shown in
Table 1.10.° As expected, the solubility of O, in Nafion® increases
linearly with pressure. However, the diffusion coefficient of O, in
Nafion® 117 is almost invariant with O, pressure between 2 and
3.5 atm, and then increased with increasing pressure when the
pressure is higher than 3.5 atm. This result is consistent with the
recent results, which found Dp, was constant within the O,
pressure between 1 and 3 atm.”’

1.6.3. Water Content Effect on both the 0,
Solubility and Diffusion Coefficient

In normal, water content in Nafion® membrane or ionomer
layer has a significant effect on both the O, solubility and diffu-
sion coefficient. For a detailed discussion about the relationship
among water content, bulk membrane structure, and O, solubi-
lity/diffusion, the readers may go to Refs 47—49.
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Table 1.9. Oxygen Solubility and Diffusion
Coefficients in Nafion® 112, 211, and 117 Membranes

Nafion®
Membrane

211°

at Different Temperatures and 1.0 atm

Temperature Do, Co,

(°C) (108 cm?s™") (10° mol cm—3) References
30 1.13 1.6 44
40 2.29 10.6

50 4.20 9.45

60 4.02 10.6

65 7.90 7.99

70 30.0 3.84

25 0.577 15.50 45
40 1.079 16.91

50 1.349 15.26

60 1.350 16.54

70 1.225 17.19

80 1.316 1415

25 0.1048 102.63 45
35 0.2049 84.13

45 0.1877 113.50

55 0.1715 142.72

65 0.1895 139.46

75 0.2331 115.62

#100% Relative humidity (RH), 30 psi oxygen.
®Dry solid content of Nafion® is 25%.

The experimental data of oxygen solubility (Cp,) and diffusion
coefficient (Dgp,) in Nafion® 211 membrane, as an example, are
listed in Table 1.11.** Note that the water content in Table 1.11
can be expressed as A, which is defined as hydration number. For
a clearer observation, based on Table 1.11, Figure 1.11 shows both
O, solubility and diffusion coefficient as a function of water
content. It can be seen that oxygen diffusion coefficient is pro-
portional to water content, and oxygen solubility is not very
sensitive to the water content.

As a matter of fact, a large variation in the values of O, solu-
bility and diffusion coefficient has been reported from different
sources. This may be attributed to the difference in the experi-
ment conditions. As seen from Figure 1.11, both these parameters
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Table 1.10. Oxygen Solubility and Diffusion
Coefficient Data in Nafion® 117 Membrane for 0,
Pressure Ranging from 2 to 5 atm and at a
Temperature of 323 K™

Pressure (atm) Do, (10°cm?s™") Co, (10° mol cm—3)
20 5.24 6.36

25 5.46 7.89

3.0 5.48 93

3.5 5.47 10.93

4.0 5.71 11.83

45 6.71 12.10

5.0 1.07 12.52

Table 1.11. 0, Solubilities and Diffusion Coefficients
in Nafion® 211 Membrane at Different Water
Contents, 30 °C and 1.0 atm Pressure™*

Water Content (A)

(Hydration Number) Co, (10° mol cm~3) Do, (10° cm?s™")
12.4 1.16 0.144

14.6 1.06 0.258

15.8 1.05 0.416

17 0.502 0.876

20 0.402 3.03

are dependent on the water content, suggesting that different
experiment conditions such as temperature and humidity could
give different membrane water contents, leading to different O,
solubilities and diffusion coefficients. Table 1.12 lists several
values measured at different experiment conditions.
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34 [ J
—e— Diffusion coefficient D02
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Figure 1.11 Diffusion
coeﬂlcle!n_, solubility, and - n
permeability of oxygen vs water 04
content for Nafion® 211, -—— o
measured at 100% RH, 30 psi 0, 12 13 14 15 16 17 18 19 20 21
pressure.” Hydration number (1)

Table 1.12. 0, Solubilities and Diffusion Coefficients
in Nafion® 117 Membrane at Different Conditions

Experimental Condition Co, (10° mol cm—3) Do, (10° cm?s™") References
30% RH, 25 °C, 1.0 atm 0, 5.2 0.33 50
56% RH, 25 °C, 1.0 atm 0, 5.1 0.56 50
82% RH, 25 °C, 1.0 atm 0, 4.0 1.1 50
100% RH, 25 °C, 1.0 atm 0, 48 2.6 51
100% RH, 30 °C, 3.0 atm 0, 6.0 92 52
100% RH, 40 °C, 5.0 atm 0, 5.76 2.88 53
35% RH, 60 °C, 1.0 atm 0, 46 1.1 50
56% RH, 60 °C, 1.0 atm O, 41 1.4 50
75% RH, 60 °C, 1.0 atm 0, 3.8 1.7 50
20°C, 1.0 atm 0, 13 0.7 54
25°C, 1.0 atm O, 18.7 0.62 55

1.7. Chapter Summary

In electrochemical measurements and data analysis for ORR
using both rotating electrode techniques and theory, the O, sol-
ubility and diffusion coefficient as well as the viscosity of the
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aqueous electrolyte solution employed are necessary parameters.
In this chapter, the scientific fundamentals of these parameters
are given in a detailed level to facilitate the readers to understand
the meanings of these parameters. The effects of type/
concentration of electrolyte, temperature, and pressure on values
of these parameters are also discussed. In order to provide the
readers with useful information, the values of O, solubility,
diffusion coefficient as well as the viscosity of the electrolyte so-
lution are collected from literature, and summarized in several
tables. In addition, the values of both the O, solubility and
diffusion coefficient in Nafion® membranes or ionomers are also
listed in the tables. It is our wish that this chapter would be able to
serve as a data source for the later chapters of this book, and also
the readers could find it useful in their experimental data
analysis.
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2.1. Introduction

The current density measured from the rotating electrode is
contributed by both the current densities of electrode electron-
transfer reaction and the reactant diffusion. In order to obtain
the kinetic parameters of these two processes and their associ-
ated reaction mechanisms based on the experiment data, both
the theories of electrode electron-transfer reaction and reactant
diffusion should be studied and understood. In this chapter, the
general theories for electrode kinetics of electron-transfer reac-
tion and reactant diffusion will be given in a detailed level, and we
hope these theories will form a solid knowledge for a continuing
study in the following chapters of this book.

2.2. Kinetics of Electrode Electron-Transfer
Reaction

Electrochemical (or electrode) reaction kinetics is one kind of
the chemical reaction kinetics. To obtain a better understanding of
the theory of electrode reaction kinetics, understanding the basic
knowledge of chemical reaction kinetics is necessary. In this sec-
tion, the general chemical reaction kinetics will be presented first
for facilitating the fundamental understanding of electrode kinetics
and mechanism, particularly, for oxygen reduction reaction (ORR).

2.2.1. Fundamental Chemical Reaction Kinetics

Consider two substances, A and B, which are linked by simple
unimolecular elementary reactions:

ki
A< B -1

ks

Both elementary reactions at two different directions are active at
all times, and the rate of the forward process, vf (mol cm 3s7Y, is

Vf = kaA (2.1)
whereas the rate of the reverse reaction is
Vp = kbCB (22)

In Egns (2.1) and (2.2), Co and Cg are the concentrations
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of Substances A and B with a unit of mol cm ™ or M, k; and k;, are
the reaction rate constants (unit: s ) for Reactions (2.1) and (2.2),
respectively. The net reaction rate (e of A to B is:

Vnet = kaA — kbCB (2.3)
At vpet = 0, the net reaction rate is zero; then
kf Cg
2T _Kk== 24
ke Cr (2.4)

where Kis the equilibrium constant. Equation (2.4) indicates that
the kinetics must collapse to relations of the thermodynamic
form when reaction time goes to unlimited, otherwise the kinetic
picture cannot be accurate. Therefore, Eqn (2.4) is only valid at
the state of equilibrium, or a case predicted by reaction ther-
modynamics. Due to the limitation of reaction time period, it is
not easy for a reaction to reach its equilibrium state unless the
reaction rates for both directions are extremely high. Therefore, in
the study of chemical kinetics, all cases of equilibrium are
assumed based on the error tolerance.

2.2.2. Fundamentals of Electrode Reactions
(Bulter—Volmer Equation)’

To discuss some basic concepts about the electron-transfer
kinetics of electrochemical systems, here we present a simple
model reaction as shown in Reaction (4-II).

k
O+ n.e” <k—f> R (2-11)
b

where O and R represent the oxidant and reductant, respectively;
n, is the electron-transfer number; kf and kj, are the forward and
backward reaction rates, respectively. Note that this Reaction
(2-1I) is an elementary reaction. We use n, to distinguish the
electron-transfer number in a simple elementary reaction from
that of overall electron-transfer number (n) in a complex reaction
such as ORR. For an electrochemical reaction, its reaction
mechanism may consist of several such elementary reactions,
among which there should be one such elementary reaction as
the reaction rate-determining step. The value of n, is normally 1,
and for some special cases, it could be 2. For introducing the
concept of electrode reaction kinetics, we will focus on such an
elementary reaction in this chapter.

As shown in Figure 2.1, due to the electron-transfer reaction
occuring on the electrode surface, only those oxidant species
with a concentration of Cp(0,f) and reductant species with a
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Electrode
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Figure 21 Schematic of the electrode electron-transfer and reactant diffusion
process in an electrochemical system. Cy(0,7) is the surface concentration of
oxidant species, Crl(0,t) is the surface concentration of reductant species, Cy(x,1) is
the bulk solution concentration of oxidant, and Cgl(x,1) is the bulk solution con-
centration of reductant species. In these four expressions of concentration, tis the
reaction time. (For color version of this figure, the reader is referred to the online
version of this book.)

concentration of Cgr(0,f) on the electrode surface can partici-
pate in the reaction. The oxidant species with a concentration
of Co(x,#) and reductant species with a concentration of Cr(x,?)
in the bulk solution have to diffuse to the electrode surface in
order to participate the reaction (note that in both these con-
centration expressions, t is the reaction time). Therefore, there
are basically two processes during the reaction: one is the
electron-transfer reaction at the electrode/electrode interface,
and that other is the reactant diffusion from a bulk solution to
the electrode surface. In this section, we will only discuss the
former process, that is, the kinetics of electron-transfer process.
The reactant diffusion kinetics will be discussed in the latter
section of this chapter.

The forward and backward reaction rates (vt and »p, respec-
tively) for Reaction (2-II) can be expressed as:

v = kiCo(0,1) (2.5)
vy = kypCr(0,1) (2.6)
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when reaction reaches to an equilibrium, that is, vf=wp; then
according to Eqns (2.5) and (2.6), we have equation:

kiCo(0,t) = ky,Cr(0,1) 2.7)

For any chemical or electrochemical reaction, the reaction rate
constants in Eqn (2.5) or Eqn (2.6) can be expressed as in
Arrhenius forms?:

17
ki = Ap exp (—R—Tf> 2.8)

W,
ky, = A, exp (—R—J‘i> 2.9)

where Ar and Ap are the Arrhenius constants representing the
reaction rate constants for forward and backward reactions at
unlimited temperature (7), Wr and W, are the Gibbs free energies
of reaction activation for the forward and backward reactions in
Reaction (2-II), respectively. Combining Eqns (2.5), (2.6), (2.8)
and (2.9), and changing reaction rates into current densities (it
for forward reaction, and i, for backward reaction), Eqns (2.7) and
(2.8) can be obtained as:

i = n.FA; exp (—%) Co(0,1) (2.10)

i, = n.FA, exp (—%> Cr(0,1) (2.11)
RT

The Gibbs free energy of activation in Eqn (2.10), Wy, can be
considered the energy barrier the oxidant must climb in order to
become a reductant, or the energy difference between the oxidant
and the reaction transition-state, Wy, in Eqn (2.11) can be
considered that for a backward reaction, as shown in Figure 2.2.

As shown in Figure 2.2, if the electrode potential is changed
from E; to E,, the Gibbs free energy of forward reaction in Re-
action (2-1I) will be changed from Wr; to Wt 5, and the backward
reaction from Wy, ; to Wy, respectively. For Reaction (2-1I), the
electrode potential change can only affect the energy of electrons,
resulting in a net change of n,F(E, — E;) in oxidant energy, where
F is the Faraday’s constant (98,487 C mol '). Apparently, this
change will affect the energy transition-state’s energy, but it is not
necessary for the entire energy change, n,F(E, — E), going to this
transition-state, only a portion may go to the transition-state. In
electrochemistry, a parameter called electron-transfer coefficient
() is normally used to describe this portion. The value of « is
between 0 and 1. In an extreme case when « =1, all the energy
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Transition-state (O—n,e —R)

E,
n,F(E,-E)) Reductant(R)
E,
Oxidant(O + n,e™)
Reaction coordinate
Electrode O+ne =R

Figure 2.2 Schematic reaction activation energies as a function of reaction
coordination. (For color version of this figure, the reader is referred to the online
version of this book.)

change will go to the transition-state, the electrode potential
change will not affect the reaction activation energy of the for-
ward reaction, but the entire n,F(E, — E;) will become the extra
energy barrier of the backward reaction; and in another extreme
case when « = 0, the transition-state’s energy will not be affected,
the entire n,F(E, — E;) will used to reduce the energy barrier for
the forward reaction, and the activation of the backward reaction
will not be affected. As a normal case, the energy difference of
transition-state induced by the electrode potential change from
E) to E, can be written as an,F(E, — E;). Based on Figure 2.2, it
can be seen that Wt + n,F(E, — Ey) = Wro + an,F(E; — Ep), and
Wh 2 + an F(E; — E1) = Wy 1; then the following relationships
can be obtained:

Wio = Wi+ (1 — a)noF(E; — Ey) (2.12)
Wpo = Wy —anyF(E; — Ey) (2.13)

If the initial state is an equilibrium state at the standard con-
ditions (25°C, 1.0 atm) and Cp(0,f) = Cg(0,6) = 1.0 mol dm 3,
E; will become the standard equilibrium electrode potential,
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E°, and both Wg; and Wy, will become WP and W, respec-
tively. To discuss a general case, Wi, and Wy » can be written
as Ws to Wy, respectively, Then both Eqns (2.12) and (2.13) will
become:

W = WP + (1 — a)noF(E — E°) (2.14)
Wy = WP — an,F(E — E°) (2.15)

Then the current densities induced by the electrode potential
change from E° to E, as described by Eqns (2.10) and (2.11), can
be rewritten as:

wp (1 — a)n,FE°
. _ f o
If = noFAf exp( —RT>exp (7RT )

x exp( - %) Co(0,7) (2.17)
1 - «a)n,FE
= n.FK? exp( - %) Co(0,1)
. wpe an,FE° an,FE
iy, = naFAp exp< - R_;> exp< ~ T )exp( RT )CR(O, t)

FE
n,FKY exp <Mll;T ) Cr(0,1)

(2.18)

where  Kp = A¢ exp(—%)exp(%%) is the Nernst
potential-dependent standard reaction rate constant for the

forward reaction in Reaction (2-1I), and Kg = Ay exp(f%)

exp (%) is the Nernst potential-dependent standard reaction

constant for the backward reaction.

Equations (2.17) and (2.18) can also be alternatively
expressed as:

wo _ _ E°
= non( e IIE B

_ _ 0
= naFkg exp(— (1 a)n;??(E E )> Co(0,1)

(2.19)
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W —E°
i, = nuFA, exp( — —b) exp (%) Cr(0,1)
an,F(E — E°)

RT
(2.20)
n.Fky exp (T) Cr(0,1)

where kf = Ay exp( —;V—}) is the standard reaction rate

constant for the forward reaction in Reaction (2-II), and kg =

Ap exp( - %) is the standard reaction constant for the backward

reaction. At standard conditions (25 °C, 1.0 atm, and Cp(0,f) =
Cr(0,t) =1.0 mol dm®), according to Eqn (2.7), kP should be
equal to k?, that is:

WO WO
0 — k0 = AfeXp<—R—;,> :Abexp<—R—;> =k° (2.21)

k° is called the standard rate constant. Please note that both
kP and kg in Eqns (2.20) and (2.21) are different from those of K
and Kg in Eqns (2.18) and (2.19).

At the situation (E # E°), combining Eqns (2.18) and (2.19), the
net current density of electrode Reaction (2-1I) can be obtained:

1 — a)naFE
i =i — iy, = naF[KfOCO(O, t)exp(—%

o an,FE
KbCR(O,t)exp< BT ﬂ

) (2.22)

If based on Eqgns (2.20) and (2.21), the alternative net current
density can be written as:

_ _ FO
i = it — iy = naF |[kCo(0, z)exp<(1 “)”;I?E E )>

— kpCr(0, t)exp (M)}

RT
= nyFk° {CO(O, t)exp( _a- a)n;l;(E — EO))
— Cr(0, H)exp <w>] (2.23)

Equation (2.22) or Eqn (2.23) is one of the most important
equations in dealing with electrochemical surface reactions,
which is called the Bulter—Volmer equation.
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Based on Eqn (2.22) or Eqn (2.23), we can discuss several
important concepts of electrochemical kinetics, including
the overpotential, the Nernst reversible electrode potential, the
exchange current density, the standard reaction rate, the
electron-transfer coefficient, and the reversible and irreversible
reactions.

1. Nernst reversible electrode potential. When the reaction rea-
ches equilibrium, the electrode potential becomes equilib-
rium or Nernst potential, that is, E= E°9, and the net current
density will become zero (i=1if— i, =0), and Eqn (2.22) or
Eqn (2.23) will become Eqn (2.24) if combining with Eqn

(2.21):
RT ., (Co(0,1)
eq _ po
E E° + naFln<CR(0, t)) (2.24)

This Eqn (2.24) is the expression of Nernst electrode potential of

Reaction (2-1II).

2. Exchange current density and alternative Bulter—Volmer equa-
tion. Based on Egn (2.22), we can define another important
kinetic parameter called the exchange current density (i,
which is either the forward or backward current density
when the forward and the backward reaction rates become
equal. In other words, the reaction is at the equilibrium state
with the oxidant concentration of C;(0,¢) and the reductant
concentration of C;(0, £):

e
i° = n.FKP CH(0, t)exp( — W)

FEed
“”“—) (2.25)

n.FKy Ci (0, t)exp ( BT

From Eqn (2.23), the exchange current density can be alterna-
tively expressed as:

RT
angF(E®d — E°)
RT

_ eq _ po
i° = nuFk°C§(0, t)exp(— (1= )n.F(EN — E ))

(2.26)

nFk°Cg (0, t)exp (

If combining Eqn (2.24) with Eqn (2.26), another expression of
exchange current density (i°) can be obtained:

1 = na Fk®(CH(0,1))" (Cx(0,1)) ¢ (2.27)
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Combining Eqns (2.23) and (2.27), an alternative Bulter—Volmer
equation can be obtained as:

1 =1

.o (CO(O» t) exp( _ (1—a)naF(E - Eeq))

C5(0,1) RT
Cr(0,1) an,F(E — E®9) (2.28)
— o exp | —<
Cfi((), f) RT

The term, E — E®4, in Eqn (2.28) is called the overpotential, which
will be discussed more in a latter paragraph in this section. At a
low current density and the reaction rate is totally controlled by
the electron-transfer kinetics, Cp(0,1)=C;(0,¢) and Cr(0,1)=
Cx(0,1), Eqn (2.28) will become Eqn (2.28a):

o (1 — a)n,F(E — E%9) angF(E — E9)
1 =1|exp| — RT — exp —RT
(2.28a)

The exchange current density is a very important parameter in
determining the reversibility of the electrochemical reaction.
Normally, when i° — 0, the corresponding reaction will be an
irreversible reaction, and when i® — «, the corresponding reac-
tion will be the reversible reaction. Figure 2.3 shows the effect of
i° value on the shape of i ~ (E — E°9) curves.

3. Electron-transfer coefficient (o). As discussed previously, this «
is called the electron-transfer coefficient, which is one of the
important parameters for the electrode electron-transfer
kinetics. For majority of electrochemical reaction systems,
the value of this « is in the range of 0.2—0.8, depending
on the nature of the studied system. However, in the
electrochemical research, if this value is not measured,
people normally assume its value to be 0.5.

According to Eqn (2.28), the magnitude of « has a strong effect
on the shape of the current—potential curve. Figure 2.4 shows the
i ~ (E—E°Y) curves at three different values of «. It can be seen
that it reflects the symmetry of the curves, and only when o = 0.5,
the curve is a symmetric one.

4. Overpential and Tafel equation. In Eqn (2.28), the term of
E— E°Y is called the overpotential (n), that is, n=FE — E®9,
which is used to measure the reversibility of the electrochem-
ical reaction. Overpotential is the driving force of the electrode
reaction: the larger the overpotential, the faster the electrode
reaction rate would be. From Bulter—Volmer Eqn (2.28a), it
can be seen that when this overpotential is negative enough,
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Figure 2.3 Current density—overpotential curves of 0 + n,e~ <k—'> R reaction at three different exchange current
b
densities (i=1.0 x 1075, 1.0 x 1077, and 1.0 x 107% A cm~2, respectively), calculated according to Eqn (2.28a) using

the parameter values of n, =1, R=8.314 J K" mol~", T=298 K, F= 96,487 C mol~", and « = 0.5. (For color version of
this figure, the reader is referred to the online version of this book.)

i°=1.0x107 A em™

such as 7 < —60 mV, the second term in this equation would
be much smaller than the first one. Then, Eqn (2.28) becomes:

RT RT
B L R S P
K N0~ T e

T=anF In(i)  (2.29)

or

RT ] RT

A and ") G g @ @30

E = E*9+

This Eqn (2.30) is called the Tafel equation for the forward reac-
tion, where both the intercept (Eeq + %ln(io)) and the

slope ( — (1—5%) can be experimentally measured, from which

two important kinetic parameters, the electron-transfer coeffi-
cient («) and the exchange current density (i°), can be obtained if
E° is known.
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Figure 2.4 Current density—overpotential curves of 0 + n,e~ & R reaction at three different electron-transfer
coefficients (a = 0.25, 0.5, and 0.75, respectively), calculated ac?:ording Eqn (2.28a) using the parameter values of
n,=1 R=8314J K "mol~', T=298 K, F=96,487 C mol~', and i=1.0 x 10~ A cm~2 (For color version of this
figure, the reader is referred to the online version of this book.)

Actually, with the proceeding of the electrode reaction
(Reaction (2-1II)) from left to right with zero concentration of
reductant (Cr(0,f) =0) at the beginning, the concentrations
Co(0,7) and Cg(0,7) will be changed, that is, Cp(0,t) will be reduced
and Cg(0,7) will be increased at the electrode surface. The oxidant
(O) will move from the bulk solution to the electrode surface and
the reductant (R) will move from the electrode surface to the bulk
solution. Therefore, these two reactant transport processes will
contribute to the entire electrode reaction, which will be dis-
cussed in the following section.

2.3. Kinetics of Reactant Mass Transport Near
Electrode Surface®*

Besides the kinetics of electron-transfer reaction discussed
above, the process of reactant transport near an electrode
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surface is the other necessary portion of the entire electrode
kinetics. In order to understand the rotating electrode theory
and correctly perform the corresponding experiment techniques
in evaluating electrocatalyst’s activity toward ORR, under-
standing the kinetics of reactant transport near the electrode
surface is necessary.

2.3.1. Three Types of Reactant Transport in
Electrolyte (Diffusion, Convection, and Migration)

Reactant transportation in electrolyte near the electrode sur-
face occurs by the following three different modes as illustrated in
Figure 2.5.

1. Diffusion. As shown in Figure 2.5, diffusion is the spontaneous
movement of the species under the influence of concentration
gradient (from high concentration regions to low concentra-
tion regions). The purpose of spontaneous diffusion is to
achieve a minimizing concentration difference within the
electrolyte.

For simplification, we chose the direction of reactant diffusion
as the perpendicular direction to the electrode surface, as shown
in Figure 2.6 (the x direction). We also assume that the reactant in
the solution is oxidant with a concentration of Cq(x,#). Figure 2.6
schematically shows two parallel planes near the electrode in
the electrolyte solution. These two planes, with a distance of dx,
are both parallel to the electrode surface. The reactant diffusion

; Diffusion 3 o -::._. ..‘.'
(4 —° oo %o
/-—._—..-._‘ -e -9 e ..
; .—‘—_. — —0 - 20 O
—— - Ve ® ®
//' — * - * ’4 o* :\
~| Migration -
s —© © ®
o— e | Reactant molecule/ion
Electrode —
o—<=® —©®
Convection [ o o L4
o le ‘ ° °
re o NI
. ] L]
? es o °
o: ° e * o 0

Figure 25 Schematics of three modes of mass transport.®
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Electrode solution
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/)

Figure 2.6 Schematic of diffusion planes in the electrolyte solution. (For color
version of this figure, the reader is referred to the online version of this book.)

rate (Jp,0), with unit of the diffused mole number per second at a
unit surface area (mol s~! cm™2), can be expressed as:

dCO(xv t)
dx

where D is called the diffusion coefficient (cm? s~!)—which has
been given a detailed discussion in Chapter 1—Cp(x,f) is the

concentration of the reactant (mol dm~3), dx is the distance the
dCo(.x
d

reactant diffused (cm), and —xt) is the concentration gradient at

the distance x. This Eqn (2.31) is called the Fick’s first law.

For Reaction (2-11), the current density (ipo, A cm 2) pro-
duced by the oxidant diffusion from solution toward the
electrode surface can be expressed as Eqn (2.32) based on Eqn
(2.30):

Jpo = —Do (2.31)

dCO (x7 t)
dx

2. Migration. As shown in Figure 2.5, migration is the movement
of charged ion along an electrical field in the electrolyte. The
moving direction is therefore decided by both the directions
of the electrical field and the charge state of the particle. The
positively charged particles move along with the direction of
the electrical field while the negatively charged particles
migrate against the direction of the electrical field. The

ip,o = neFIpo = —naFDo (2.32)
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reactant migration rate (Jy,0) with unit of the migrated mole
number per second at a unit surface area (mol s~ ' cm %) can
be expressed as:

do(x)
dx

]M,O = M%CO(JC, l') (2.33)

where 1 is called the mobility of the oxidant (cm*s™" V') if the
oxidant is the charged ion, ¢(x) is the electric field (V) at the
distance x in the solution, and % is the gradient of electric field
at the distance x. Note that this migration is only for charged ion,
for neutral molecule such as dissolved O, in the electrolyte so-
lution, J/um,0 =0. The current density (im0, A cm™?) produced by
the charged oxidant or reductant migration from solution
toward the electrode surface can be expressed as Eqn (2.34) based
on Eqn (2.33):

dg(x)
dx

where depending on the sign of the charged ion, the ug) can have

either positive or negative value.

3. Convection. As shown in Figure 2.5, convection is the transport
of the species near the electrode brought by a gross physical
movement. Any stirring, thermal fluctuation, density gradient,
or electrode movement such as rotating can cause a convec-
tion of the reactant inside the electrolyte solution. Therefore,
convention of the reactant has to be considered when dealing
with the reactant transport near the electrode surface. The
reactant convection rate (Jc,) with unit of the transported
mole number per second at a unit surface area (mol slecm™?)
can be expressed as:

imo = naFlmo = noF|ud|Co(x, 1) (2.34)

]C,O = U()C(x, l') (2.35)

where vg is called the flow rate of the electrolyte solution at
x direction (cms '). The current density (ico, Acm ?)
produced by the solution movement from solution toward the
electrode surface can be expressed as Eqn (2.36) based on
Eqn (2.35):

ico = NuFJco = naFuvoCo(x,1) (2.36)

Actually, the reactant transport by these three processes (diffu-
sion, migration, and convection) occurs at the same time
along the x direction. The total oxidant transport current density
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(i, Acm™? can be obtained by adding those three current den-
sities expressed by Eqns (2.32), (2.34) and (2.36):

i = ipo+imo+ico = neF(Upo+Imo+Jco)

dCo(x. t d
_ naF< _ Do%jL |ug|Colx, t)%—&- voColx, r))

(2.37)

In an electrolyte solution, in the region far from the electrode
surface, the dominating reactant transport is the convection
process (Jc0) because the magnitude of vp is several order
larger than those of Do and ug. However, in the region very
close to the electrode surface, the magnitude of vg is much
smaller than those of both Dg and ug), the dominating current
densities should be (Jp,o +J/m,0)- In a normal electrochemical
measurement, some high concentration of electrolyte is used,

for example >0.1 M; the electric field gradient, % in Egn
(2.34), is very small, and therefore the dominating reactant
transport is the diffusion process (Jp,0). Furthermore, this J/u 0
is only meaningful for the charged ions, and not for those
neutral molecules such as dissolved O,. For the study of
oxygen reduction (ORR), this migration process will not be
considered, that is, /y,0=0. Therefore, in the following sub-
sections, we will only focus on the reactant diffusion and
convection processes.

2.3.2. Nonsteady-State Diffusion Process
of Reactant when the Electrolyte Solution
at the Static State

In practice, the electrolyte solution is always moving due to
the thermal fluctuation or vibration. In order to better understand
the diffusion behavior, we assume that the electrolyte solution is
at the static state, and the only reactant transport is through
diffusion.

Before we go further, it is necessary to introduce another
important concept, the Fick’s second law. This law deals with the
change of reactant concentration with time during the diffusion.
It can be deduced using Figure 2.6. At the diffusion Plane 1, the
oxidant diffusion rate can be expressed as:

dC t
Jpo1 = —Do <(()§C’ )> (2.38)
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and at Plane 2, the diffusion rate can be expressed as:

dCo(x, ¢t
Jpo2 = —Do <O())
x=x+dx

d
() 4] o

Then the concentration change between Planes 1 and 2 with time
can be expressed as:

dCo(x,)\  Jpo1-Jpo2 d*Co(x, 1)
( )\ )D = 0177002 _ p, <— (2.40)

This Eqn (2.40) is a very important equation dealing with the
diffusion-induced change in reactant concentration with time.
As we know, the electrochemical Reaction (2-II) can only
occur at the electrode surface (x =0). Then the diffusion current
density expressed by Eqn (2.32) can be alternatively expressed as:

dCO (05 t))
x=0,t

ax (2.41)

iD,O = —l’laFDo(

In order to obtain a visual expression of the reactant diffusion

behavior with the reaction time, the term of (%) o in Eqn
x=0,t

(2.41) has to be resolved. Several boundary conditions are nor-
mally used for this purpose: (1) the diffusion coefficient (Dg) is
constant, independent on the reactant concentration; (2) at the
beginning of reaction (t=0), the reactant concentration is uni-
form across the entire electrolyte solution, that is,Co(x,0) = Cg;
and (3) at any time, the reactant concentration at the unlimited
distance is not changed with the reaction process, that is,
Co(>,t) = C3. Based on these three boundary conditions, we
can discuss two typical cases as follows:
1. Diffusion process at a constant current density. If the electro-
chemical reaction is carried out at a constant current density
(13), Eqn (2.41) can be rewritten as:

dCo(0, 1) I8
( dx ),_o; n.FDo (242)

Using Eqn (2.40) and the three boundary conditions, the reactant
concentration (Co(«,f) = Cg) at any time and distance can be

resolved as:
x /Dot x?
erfc (—2 Dot t) -2 — &XP ( ~1Dg t)]

(2.43)

I8x
I’laFDj

Co(x, t) = C8 +
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where erfc function can be expressed as:

2,/Dgt
2

_ T T —2
erf(zm) 1 NG / e t'dr (2.44)

erfc <L>
2v/Dot

(=}

To visualize the concentration distribution near the electrode
surface, Figure 2.7 shows several curves of Co(x,f) vs x at several
different time periods, which are calculated according to Eqn
(2.43). It can be seen that the reactant concentration is decreased
with increasing reaction time due to the reaction consumption.
The larger decrease in concentration can be seen at the region
more close to the electrode surface. At the electrode surface, the
concentration can be expressed as Eqn (2.45) by setting x =0 in

Eqn (2.43):
ZIjO [t

This equation gives the trend of surface concentration of the
reactant with increasing reaction time. Actually, the controlled
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Figure 2.7 Distribution of the reactant concentration near the electrode surface at a constant current density (/3) for
the electrode reaction at different reaction time periods as marked beside each curve, calculated using Eqn (2.44).
I8 =5.0x10"%Acm2 n,=10;, F=96,487 Cmol "; Dg=1.9 x 10"°cm®*s % 3 = 1.3 x 10~® mol cm~3; and
=289 s. (For color version of this figure, the reader is referred to the online version of this book.)
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current density (I3) can only be sustained before the time when
the surface concentration reaches zero, after that the diffusion
process cannot supply enough reactant for the desired constant
current density. This time period is called the transition time (7).
According to Eqn (2.45), when Cp(0,%) =0, the transition time can

be expressed as:
FC3\?
t = mDo (a0 (2.46)
21§

Combining Eqns (2.45) and (2.46), another alternative equation
for surface concentration of reactant can be obtained:

A /2
Co(0,1) = C3 (1 - (T> ) (2.47)

Equation (2.47) can be used to obtain the electrode potential if we
could assume that Reaction (2-II) is a totally reversible reaction,
and the reductant is insoluble (Cg(0,f) = 1). Substituting the oxi-
dant’s surface concentration Cp(0,#) into the Nernst Eqn (2.24),
the following electrode potential can be obtained:

12 12
—t
gea — o By (Toi) (2.48)

n.F /2

where 1 is the transition time for oxidant. This equation can be
used to obtain the electron-transfer number based on the
1/2

experimental linear relationship between E°4 and To/ﬂ;/fl/z

2. Diffusion process at a constant electrode potential. Assuming that
Reaction (2-1I) is a totally reversible reaction, and the reductant
isinsoluble (Cz(0,f) = 1). According to the Nernst Eqn (2.24), the
oxidant’s surface concentration should be constant if the
electrode potential is held as a constant. In this case, Cp(0,t) =
C3 = constant (C}) is the reactant concentration at electrode
surface). Using the other three conditions as: (1) the diffusion
coefficient (Dg) is constant, independent on the reactant
concentration; (2) at the beginning of reaction (¢+=0), the
reactant concentration is uniform across the entire electrolyte
solution, that is,Co(x,0) = C3; and (3) at any time, the
reactant concentration at unlimited distance is not changed
with reaction process, that is, Co( %, ) = Cg, Eqn (2.40) can
be resolved to give the expression of Cp(x,1):

Co(x,t) = C3 + (C§ — Cg)erf( (2.49)

)
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Figure 2.8 Distribution of the reactant concentration near the electrode surface at a constant surface concentration

2 —2.

(C§ = 0) for the electrode reaction at steady state, calculated based on Eqn (2.50). g = 1.9 x 107° cm?s™% and
Cy=13x 108 mol cm—3. (For color version of this figure, the reader is referred to the online version of this book.)

At an extremely situation when C§ — 0 at any time, Eqn (2.49) will
becomes:

X
C 1) = Clerf| ——— 2.50
O(xv ) 0€r (2\/D—O[> ( )
In this equation, when 2\/%(?? > 2 (or x > 4+/Dgt) erf(zfm) =1,

then %}i‘”z 1. Here the oy = 4/Dgpt is defined as the total
thickness of diffusion layer, as shown in Figure 2.8, which is the
distance when Cp(x,f) reaches Cg. Another useful definition is
called the effective thickness of diffusion layer (6), which is the

bulk reactant concentration (C3) divided by the reactant con-

centration gradient at the electrode surface ((dC‘jT(Ot)) 0):
X=
CO
6=— 09— /mDot (2.51)

<%> x=0

where 6 = /mtDgt is calculated based on Eqn (2.50), which can
also be obtained from Figure 2.8. It can be seen that this effective
thickness is a function of time, suggesting that the diffusion layer
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Figure 2.9 Distribution of the reactant concentration near the electrode surface at a constant surface concentration
(C3) for the electrode reaction at different reaction time periods as marked beside each curves, calculated using Eqn
(2.49). C§ = 3.0 x 1078 mol cm=3; Do = 1.9 x 10° cm® s ™% and €3 = 1.3 x 108 mol cm 3. (For color version of this
figure, the reader is referred to the online version of this book.)

thickness will become thicker with increasing the electrode re-
action time. However, this diffusion layer thickness is only
dependent on the diffusion coefficient of the reactant and the
reaction time period, but independent on the reactant concen-
tration. For example, if the diffusion coefficient of dissolved O, in
the electrolyte solution is taken as 1.9 x 107> cm? s, the effec-
tive diffusion-layer thicknesses at different reaction time periods
can be calculated as 7.7 x107® (t=1s), 24 x107? (t=105s),
7.7 x 1072 (t=100s), and 2.4 x 10~ (t= 1000 s) cm, respectively.

Regarding the nonsteady-state current density (ipo)
induced by the diffusion process at any time shown in Figure 2.9,
it can be expressed as Eqn (2.52) after a modification from
Eqn (2.32):

iD,O = nyFDg <dcod(?’t)> (2.52)
(x=0),t

Combining Eqn (2.49) with Eqn (2.52), the current density can be
rewritten as:

Do Do\ /2
ipo = naF(Cj - Cp) p naF (C — C(S‘)><R> 12 (2.53)
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When the reactant surface concentration reaches zero (C3 = 0)
(the case that the reaction rate is totally controlled by the diffu-
sion rate), Eqn (2.53) will become:

. Do\Y% ),

ipo = nuFC (?) 1 (2.54)
Based on this equation, the experiment plot of ip o vs £ */? allows
the measurement of either n, or Dg if the reactant concentration
is known.

From Figures 2.7 and 2.9 and Eqn (2.51), it can be seen that the
diffusion layer thickness is increased with prolonging the reaction
time period, suggesting that it is impossible to sustain a steady-
state reaction rate if only based on the reactant diffusion trans-
port. Therefore, in order to maintaining a sustain reaction rate (or
current density), some forced convection measures such as stir-
ring and electrode rotating have to be used. For example, rotating
electrode can create a steady-state convection near the electrode
surface and stop the continuing expansion of the diffusion layer
with the reaction time, leading to a fixed thickness when the
rotating rate is fixed. Therefore, the combination between the
reactant diffusion and solution convection must be considered in
understanding the transport kinetics, which will be discussed in
the following subsection.

2.3.3. Steady-State Diffusion—Convection Process
of Reactant

In order to make some sense about the combination of
diffusion and convection process and their resulting stead-state
reactant transport near the electrode surface, an ideal situation
is presented here. Figure 2.10(A) shows the experiment device for
separating the diffusion from the convection regions. A container
connected to a capillary with a length of /, at the end of which a
planner working electrode is attached. This container contains an
electrolyte solution containing only an oxidant Reaction (2-II)
with concentration of C3, a counter electrode, and a stirrer at a
vigorous stirring during the current passes through the working
and counter electrode. Due to the diameter of the capillary is very
small, there should not be any convection inside it. Furthermore,
due to the electrolyte’s concentration inside the capillary is high,
the electric mobility could also be negligible, so that there is only
diffusion transport inside the capillary. Due to the stirring, the
concentration of oxidant inside the container should be uni-
formly distribution—that is, the concentration at the mouth of
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Figure 2.10 (A) Experiment device for measuring the reactant concentration
distribution in separating the diffusion from the convection regions; (B) Reactant
distribution near the electrode surface. (For color version of this figure, the reader
is referred to the online version of this book.)

capillary is constant at C3. The oxidant concentration distribu-
tion near the electrode surface can be expressed as in
Figure 2.10(B). It can be seen that the diffusion layer thickness is
limited at the distance of [, beyond which the region is the con-
vection one.

According to Eqn (2.32), the diffusion current density (ip,0)
can be expressed as:

iD,O = I’laFD()% = nyFDg

Cco _ s
— VlaFDo%

when Cp reaches zero, the value of ipo will become the
maximum (Ip o):

Co(l,t) — Co(0,1)
l

(2.55)

CO
Ipo = naFDOTO (2.56)

This maximum current density is normally called the diffusion-
limiting current density. It can be seen that both Eqns (2.55)
and (2.56) represent the steady-state situation created by the
convection process outside the region of diffusion layer. Due to
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this solution convection, the diffusion layer thickness cannot
expend with time anymore. While if there is no such a solution
convection process, the diffusion layer will expend and become
thicker with prolonging the reaction time, as shown in Figures 2.7
and 2.8.

Unfortunately, the case presented in Figure 2.10 is ideal, not
necessary to reflect the real situation. For a practical electrode,
both diffusion and convection processes coexist. Even inside
the diffusion layer, there is some degree of convection—that is,
the solution within the diffusion layer is not static. Therefore, the
diffusion layer thickness should be determined by both the
diffusion and convection processes. Fortunately, using mathe-
matical modeling, the reactant concentration distribution profile
near the electrode surface has been found to be similar to that
shown in Figure 2.9, from which the effective (or equivalent)
diffusion-layer thickness can also be defined in the same way as
Eqn (2.51). For a detailed expression about this diffusion layer
thickness induced by both diffusion and convection process, we
will give more discussion in Chapter 5.

In a similar way for Eqns (2.55) and (2.56), the current density
for the steady-state diffusion—convection process of oxidant in
Reaction (2-1I) (ip,0) can be expressed as:

. 3 — C¢
lD7O = naFDO%

(2.57)
where d¢ is the effective diffusion layer thickness of the oxidant.
When C§ reaches to zero, the value of ipo will become the
maximum (Ip ):

C’O
Ino = naFDo -2 (2.58)

) 60
where the maximum current density (Iq,0) is also called the
diffusion limiting current density. For reductant oxidation in
Reaction (2-1I), the similar expression as Eqn (2.58) can also

obtained:
Cco - C§
ibr = naFDR% (2.59)
CO
Ipr = naFDRé—R (2.60)
' R

where Ip R is the diffusion limiting current density of the reduc-
tant, Cj is the surface concentration of reductant, and dr is the
effective diffusion layer thickness of the reductant.
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2.4. Effect of Reactant Transport on the
Electrode Kinetics of Electron-Transfer
Reaction

Reactant transport can not only affect the kinetics of the
electron transfer but also affect the thermodynamics of the
electrode reaction. In this section, we will discuss these two
effects separately.

2.4.1. Effect of Reactant Transport on the Kinetics
of Electron-Transfer Process

To investigate the effect of reactant transport on the electron-
transfer current density, we can express Eqn (2.28) as Eqn (2.61):

i = (i exp( - a)n(;{FZIEE - Ee%)

CS  (an,F(E — E®9)
~ e (T

(2.61)

This equation describes the situation where both oxidant (O) and
reductant (R) in Reaction (2-1I) are coexisting in the electrolyte
solution with the initial concentrations of C§ and Cg, respec-
tively. As discussed previously, when the overpotential (E — E®9) is
negative enough so that the second term in the right-hand side of
Eqn (2.61) can be negligible compared to the first term, Eqn (2.61)
will become:

cs _ _ meq
i = ioc—g exp( _a a)nD;{F]EE E )) (2.62)
(6]

When the overpotential (E — E®9) is positive enough so that the
first term in the right-hand side of Eqn (2.61) can be negligible
compared to the first term, Eqn (2.61) will become:

. o CS anyF(E — E®9)
_ j0ZR et V= 2.
i I Cﬁ exp( RT ) (2.63)

As described by Eqns (2.57) and (2.58) for oxidant reduction
and Eqns (2.59) and (2.60) for the reductant oxidation, the ratios
G

of % and & can be expressed as Eqns (2.64) and (2.65),
(6] R

respectively:

— =1-——" (2.64)
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-0,

CIS{ iD R
“R_ 22 2.65
co Iox ( )

If ip,0 and ip g can be simply expressed as i, and Eqns (2.64) and
(2.65) are substituted into Eqns (2.62) and (2.63), separately, two
new expressions can be obtained:

i— <1 - %) eXp( _ (= a)naF(E - Eeq)) (2.66)

DO RT
. _ i an,F(E — E°9)
= —°(1 - — - -~ 7 2.
l l < 1D.,R> eXp< RT > (267

where the terms of (1 — ﬁ) and (1 — ﬁ) represent the effect of

reactant diffusion—convection transport on the electron-transfer
kinetics. It can be seen that when i < Ip g or i < Ip g, the reactant
transport effect can be negligible, and when i has the similar
magnitude to that of Ip o or Ip R, the reactant transport effect will
be significant.

To give some sense about the reactant transport effect on the
current density, Figure 2.11 shows the current—overpotential
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Lo = 0.01 A cm’

O+ne—R

N
B
m
D
w

2.0E-03
16E031 &
126034 &
8.0E-04 1 §
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Figure 2.11 Current—potential curves calculated using Eqns (2.66) and (2.67). The diffusion limiting current densities
are as those marked in the figure; °=1.0x10%Aem % n,=1.0; « =05, T=298K; R=8.314 J mol ' K~ ";
F= 96,487 C mol~". (For color version of this figure, the reader is referred to the online version of this book.)
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curves at two sets of different diffusion limiting current density,
as marked beside each curves. Note that when performing the
calculation for reductant oxidation using Eqn (2.67), both the
values of i and Ipr are taken as negative values.

Figure 2.11 shows that due to the reactant transport limitation,
the electrode current densities are all limited below or equal to
the diffusion limiting current densities.

Note that if the current density is only determined by the
electron-transfer process at the electrode surface without any
effect from the reactant transport, according to Eqn (2.66) or Eqn
(2.67), this current density can be expressed as ixo =

i° exp( _ W)

exp (%) for reductant oxidation. Substituting this i into

for oxidant reduction or i = —i°

Eqn (2.66) or Eqn (2.67), the following two Equations can be
obtained for oxidant reduction and reductant oxidation,

respectively:
1 1 1
- = 4 - (2.68)
I ko Ibo
1 1 1
= + (2.69)

i i Ior
These two equations have the form predicted by the
Koutecky—Levich theory, which will be discussed more in

Chapters 5 and 6.
Equations (2.66) and (2.67) can also be expressed as the

Tafel form:
RT . RT ilpo
_ req 0\ )
E=E +7(1 — a)naFln(l ) = a)naFln<ID.’o — i> (2.70)
RT . RT ilpr
_ peq _ o] )
E=E anaFln(l )+ anaFln<i — ID,R) (2.71)

Using these equations, the experiment data of current density at
various electrode potentials can be analyzed, from which the
kinetic parameters of electron-transfer reaction such as the
electron-transfer coefficient and the exchange current density can
be obtained.

2.4.2. Effect of Reactant Transport on the
Thermodynamics of Electrode Reaction

Regarding the effect of reactant transport on the thermody-
namics of electrode reaction, we have to consider the reversible
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electrochemical system, where both the forward and the back-
ward reaction rates in Reaction (2-II) are very fast (or the ex-
change current density is very large) so that the reaction is always
at its equilibrium state, and then the electrode potential (E) can
be described by the following Nernst equation:

RT Cs
_ 1o [6)
E =E°+ naFln<_C§) (2.72)

According to this equation, we can discuss two cases: one is the

case when the reductant in Reaction (2-II) is insoluble (such as

the metal ions’ deposition) or solvent (such as O, reduction re-

action in aqueous solution to produce water), and the other case

is both oxidant and reductant are soluble.

1. Reductant is insoluble or the solvent. In this case, the activity of
reductant is always equal to 1 (or C§ = 1), Eqn (2.72) can be
rewritten as:

RT
E =E° 1 S 2.73
+ noF n(CO) ( )
Substituting Eqn (2.64) into Eqn (2.73), Eqn (2.74) can be
obtained:
RT RT Ipo—1i
E = E° 1 o 1 . 2.74
o FMCD) TR n( Ino > 2.74)

When i = }Ip o, the electrode potential defined by Eqn (2.74) will
become the half-wave potential: E;/, = E°+ Z%In(3C3), and
then Eqn (2.74) can be rewritten as:

RT . /1\ RT. (Ipo—i
E=E»———In(= In(2: 2.
1270 F n(z) tF n( Ipo ) (2.75)

Note that Eqn (2.74) is for the case of reversible reaction where

Nernst potential is applicable to its electrode potential.

2. Both the oxidant and reductant are soluble. When the electro-
chemical reaction proceeds according to Reaction (2-1I) from
left to right, the rate of R production at the electrode surface
should equal to that diffused out if the reaction is at a steady
state. Then Cj can be expressed as:

ioR

G =G+ 1.FDy

(2.76)

If at the beginning of the reaction, there is no reductant in the
solution (CR = 0), Eqn (2.76) will become:
s I0R

- 2.
o} o FD- 2.77)
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According to Eqns (2.57) and (2.58), the surface concentration of
oxidant can be expressed as:

ibo  do(Ipo—1i)
I’laFDo N n,XFDO

Substituting Eqns (2.77) and (2.78) into Eqn (2.72), the Nernst
electrode potential can be expressed as:

RT . (60Dp\ RT i
E = E° 1 2.79
naF n((BRDO) T F n(IDp - i) (2.79)

Ce = C3+ (2.78)

When i = lID .0, the electrode potential defined by Eqn (2.79) will
become the half-wave potential: Ej, = E° + &L, ln(é(’DR) then

Eqgn (2.79) can be rewritten as:

E=Ep+—— RT 1n<1 ! ) (2.80)
D0 — 1

This half-wave potential is very useful in evaluating the reactant
transport-affected electrochemical reaction. Note again that Eqn
(2.80) is for the case of reversible reactions. As a rough estimation,
this half-wave potential may be useful for those pseudoreversible
reactions. However, one should be careful when using this half-
wave potential to evaluation the irreversible electrochemical
reactions.

2.5. Kinetics of Reactant Transport Near
and within Porous Matrix Electrode Layer®

In the above sections, we have presented the electrode kinetics
of electron-transfer reaction and reactant transport on planar
electrode. However, for practical application, the electrode is
normally the porous electrode matrix layer rather than a planner
electrode surface because of the inherent advantage of large
interfacial area per unit volume. For example, the fuel cell catalyst
layers are composed of conductive carbon particles on which the
catalyst particles with several nanometers of diameter are
attached. On the catalyst particles, some proton or hydroxide ion-
conductive ionomer are attached to form a solid electrolyte,
which is uniformly distributed within the whole matrix layer. Due
to the electrode layer being immersed into the electrolyte solu-
tion, this kind of electrode layer is called the “flooded electrode
layer”.

The detailed description of the mass transfer in this flooded
porous electrode layer is not straightforward. The behavior of the
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porous electrode is more complicated than that of planar elec-
trodes because of the intimate contact between electrode parti-
cles and electrolyte. With regard to describing the reactant
transport near and within porous electrode layer, there are
various types of model. In the earlier models, the pores in flooded
porous electrode layer were treated as straight cylinders arranged
perpendicular to the external face of the electrode. It is consid-
ered that the electrode particle (or catalyst particle) phases and
reactants are evenly distributed throughout the volume.””
Further development is the flooded agglomerate models
described by Giner and Hunter” and Iczkowski and Cutlip.'® They
treated the porous electrode as a collection of flooded catalyst-
containing agglomerates. In the agglomerate model described
by Durand et al.,'' the catalyst particle phase was treated as a
network of nanoparticles and the reactants were considered to be
nonuniformly distributed on a surface or in a volume. For
detailed information about these models, please study the liter-
ature indicated.

Here we are intending to give a sense as to how to treat the
reactant transports within the electrode layer roughly as well as
what is its effect on the electron-transfer kinetics. Figure 2.12(A)
shows the schematic of such an electrochemical electrode system
consisted of the current collector, matrix electrode layer, and the

electrolyte.

Carbon or other conductive particles

Current Tonomer
collector

Figure 2.12 (A) Schematic of the electrode/electrolyte interface of the porous matrix layer, and (B) equivalent
electrode/electrolyte interfaces of the porous matrix layer and the oxidant distribution within the interfaces. (For color
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version of this figure, the reader is referred to the online version of this book.)
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For simplification of the treatment, we may adopt the
treatment described by Gough and Leypoldt'"'* and treat the
electrode particles as a very thin equivalent electrode layer
covered by an equivalent solid electrolyte membrane with a
thickness of dp,, as shown in Figure 2.12(B). At the steady state
of the reaction, the concentration of oxidant on the thin elec-
trode layer surface is defined as C}, the concentration at the
interface of the equivalent electrode membrane/electrolyte so-
lution at the membrane side is defined as C,,, and that at the
solution side is defined as Cp, respectively. The oxidant diffu-
sion coefficient in the electrolyte solution is defined as Dg and
in the membrane as Dy, respectively. Note that the zero point of
the x-axis is at the interface of the equivalent electrode mem-
brane/electrolyte solution. In such an electrode configuration,
the obtained steady-state diffusion current density was ob-
tained as Eqn (2.81)%" 1%

1 1 1 1

LI S S (2.81)
i ko lao Imo

. o — __ Feq Co
where ixo = 1° exp( — %), Ig0 = neFDo32, and

Ino = %. Substituting these three expressions into Eqn
(2.81), we can obtain:

1 1 1 1
- = + o+
i o 3 (1 — a)n,F(E — E®9) & 1o FCry Dm6m
I exp( RT ny.FDg % e
1 1—-o)n.F(E — E® 0 0
= 3exp ( 05) « ( ) + o ) + o
RT noFDoC  ngFCmDm
(2.82)

In Eqn (2.82), Cy is normally treated as the solubility of the
oxidant in the ionomer membrane. The diffusion layer thickness
0o can be obtained using a rotating disk electrode technique,
which will be given in a very detailed discussion in Chapter 5. The
equivalent thickness of the ionomer membrane can be calculated
according to the amount of ionomer applied in the electrode layer
using the following equation:

— Wm

5 —
" pmA

(2.83)
where Wy, is the weight of the ionomer loaded in the electrode
matrix layer (g), pn, is the density of the ionomer (g cm ), and A is
the electrode geometric surface area (cm?).
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2.6. Chapter Summary
In investigating an ORR, the fundamental understanding of the
kinetics of electrode reaction (O + n,e~ %f» R) is necessary. In order
b

to facilitate this understanding and preparing the basic knowledge
for rotating electrode theory, in this chapter both the electron-
transfer and reactant transport theories at the interface of elec-
trode/electrolyte are presented. Regarding the electron-transfer
kinetics, the commonly used equations such as Bulter—Volmer
equation and Tafel equation are derived for describing the cur-
rent—potential relationship. Using these two equations and based
on the experiment data, the kinetic parameters such as exchange
current density and electrotransfer coefficient can be obtained.
Regarding the reactant transport, three transportation modes such
as diffusion, migration, and convection are described. A focusing
discussion is given to the reactant diffusion near the electrode
surface using both Fick’s first and second laws. The effects of
reactant diffusion/convection on the electrode electron-transfer
kinetics are also discussed in this chapter. In addition, based on
the approach in literature, the kinetics of reactant transport near
and within porous matrix electrode layer and its effect on the
electron-transfer process are also presented using a simple equiv-
alent electrode/electrolyte interface.

Itis our belief that these fundamentals of electrode kinetics are
necessary in understanding the ORR kinetics. It is also our
intention to give such a knowledge and information to the reader
for their continuing journey to the rest part of this book.
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3.1. Introduction

In this book, the targeted research systems using the rotating
electrode techniques are the electrochemically catalyzed oxygen
reduction reactions (ORRs). Therefore, some background and
research progress in the ORR catalysts are necessary, which will
be the major content in this chapter.

In polymer electrolyte membrane (PEM) fuel cells and metal-
air batteries, the most challenge reaction is the catalytic ORR due
to its slow kinetics when compared to that of anode fuel or metal
electrooxidation. Therefore, developing ORR electrocatalysts and
their associated catalyst layers (CLs) are the major efforts in
overcoming both the technology and commercialization chal-
lenges. Thus, exploring new catalysts, improving catalyst activity
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and stability/durability, and reducing catalyst cost are currently
the major tasks in fuel cell and metal-air battery technology and
commercialization.

At the current state of technology, the most practical ORR
catalysts are Pt-based materials. However, for Pt-based catalysts,
there are several drawbacks, such as high cost, insufficient
availability, sensitivity to contaminants, and Pt dissolution. In the
effort to search for alternative low-cost non-Pt catalysts, several
others, including supported platinum group metal (PGM) types
such as Pd-, Ru-, and Ir-based catalysts, bimetallic alloy catalysts,
transition metal macrocycles, and transition metal chalcogenides
have been explored. It seems that non-noble metal catalysts
would therefore appear to be a possible solution for the sus-
tainable commercialization of PEM fuel cells and metal-air bat-
teries. Unfortunately, these approaches are still in the research
stage, because both the catalyst activities and stabilities are still
too low to be practical in comparison with Pt-based catalysts.
Although reducing Pt loading in a catalyst or CL using alloying
and carbon supports has shown some progress, all efforts have
thus far been offset by rising prices of Pt materials.

In order to give some basic knowledge and concepts, this
chapter will review both the electrocatalysts and CLs and their
applications for ORR in terms of their types, properties, catalytic
activity/stability, as well as their research progress in the past
several decades. Furthermore, the synthesis method and char-
acterization methods for electrocatalysts, and the fabrication
procedures for CLs, are also reviewed. It is believed that the
technical breakthroughs in terms of both ORR activity and sta-
bility of the electrocatalysts and CLs should be heavily relied on
the new and innovative material synthesis methods or pro-
cedures. It is our attention, in this chapter, to present the back-
ground and knowledge as well as the research progress about the
ORR catalysts, which are the targeted systems for the evaluation
using rotating electrode technique, which may benefit the readers
for their continuing study throughout this entire book.

3.2. Concepts of Catalytic Activity
and Stability

For electrocatalysis of an ORR, two of the most important
criteria are catalyst’s activity and stability. The activity measures
how fast the electrochemical reaction can be speeded up by the
catalyst. The faster the catalyzed reaction, the higher the activity
of that catalyst would be. For example, a high active ORR
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electrocatalyst used at a fuel cell cathode would give a high per-
formance of the fuel cell, that is, the higher the activity of the
electrocatalyst, the higher the fuel cell performance would be.
The catalyst stability means how long this catalyst can last for the
catalyzed reaction before its activity degrades to the required
minimum level. Of course, the more stable or higher stability, the
better the catalyst would be.

In order to get a better understanding about the activity and
stability of the ORR electrocatalysts, the following sections will
give some fundamentals about the catalysis.

3.2.1. Catalyst and Catalytic Reaction

Catalyst is a substance that can change the rate or kinetics of a
chemical reaction. Unlike other reagents that participate in the
chemical reaction, a catalyst is not consumed by the reaction it-
self. Basically, there are two kinds of catalyst, one is called the
homogeneous catalysts, and the other called the heterogeneous
catalysts. The homogeneous catalyst is in the same phase as the
reactants of the chemical reaction, while the heterogeneous
catalyst has a different phase from that of the reactants. For
example, in some chemical reaction systems, the catalyst is a form
of solid particles, and the reactants are the form of the mixed liquid
gases. In this sense, an ORR electrocatalyst is a heterogeneous
catalyst because it is fixed on the electrode surface to catalyze the
reduction reaction of the dissolved oxygen in solution phase.

A catalyst has several features that may need to be mentioned
here: (1) catalyst only participates in the catalytic reaction but not
be consumed throughout the reaction process; (2) catalyst can only
speed up the catalytic reaction’s rate or change the reaction’s ki-
netics but not change the reaction’s thermodynamics or reaction’s
equilibrium; (3) a chemical reaction catalyzed by a catalyst has a
lower rate-limiting free energy of activation than the correspond-
ing uncatalyzed reaction, resulting in higher reaction rate at the
same temperature, as shown in Figure 3.1% 4) a catalyst has its
selectivity, it can only catalyze a specific chemical reaction; and (5)
catalyst can be easily poised by a very small amount of contami-
nant in the reaction system, causing activity degradation or failure.

3.2.2. Catalytic Activity

Normally, catalytic activity of a catalyst can be defined by its
turnover frequency (TOF). The TOF in a catalytic reaction can be
defined as the mole change of product with reaction time

£ = 1 dMac) o the production rate of product or the reaction
Vpdt dt
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Figure 3.1 Generic potential energy diagram
showing the effect of a catalyst in a hypothetical
exothermic chemical reaction X + Y to give Z.
The presence of the catalyst opens a different
reaction pathway (shown in red) with lower acti-
vation energy. The final result and the overall
thermodynamics are the same." (For interpretation
of the references to color in this figure legend, the
reader is referred to the online version of this

Energy

Reaction progress book.)

rate of the catalytic reaction divided by the mole of catalyst
used (Mcat):

dm
TOF = L ;- 1 1 @M

(3.1
Mcat Mecat Vpdt de

where vpq is the stoichiometry of the product in the catalytic
reaction, and £ is the reaction rate of the catalytic reaction with a
unit of mol s™'. Obviously, this TOF has a unit of s~'. This Eqn
(3.1) indicates that the faster the catalytic reaction rate, the higher
the catalyst activity. However, in practice, the catalysts may be
composite materials, and it is not easy to exactly know the
structure or mole quantity of the active component in the cata-
lyst, and several alternative definitions have been appeared in
literature. Their usage is strongly dependent on the individual
application areas. The first alternative expression for catalytic
activity, called specific rate of catalytic reaction (rs), can be
expressed as:

1
Weat

(3.2)

rs =

where wc, is the weight or mass of the catalyst (g). Obviously, this
specific rate of catalytic reaction, rs, has a unit of mol s~ g~ *. The
second alternative expression, called rate of catalytic reaction per
unit volume of catalyst (ry), can be written as:

v =—:¢ (3.3)

Ucat
where v¢y is the volume of the catalyst (cm®). Apparently, this rate
of catalytic reaction per unit volume of catalyst, ry, has a unit of
mols ' cm>. The third alternative expression, called rate of
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catalytic reaction per unit surface area of catalyst, (), can be

written as:

1
Acat

a 3 (3.4)
where Acq¢ is the surface area of the catalyst (cm?). Apparently,
this rate of catalytic reaction per unit surface area of catalyst, ra,
has a unit of mols ! cm 2.

3.2.3. Electrocatalytic Activity—Catalytic TOF
and Current Density

Regarding the electrocatalyst, the similar concepts about the
catalytic activity can be defined in the similar ways as Eqns
(3.1)—(3.4). Actually, electrocatalysts are a specific form of cata-
lysts that function at electrode surfaces or may be the electrode
surface itself. An electrocatalyst can be heterogeneous such as a
platinum surface or nanoparticles, or homogeneous like a coor-
dination complex or enzyme. However, in this book, we are only
focused on the heterogeneous electrocatalysts. The role of elec-
trocatalyst is to assist in transferring electrons between the
electrode catalytic active sites and reactants, and/or facilitates an
intermediate chemical transformation. One important difference
between catalytic chemical reaction and electrocatalytic reaction
is that the electrode potential of the electrocatalyst can also assist
in the reaction. By changing the potential of the electrocatalyst,
which is attached onto the electrode surface, the electrocatalytic
activity can be enhanced or depressed significantly.

The electrocatalytic activity of an electrocatalyst can also be
described using the same concept of TOF as shown in Eqn (3.1).
However, the electrocatalytic reaction involves the electron
transfer from the catalyst to the reactant, the reaction rate or TOF
is better being expressed as the electron transfer rate at one
catalytic active site of the catalyst:

1 ldne

TOF _
( ) Neas Ve dif

ecat — (3.5)
where (TOF)gcat is the TOF or electrocatalytic rate of the elec-
trocatalyst (e site™' s'), nc,s is the concentration of electro-
catalytic active site (site per square centimeter of electrocatalyst
surface, site cm 2 or site per cubic centimeter of electrocatalyst
volume, site cm>), v, is the stoichiometry of the electron in the
electrocatalytic reaction, n. is the concentration of electron
(ecm 2 or ecm™3), and ¢ is the reaction time (s). In general,
different electrocatalysts have different values of (TOF)gcat. The
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higher the value of (TOF)¢cq, the more active the electrocatalyst
would be. Figure 3.2 shows several typical electrocatalysts used in
PEM fuel cell oxygen reduction reaction.”

Figure 3.2 shows that different kinds of electrocatalysts can
give different TOFs (or different catalytic activities) toward an
ORR. These nanostructured electrocatalysts include Pt, Pt alloy,
and non-noble metal (Fe-based) complexes among which the
core—shell structured Pt-based catalyst gives the largest TOF for
an ORR. Unfortunately, the structure retention would be the
challenge when these core—shell structured catalysts are used in
fuel cell environments.

For electrocatalytic reaction, the activity of an electrocatalyst
can also be expressed as the reaction current density:

lecat = {eNcas(TOF) e (3.6)

where iqcq¢ is the electrocatalytic current density (mA cm 2 or
mA cm ), ge is the electron charge (=1.602 x 1079 Ce™), and
both 7n.,s and (TOF)ecq: have the same meanings and units as
those in Eqn (3.5). Equation (3.6) indicates that in order to obtain
high electrocatalytic activity, increasing both catalyst’s active site
concentration or density and TOF are necessary.

PtM nanoparticle Bulk Pt

De-alloyed PtM nanoparticle

[Fe/N/C] pvet Large PtM nanoparticle

Figure 3.2 Turnover frequencies of several typical electrocatalysts for PEM fuel cell oxygen reduction reaction.”
(For color version of this figure, the reader is referred to the online version of this book.)
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E / Vvs RHE

—2

m

Figure 3.3 Current—potential curve
recorded on a rotating disk glassy
carbon electrode coated with 20wt
%Pt/C catalyst, measured in 0,-
saturated 0.1 M HCIO, at 30 °C.
Potential scan rate: 5 mV s,
electrode rotating rate: 1600 rpm.
Catalyst loading: 0.048 mgp, cm™2.
Ryan Baker, Jiujun Zhang, Unpublished
data.

i/ mA ¢

For an ORR activity of a Pt-based catalyst in a CL, two cata-
lytic activities are also used frequently: one is called the Pt-mass
activity, and the other called Pt-specific activity. This Pt-mass
activity is measured using the current—potential curve (in
Figure 3.3 as an example, recorded in O,-saturated 0.1 M HCIO,4
or 0.5M H,SO4 aqueous solution at 30 °C) using a rotating
electrode rotated at 1600 rpm. The current density (ipgv) is
taken at 0.9 V vs RHE of electrode potential, then this current
density is converted into a pure kinetic current density using the
following equation:

(3.7

where i .9 v is the pure kinetic current density of the catalyzed
ORR by Pt-based catalyst in CL (mA cm™?), ipgv is the catalytic
current density measured on the ORR current—potential curve
(mA cm~?), and Iy is the diffusion limiting current density (or
plateau current density) measured on the ORR current—potential
curve (mA cm ™). It is worthwhile to note that the electrode po-
tential of 0.9V is referred to the reversible hydrogen electrode
(RHE) rather than the normal hydrogen electrode (NHE). The
difference between NHE and RHE is mainly determined by the
electrolyte used in the reference electrode chamber. The potential
of NHE is always at 0.000V at any temperature, while the
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electrode potential of RHE is dependent on the concentration
(mainly the PH) of electrolyte used. For example, in 0.1 M HCIO4
solution, the electrode potential difference between NHE and
RHE is about 60 mV.
Based on Eqn (3.7), the Pt-mass activity (imapd can be calcu-
lated using the following equation:
irna,Pt = lk()_QV = LM (3.8)
mpy mpiIp — ip.9v

where mp, is the Pt loading in the CL with a unit of mgcm 2

Obviously the Pt-mass activity ima p has a unit of mA mg‘lpt. For
example, the Department of Energy of USA (DOE) defines the
target of a fuel cell ORR catalyst activity according to the per-
formance of Pt-based catalysts in the fuel cell testing. It says that
by the year 2020 the ORR activity of a Pt-based catalyst must
reach a mass activity 440 mA mg ™ 'p, at an iR-free cell voltage of
0.9 V (440 mA mg 'pi@0.9 ViR _free) below 80 °C.”
The Pt-specific activity (isp) is defined as:

. ima,Pt
'SPt = EpSA

where EPSA is the electrochemical Pt surface area
(cm? cm™? mg'py), which is measured on cyclic voltammogram
recorded using the electrode coated with Pt-CL (for a detailed
description, please see a latter section of this chapter). Therefore,
this Pt-specific activity has a unit of mA cm 2. Note that the EPSA
data are only meaningful for Pt catalysts. For Pt-alloy catalysts,
the measured EPSA data may not be useful. As a result, if the EPSA
data are in uncertainty, the Pt-specific activity expressed by Eqn
(3.9) is also less meaningful.

It is worthwhile to note that Eqns (3.7)—(3.9) are useful in both
acidic and basic electrolyte solutions. This is because the
measured electrode potential refers to the RHE rather than NHE.

For non-noble metal ORR catalysts, the definition of catalytic
activity is different from that of Pt-based catalysts. For a non-
noble metal catalyst, the similar preparation procedure for CL
and ORR measurement steps using rotating disk electrode tech-
nique to that for Pt-based catalyst have been widely used in
literature.” However, due to both the ORR onset and half-wave
potentials catalyzed by non-noble metal catalysts are much
lower than those of Pt-based catalysts, it is difficult or impossible
to observed ORR current density at 0.9 V vs RHE. A current den-
sity at other lower potentials may be used to define the catalyst
activity for the purpose of comparison. In this case, Eqn (3.7) may
still usable except the electrode potential is not 0.9 V, instead of

(3.9
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the other chosen potential. Due to the ORR active site of non-
noble metal catalyst consisting of both the metal center and the
ligand, only using metal loading to calculate the ORR mass ac-
tivity like that expressed by Eqn (3.8) is not appropriate anymore.
Therefore, expressing ORR catalytic activity for a non-noble metal
catalyst with the unit of mA per cubic centimeter of CL (mA cm3)
may be more appropriate. For example, the DOE defines the
target of fuel cell ORR catalyst activity according to the perfor-
mance of the non-noble metal catalyst in the fuel cell testing. It
says that by the year 2020 the ORR activity of a non-noble metal
catalyst must reach a volumetric current density of 300 A cm > at
an iR-free cell voltage of 0.8V below 80°C.” In the fuel cell
measurement for catalyst volumetric current density, the studied
non-noble metal catalyst is used to make the cathode CL, and a
commercial Pt/C is used to make the anode CL for the con-
struction of membrane electrolyte assembly (MEA), which is then
assembled into an acidic or basic H,/O, PEM fuel cell for testing
at 80 °C. Then the measured current density at IR-free 0.8 V (ip g v,
mA cm ?) is taken. This current density is divided by the thick-
ness of the cathode CL (Iccr, cm) to obtain the volumetric ORR
catalytic activity (iy, ogv, MA cm~>) of the non-noble metal
catalyst used:

lo.8 v
lccL

lvogv = (3.10)
Note that this CL thickness can be measured on the cross section
of the MEA using scanning electron microscope (SEM).

3.2.4. Electrocatalytic Activity—Onset Potential
and Half-wave Potential

For catalytic ORR measured by a rotating electrode technique,
other two measures for catalytic activity are also commonly used:
the onset potential (Eypset) and the half-wave potential (Ej;,), as
shown in Figure 3.3. Onset potential is defined as the potential at
which the catalyzed ORR current starts to appear. The more
positive the onset potential, the more active the electrocatalyst
would be. There are no simple theoretical expressions about
Eonset and Ejj». Fortunately, they can be easily obtained from the
current—potential curves recorded by rotating electrode tech-
niques. However, there exists some arbitrary in determining this
onset potential point from the current—potential curve shown in
Figure 3.3. The more accurate way may be the half-wave poten-
tial. The more positive the half-wave potential, the more active
the electrocatalyst would be. Note that this half-wave potential is
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contributed by both the electrode kinetics of catalyst and the O,
diffusion processes in the bulk solution and within the CL, sug-
gesting that this half-wave potential may not be accurate in
representing the catalytic activity of the catalyst.

To give some sense about the catalytic activities of electro-
catalysts, Table 3.1 lists some typical ORR electrocatalysts and
their catalytic activities.

3.2.5. Stability of Electrocatalysts

There is still no consistent definition about the catalyst’s sta-
bility in literature. The stability of electrocatalyst may be defined
as the percentage loss of electrocatalytic activity (or electro-
catalytic current density) after a certain period of electrocatalytic
reaction:

Adpcat% = (’eCa‘)BQL — (fecat)sor x 100 (3.11)
(fecat)poL

where Aigcat% is the percentage loss of electrocatalytic current
density or mass activity (mA cm 2 or mA cm ), (ieca)BoL is the
catalytic current density at the beginning of lifetime (BOL) test,
and (iecat)roL is the current density at the end of lifetime (EOL)
test. From Eqn (3.7), it can be seen that the smaller the value of
Aigc4t%, the more stable the electrocatalyst would be. For an
electrocatalytic ORR, the kinetic current densities of recorded
BOL and EOL at a fixed electrode potential can be used to eval-
uate the electrocatalyst’s stability. Actually, there are many
different methods and conditions for the catalyst stability mea-
surements, and the stability results from different sources may
not be comparable. It is suggested that to obtain a meaningful
stability result, the experiment design and test should be carried
out according to the targeted applications. For fuel cell applica-
tions, the DOE has set up the stability target by the year 2020,
which says that the ORR mass activity loss is less than 40% after
the EOL test.”

3.2.6. Composition and Structure of ORR
Electrocatalysts

In general, both the catalyst’s catalytic activity and stability are
strongly dependent on the catalyst material’s chemical and
physical properties, composition, morphology, and structure. For
ORR catalysis, in order to improve both the activity and stability
of electrocatalysts, various kinds of materials including noble
metals, non-noble metals, metal oxides, chalcogenides, metal
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Table 3.1. Catalytic Activities of Some Typical
Electrocatalysts for Oxygen Reduction Reaction,
Measured Using Rotating Disk Electrode Technique

Catalyst

20 wt% Pt/C (E-TEK)

20 wt% Pt0_55Pdg_45/

087%(Nb0.07Ti0.9302)330/0

45 wt% Pt71Nizg/C

20 wt% Pd,Co/C

Moy, ;Ru; gSeg

W-Co-Se

42.0 wt% Co-Ny/C

PANI-Fe-C and
PANI-FeCo-C

Electrocatalytic
Current Density,
and Test Condition

120mA mg 'p at 0.9V
vs RHE in 0.5 M H,S04,
2000 rpm, scan rate:
5mV s
167 mAmg ™ 'p at 0.9V
vs RHE in 0.1 M HCIO,4
at 30 °C, 1600 rpm,
scan rate: 5mV s~
167 mAmg 'p at 0.9V
vs RHE in 0.5 M H,S0,4
at ambient conditions,
2000 rpm, scan rate
5mV s
~20mAcmZat 060V
vs RHE in 0.5 M H,S0,4
at 25 °C, 1600 rpm,
5mVs
~10mAcm=2at 05V
vs NHE, 0.5 M H,S0,4
at 25 °C, 1600 rpm,
scan rate: 5mV s~
~08mAcm~2at 055V
vs NHE in 0.5 M H,S0,
at 25 °C. Catalyst
loading: 270 pg cm 2,
1600 rpm, scan rate:
5mVs
~30mAcm=2at06V
vs NHE in 0.5 M H,S0,
at 25 °C, 2500 rpm,
scan rate: 5mV s~
~19mAcm 2 at 080V
vs NHE in 0.5 M H,S0,
at 25 °C, 900 rpm,
5mV s

ORR Onset
Potential

1.0V vs RHE

1.05V vs RHE

1.1V vs RHE

0.95V vs RHE

~0.76 V vs
NHE

0.755 V vs NHE

~085V vs
NHE

~0.93Vvs
NHE

ORR
Half-wave
Potential

0.9V vs RHE

0.9V vs RHE

0.89 V vs RHE

0.66 V vs RHE

0.50 V vs RHE

~055V vs
NHE

~0.68V vs

NHE

~081Vyvs
NHE

References

4

4.6
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complexes, metal carbides, metal nitrides, and so on, and
different morphologies including sphere, tubing, fibre, alloy,
core—shell, and so on, have been developed and explored as ORR
electrocatalysts.

Another important approach to improve the catalyst’s activity
and stability is to use supporting strategy in achieving high re-
action surface area, more reaction active site, and uniformity of
the activity site distribution. At the current state of technology,
almost all ORR electrocatalysts are supported catalysts. The
support materials are normally carbon nanoparticles that have
high surface area and good affinity to catalyst particles. Figure 3.4
shows several typical schematic structures of the supported ORR
electrocatalysts. This kind of catalyst morphologies have been
validated using some sophisticated instruments such as Trans-
mission Electron Microscopy (TEM). Several typical examples are
shown in Figure 3.5.

Catalyst particle Metal 1 (core)
(<20nm) (core-shell)

\

Catalyst particle (<20nm)

(Metal or metal alloy) Metal 2 (shell)

/

(B)

Catalyst support (<50nm) Catalyst support (<50nm)
(carbon or metal oxide) (carbon or metal oxide)

(A)

Figure 3.4 Schematics of ORR electro-
catalyst's morphologies. (A) Metal
catalyst such as Pt and metal alloy
Catalyst particle (<20nm ) catalyst such as PtPd supported on a
o ( : C(i?éﬁitlﬁiﬁiiheu) Memllvllegf’ﬁegshem conductive material such as carbon or

) metal oxide; (B) core—shell catalyst such
\ / as Au@Pt supported on conductive

material such as carbon or metal oxide;

(C) metal catalyst such as Pt and metal
alloy catalyst such as PtPd supported on
a nanofibre such as carbon or metal-
oxide nanofibre; and (D) core—shell
catalyst such as Au@Pt supported on
(D) conductive nanotubings such as carbon
nanotubings. (For color version of this
figure, the reader is referred to the online
version of this book.)

(Metal or metal alloy)

(C)

Catalyst support (<50nm) Catalyst support (<50nm)
(carbon nanofibre) (carbon nanotubing)
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PLTiO2 nanowire ut —
Pt Ti02 nanowire Noz out situ 20 nn
Cal: 3.876pix/nm HV=100kV
15:09 06/10/08

(C)

Figure 3.5 TEM imagines for several typical electrocatalysts. (A) PtRu alloy supported on carbon particles (PtRu/C)'%;
(B) Pt supported on Ti0, nanofibers (PY/Ti0,) (“Ti02-supported Pt electrocatalysts for oxygen reduction reaction”,
Robert Hui, and Jiujun Zhang, unpublished work); and (C) Ti,0;-supported Ru@Pt core—shell catalyst.”® (For color
version of this figure, the reader is referred to the online version of this book.)



Chapter 3 ELECTROCATALYSTS AND CATALYST LAYERS FOR OXYGEN REDUCTION REACTION 81

3.2.7. Requirements for ORR Electrocatalyst

An ORR electrocatalyst should meet the following re-
quirements: (1) high catalytic activity, (2) high electrical con-
ductivity, (3) high electrochemical stability (not being oxidized at
high electrode potentials), (4) high chemical stability (not being
oxidized by proton and oxygen and not soluble in acidic or basic
aqueous solution), (5) favorite structure optimum composition,
favorite morphology, high specific surface area (high SSA), small
particle size, high porosity, and uniform distribution of catalyst
particles on the support, (6) strong interaction between the
catalyst particle and the support surface, and (7) high catalytic
stability. It is impossible for an electrocatalyst to meet all these
requirements at the same time. There are some trade-off and
tolerance, depending on the type of the applications and the
applications’ conditions. The following subsections will give
some detailed discussion about these requirements.

3.2.7.1. High Catalytic Activity

High catalytic activity is the first and essential requirement for
an ORR electrocatalyst. In general, all ORR electrocatalysts re-
ported in literature have some catalytic activity, more or less. The
most practical and also commercially available catalysts are
carbon-supported Pt catalysts (Pt/C), which have the Pt-mass
activity (imapr, defined by Eqn (3.8)) values of about
100—130 mA mg 'p,. However, for carbon-supported Pt-alloy
catalysts including core—shell structure ones, as shown in
Figure 3.2, have much higher Pt-mass activity such as
300—800 mA mgflpt. For example, Pt3Ni (111) skin model catalyst
could give an ORR activity as high as 530 mA mg 'p..'* The
ternary Pt-alloy catalysts such as PtCoMn and PtNiFe have
demonstrated 8X and 10X the activity of Pt/C."”> Unfortunately,
these catalysts’ structure retention and high solubility of the
alloyed metals are the limitations for their practical usage in PEM
fuel cell operation at this moment. For non-noble metal catalysts,
due to their ORR onset potentials or half-wave potentials or their
fuel cell performance are much lower than those Pt-based cata-
lysts, there is no catalytic ORR current density that could be
observed at 0.9V vs RHE or 0.9V cell voltage in some cases.
Therefore, the voltage point measuring catalytic activity is set at
0.8V, and the catalyst activity is expressed as a volumetric cata-
lytic activity instead of a mass activity. The best activity for FeCo-
based non-noble metal catalysts are in the range of 130—165
Acm® as reported by Dodelet’ group at INRS® and Zelenay’s
group at LANL.'® Regarding the performance of non-noble metal
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catalyst-based fuel cell, the best maximum power densities could
be reached to 400—500 mW cm 2.

3.2.7.2. High Electrical Conductivity

The CLs, as a layer of electrode, must be electrical conductive
for a fast and smooth pass of the electrical current. If the CL has
high electrical resistance, the internal resistance of the electro-
chemical cell such as fuel cell will have a high internal resistance,
leading to large iR drop, resulting in a power loss. To have a high
conductive CL, the catalyst particles inside the layer are better to
be electrical conductive. On the other hand, in an ORR process
catalyzed by supported ORR catalyst such as Pt/C, the adsorbed
O, on Pt particle will get four electrons from the catalyst particle.
These electrons come from the cathode current collector, trav-
eling through both the catalyst carbon support and Pt particle
then reaching to O,. Therefore, both catalyst particle and its
support must be electrically conductive in order to have a fast and
smooth electron transfer pathway. Generally, the higher the
electrical conductivity of the catalyst, the better the catalyst ac-
tivity would be. As an example, Figure 3.6 shows the correlation
between the catalyst support and the ORR catalytic activity: a
monotonic increase in ORR catalytic activity with increasing the
catalyst support’s conductivity.
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Generally, different catalysts have different electrical con-
ductivities. For all carbon-supported metal materials, their con-
ductivities are high enough for ORR applications and meeting the
conductivity requirement in constructing fuel cell cathode CL.
This is because both the carbon support material and the metal/
metal alloy are high electrically conductive ones. However, for
some catalysts, such as metal oxides-supported catalysts, the
conductivities of such support materials are low, resulting in
insufficient conductivities of their supported catalysts. To in-
crease the conductivity of the support, the common way is to
make composite support materials. For example, TiO; has a very
low conductivity. If using carbon particles to make a carbon-TiO,
composite material, the conductivity of such a composite mate-
rial will be close to that of carbon materials.

3.2.7.3. High Electrochemical Stability

The ORR catalysts are used in either acidic or basic electrolyte
solutions, and when they are used in either acidic or alkaline fuel
cells in the presence of high oxidizing oxygen, electrochemical
stabilities of both the catalysts and their support materials are
very important for their practical applications. In the presence of
O,, the potential of electrode coated with a catalyst (or the cata-
lyst’s potential) will be higher than 1.2 V vs RHE. This potential is
higher than the oxidation potentials of almost all metal and car-
bon materials, or in other words, almost all metal and carbon
materials are thermodynamically unstable in the sense of elec-
trochemistry. However, due to the slow kinetics of the oxidation
process, or the oxidation product is less soluble, the carbon and
Pt-based materials can still be used as ORR catalysts for fuel cells
even at acidic or basic environment and high temperatures such
as 70—80 °C.

For Pt catalyst, the surface cyclic voltammogram shows that
the electrooxidation starts to occur when the electrode potential
is more positive than 0.6 V vs RHE to form Pt oxides such as PtO.
In the presence of O,, the electrode potential is more positive
than 1.0V, at which Pt will be definitely electrochemically
oxidized to form PtO. In an acidic environment, the formed PtO
will be dissolved according to Reaction (3-1):

PtO + 2H* - Pt*" + H,0 (3-D

With a long period operation, Pt will be gradually dissolved
although its dissolution rate is slow, causing degradation of the
catalyst’s activity. The higher the electrode potential, the faster
the electrooxidation rate would be. In a fuel cell, the degradation
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mechanism of carbon-supported Pt catalyst seems more
complicated, as schematically shown in Figure 3.7(A). Due to the
local potential distribution on the carbon support is not uniform;
the slow dissolved Pt*" ion could be redeposited back to form
large-sized Pt particle (called the agglomeration), reducing the
catalytic reaction surface, leading to an decrease in an ORR ac-
tivity. For Pt-alloy catalysts, the electrooxidation then dissolution
of the alloying metals can easily happen, leading to morphology
change, resulting in reduced catalytic activity.

Not only the Pt catalyst is required to be electrochemical
stable, but also the carbon support should be also stable. Un-
fortunately, due to the thermodynamic potential of carbon elec-
trooxidation (E° = 0.207 V vs RHE) is much more negative than
the electrode potential when O, presents, the carbon oxidation
will happen according to Reaction (3-11):

C+2H,0—COy + 4H" + 4e” (3-1ID

The oxidation mechanism is schematically shown in
Figure 3.7(B). It can be seen that after the carbon support is lost
due to oxidation, the Pt particle will fall off, becoming electrically
isolated particle.
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Some non-carbon supports are also electrochemically unsta-
ble. For example, when TiC was used as a catalyst support to form
Pt/TiC and Pt3Pd/TiC ORR catalysts, its electrooxidation at po-
tential higher than 0.8 V vs RHE was found.'” When TiC@TiO,
core—shell composite was used for the support, the electro-
chemical stabilities were significantly improved.

3.2.7.4. High Chemical Stability

A chemically stable ORR electrocatalyst should not be oxidized
or corroded by O, or proton. However, some catalyst components
such as the alloy metals such as Fe, Co, Ni, Mn, Cu, etc., in Pt alloy
catalysts could be chemically oxidized by either proton or O; to
leach out. Some metal oxide supports and non-noble metal cat-
alysts could also dissolve in acidic environment. Therefore,
developing ORR catalysts and support materials with chemical
stability is necessary.

3.2.7.5. Favorite Structure

A catalyst powder should have a favorite structure in order to
be a high active and stable ORR electrocatalyst. Here the catalyst
structure contains catalyst’s composition, morphology (particle
shape), SSA, particle size, porosity, and particle distribution.

Regarding the catalyst’s composition, there should be an op-
timum composition that could give the best ORR catalytic activity.
For example, a Pt-alloy catalyst (PtyM,) (M = Ni, Co, Fe, Cu, etc.,
X+ Y=1), different ratios of X/ Y could give different ORR catalytic
activities. Through experiment and theoretical modeling, the
optimum X/ Yratio could be obtained. For supported catalyst such
as Pt/C, the weight percentage (wt%) of Pt catalyst with respect to
carbon support could also affect its ORR activity. This is because if
the Pt wt% is too low, the concentration of ORR reaction site in the
CL could be diluted, leading to low catalytic current density; if the
Pt wt% is too high, the Pt utilization in the CL could be reduced. At
current state of technology, the commercially available Pt/C cat-
alysts are normally having the Pt wt% of 20—50.

Regarding the catalyst morphology, as discussed previously,
there are varieties of catalyst shapes such as sphere, nanorod,
nanofiber, nanotubing, core—shell, etc. For catalyst support,
there are also different shapes similar to those of catalyst. Obvi-
ously, different combinations between different shape of catalyst
and support could result in different ORR catalytic activities and
stabilities. Normally, Pt-alloy catalysts with core—shell
morphology could give the best ORR activities but their stabilities
are questionable. The high ORR activity of Pt-alloy catalysts is
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mainly due to the favorite interaction and energy matching be-
tween the adsorbed O, and the catalyst site.

The catalyst’s SSA is a property of the catalyst powder, which is
the total surface area per gram of powder (m? g’l). The SSA can
be measured by Nj-adsorption using the BET (Brunauer-
Emmett-Teller, three inventors’ last names) isotherm, which has
the advantage of measuring the surface of fine structures and
deep texture on the particles. The magnitude of SSA is strongly
dependent on the catalyst particle size/distribution, and porosity.
Normally, the smaller the particle size and the narrower the
particle distribution, the larger the SSA would be; and the more
porous the particle, the larger SSA would be. For a supported ORR
electrocatalyst, its SSA is contributed by both catalyst particle and
the support particle, but mainly dominated by the SSA of the
later. To obtain an active ORR catalyst, it is always a desire to
make its SSA larger. This can be done by selecting support ma-
terial with a high SSA such as active carbon, and depositing small
sized/uniformly distributed catalyst particle on the support. For
example, carbon particle has a typical SSA of 254 m* g~ ', which is
much larger than other support materials. This is one of the
reasons why carbon particles are the most common support
material for catalyst preparation.

3.2.7.6. Strong Interaction between the Catalyst Particle and the
Support Surface

There are two interactions between the catalyst particle and
the support surface: one is the physical interaction, and the other
is the electronic interaction. Both of these two interactions have
strong effects on the ORR catalyst’s activity and stability. Physical
interaction refers the attachment between the catalyst particle
and the support surface. For Pt/C catalyst as an example, if the
attachment of Pt on the carbons surface is not strong enough, Pt
particle will easily fall off from the carbon surface, becoming
isolated Pt particle during the operation. It is believed that such a
metal-support interaction could favor the anchoring of Pt nano-
particles on a support surface, promoting uniform catalyst
dispersion, and preventing them from migration, coalescence,
aggregation, and loss. The electronic interaction between support
and Pt could favor the electron transfer from Pt to adsorbed ox-
ygen atoms, resulting in a high ORR activity.

3.2.7.7. High Catalytic Stability

Catalyst’s stability can be affected by many factors such as
electrochemical stability, chemical stability, structure
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composition, morphology, SSA, particle size, porosity, distribu-
tion of catalyst particles on the support, interaction between the
catalyst particle and the support surface, the type of applications
as well as the operation conditions. Therefore, the optimization
among these affecting factors has to be carried out in order to
achieve practically usable ORR catalysts.

3.3. Current Research Effort in ORR
Electrocatalysis

In ORR, the electrocatalysts employed can be classified into
two categories: one is the noble metal catalysts, and the other is
the non-noble metal catalysts. In this section, we will review the
current major effort in improving an ORR activity/stability.

3.3.1. Noble Metal-based Electrocatalysts

At the current stage of technology, carbon-supported Pt and
Pt-based alloy catalysts are the most active and stable catalysts
for an ORR, which have been used for fuel cell cathodes. The
major research effort for Pt and Pt-based alloy catalysts is to
optimize (1) the size and dispersion of nanoparticles, (2) inter-
action between Pt catalyst and supporting materials, and (3) Pt-
alloying strategy.

3.3.1.1. Catalyst Particle Size Optimization and Dispersion
Uniformity

For Pt catalysts, generally to say, the smaller the Pt particles
and the larger SSA the particles possess, the better the electro-
catalytical performance would be. However, whether or not there
exists a critical size that can give the maximum Pt-mass activity is
still no clear answer yet, although extensive research efforts have
been done on this subject.” Calculation using density functional
theory (DFT) is often used for providing insight into the effect of
nanoparticle size on the electrocatalytical activity.”'

To achieve small catalyst particle size, and prevent particles
from aggregating during the synthesis seems very important. For
example, in synthesis of Pt-based catalysts, long-chain poly-
electrolyte and Au are usually used to stabilize the platinum
nanoparticles.”” “° The long-chain polyelectrolyte chains were
found to be able to fine and stabilize these nanoparticles from
aggregating through the electrostatic interaction between Pt and
long-chain polyelectrolytes, leading to a high active catalyst.
Besides the polyelectrolytes, metal oxides could also help form
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desired dispersion and prevent the catalyst particles from ag-
gregation during the synthesis.”’ *°

3.3.1.2. Interaction between Pt Catalysts and Supporting Materials

It is believed that some doped carbon nanotubes can provide
the Pt catalyst with strong interaction. For example, highly
dispersed Pt nanoparticles supported on surface of thiolation
functional carbon nanotubes, such as S-doped CNTs
(SH-CNTs), CNTs—CgHg—CH,—SH, CNTs—CONH—(CHa),—SH,
and CNTs—CONH—CgHg—SH, were explored.”””® Furthermore,
when some metal oxides such as NbTiO, and metal carbides were
explored as the catalyst supports, strong interaction between
catalyst and the support was also observed.”*’

3.3.1.3. Pt-Alloying Strategy

It has been recognized that Pt-alloy catalysts have higher ORR
activity than those of pure Pt catalysts. Pt alloys such as Pt—Pd,"**!
Pt—Ru,""** Pt—Au,”""™*° Pt—Co,”***™* Pt—Cr and Pt—Nj,'**
Pt—Ti,°! Pt—Mn,*® Pt—Fe,*"*®%? and Pt—Sn,”® and so on demon-
strated some improved catalytic ORR activity when compared to
pure Pt because of the synergistic role of the transition metals. It
was reported that the catalytic activity of PtsM (M =V, Ti, Co, Fe,
Ni) could be significantly improved with strong resistance to
poisonous substances.”*”> Recently, Stamenkovic et al.”® demon-
strated that the extended single crystal surfaces of Pt3Ni(111)
exhibited an enhanced ORR activity that was 10-fold higher than
Pt(111) and 90-fold higher than the current state-of-the-art Pt/C
catalysts. Such a remarkable activity was claimed to attribute to
the weaker OH adsorption arising from the decrease of the d-band
center on the Pt skin formed by surface segregation. In addition, a
monolayer of Pt on a Pd surface showed about five times of higher
Pt mass-specific activity than that of Pt/C.”’

However, the mechanism of the alloying metal’s roles is still
not fully understood. Several explanations have been put for-
ward®®: (1) Nearest- neighbor distance theory. It is believed that the
distance of the nearest-neighbor atoms on the catalyst surface
should play a major role in the ORR. In the ORR process, the
mechanism could be depicted as that the oxygen molecule
adsorbed on the alloy catalyst surface underwent an electron
transfer to form the intermediation M-HO;(,qs), followed by a step
of O—0 bond break.” The bonding energy of the intermediation
M-HO3,4s) Was affected most by the nearest-neighbor distance
between two sites at which the O—O bond rupture is occurring.
This distance should play a critical role in the overall reaction rate
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and an optimum distance should exist. At larger than optimum
distance, dissociation would have to occur prior to adsorption,
and at smaller than optimum spacing, repulsive forces would
retard dual site adsorption. However, for pure Pt, the atom dis-
tance of Pt—Pt is not the optimum spacing. The bringing of
foreign atom (alloying atom) would decrease the distance, and
then reach the optimum spacing. In other words, foreign atoms
could facilitate the oxygen dissociation and adsorption on the
alloy surface, which favors the ORR; (2) Surface roughening effect.
Due to the depletion of the second metal in the alloy metal, the
catalyst surface becomes roughened, then increasing the SSA of
Pt, and leading to the enhanced ORR activityﬁo; and (3) Electronic
structure theory. Toda et al.®’ discovered a significant enhance-
ment of electrocatalytic activity of Pt by alloying with Fe, and
experimentally confirmed that at Pt—Fe bulk alloy’s surface
consisted of a pure Pt skin-layer (<1 nm in thickness). This Pt
skin-layer’s electronic structure could be modified by the bulk
alloy. The enhancement of ORR catalytic activity could be well
explained by the 5d-vacancy of the surface, but not by Pt inter-
atomic distance or roughening of the surfaces. Yeager et al.”
considered that the rate decisive step for the ORR on a Pt-catalyst
surface in acid electrolytes was the adsorption step of an O,
molecule, as side-on or bridged type accompanied with an elec-
tron transfer. This adsorption type involved a lateral interaction
of the Tt-orbitals of the O, with empty dz*-orbitals of a surface Pt
atom or with empty dxz- and dyz-orbitals of dual Pt atoms,
respectively, with back bonding from the partially filled orbitals of
the Pt to the w*-orbitals of the O,. The increased d-vacancy of the
Ptin the electrode surface, brought about by alloying, might bring
about a strong metal—oxygen interaction. Such a strong interac-
tion could cause an increase of O, (adsorbed), a weakening of the
0O—O0 bond and an increase in its length, resulting in fast bond
scission and/or a new bond formation between the O atom and
H* in the electrolyte.

However, as discussed previously, despite that the ORR ac-
tivity of the alloy catalysts are higher than Pt and they show
excellent tolerance to methanol, the stability of these catalysts
still needs to be improved.”%**5%~%°

3.3.2. Non-noble Metal-based ORR
Electrocatalysts

High cost and limited reserve of the noble metal have seriously
restricted their commercial applications in PEM fuel cells.
Reducing Pt usage and using non-noble metal catalyst to replace
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Pt-based catalysts are two necessary approaches at the current
technology stage. It is believed that non-noble metal electro-
catalysts is probably the sustainable solution for PEM fuel cell
commercialization. In the past several decades, various non-
noble metal catalysts for ORR have been explored, including
non-pyrolyzed and pyrolyzed transition metal nitrogen-
containing complexes, transition metal chalcogenides, conduc-
tive polymer-based catalysts, metal oxides/carbides/nitrides/
oxynitrides/carbonitrides, and enzymatic compounds. The major
effort in non-noble metal electrocatalysts for ORR is to increase
both the catalytic activity and stability.

Among all kinds of non-noble metal catalysts, pyrolyzed Co- and
Fe-porphyrins, phthalocyanines, and tetraazannulenes have been
identified as the best kinds of ORR electrocatalysts.”®”"* The key
step of the catalyst synthesis of this kind of catalysts is the pyrolysis
step. This step was demonstrated to increase the concentration of
available ORR active sites. However, long-term stability still re-
mains the problem. One hypothesis is that the hydrogen peroxide
produced during the ORR process can attack the catalysts and
damage their active sites, resulting in performance degradation.
Normally, pyrolysis can destroy the structure of the ligand and form
surface Fe-Nx or Co-Nx species, which are active toward the ORR.
However, the structures of such active sites are still not well un-
derstood, although tremendous analysis has been done using so-
phisticated instruments. Generally to say, the electrocatalytic
activity and stability of pyrolyzed Fe- and Co- macrocyclic com-
plexes can be strongly affected by many factors such as the type of
central transition metal ion, the ligand structure, the type of sup-
port, the method of synthesis, the pyrolysis temperature, etc.

3.3.2.1. Effect of Central Transition Metal

Generally speaking, the central metal ion of a macrocycle
seems to play a decisive role in the ORR mechanism. Most Fe
complexes can reduce oxygen directly to water through a
4-electron transfer pathway, while most Co complexes give
peroxide as the main product through a 2-electron transfer
pathway. For Ny chelates (phthalocyanines) as catalysts, the ac-
tivity order of the catalyzed ORR follows the pattern of
Fe > Co >Ni>Cu, Mn.®® It has also been reported that O,
reduction efficiency could also be improved by using two
different metal centers, as proposed by Chu et al.”* They
found that the heat-treated mixture of Fe- and Co-
tetraphenylporphyrins gave a much higher catalytic ORR
activity than the heat-treated single Fe-tetraphenylporphyrin or
Co-tetraphenylporphyrin. This was attributed to the formation
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of a face-to-face structure with two kinds of metal active sites.
The interaction between two different transition metals and ox-
ygen molecules promotes O—O bond breakage, resulting in an
easier 4-electron transfer to form H,O.

3.3.2.2. Effect of Complex Ligand

Ligands also play an important role in the catalyzed ORR. They
not only serve as part of the active site, but also keep the metal in a
stable form on the electrode surface. Biloul et al.”” tested and
compared the stability of 800 °C pyrolyzed Co- tetramethox-
yphenylporphyrin (TpOCH3PPCo) and its derivatives Co- tri-
fluoromethylphenylporphyrin (CFsPPCo) and Cotetraazaannulene
(CoTAA) as ORR catalysts at a current density of 100 mA cm >
with 300 h of lifetime under fuel cell conditions. The stability order
was observed as: CoTAA >> TpOCH3PPCo > TpOCFsPPCo. To
improve the stability of these complexes, an attempt was made to
enlarge the organic part of the molecule and create a stronger
attachment of the catalyst onto the support base.”®

3.3.2.3. Effect of Heat Treatment Conditions

It has been demonstrated that a pyrolysis step is necessary and
critical in improving both the activity and the stability of Fe- and
Co-Nx ORR electrocatalysts. van Veen et al.”’ discussed four
models in an effort to explain this pyrolysis effect: (1) improving
the dispersion of the supported chelate; (2) catalyzing the for-
mation of a special type of carbon, which is actually the active
phase; (3) generating the M—Ny species; and (4) promoting a
reaction between chelate and subjacent carbon in such a way as
to modify the electronic structure of the central metal ion with
retention of its N4 coordinated environment. Actually, the active
sites should be M—N,; or M—N> units, depending on the heat
treatment temperature (see Figure 3.8).

The observed nature of the catalytic sites was dependent on
the heat treatment temperature. The heat treatment process
could be described as the following steps’': (1) 220—300 °C:
dehydration; (2) 300—400 °C: CO and CO; are released due to
decarboxylation; (3) 400 °C: completion of the polymerization
reaction; (4) 500—600 °C: Co-phthalocyanine polymer is stable up
to this temperature range; (5) ~700 °C: pyrolysis of the polymer
to produce fragments containing Co bound to C and N on the
catalyst surface. Some of the fragments may be involved in the
Co-N4 moiety; (6) above 700 °C: only inorganic Co (Coo and
Co(II)) is found on the support; and (7) 1000 °C: Co can still be
detected, but no sign of the N-macrocycle was observed.
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Figure 3.8 (A) Visualization of the reaction of porphyrin with carbon during the pyrolysis; (B) proposed moiety of the

FeN,/C catalytic site.”®"

In summary, Transition Metal Macrocylic Complexes have
shown comparable activity to traditional Pt-based catalysts for an
ORR. However, the poor stability and complicacy of preparation
are major obstacles before wide application. Further, the active
site structures are still a subject of controversy, which hinders
efforts to control active site formation.

3.4. Electrocatalysts Synthesis and
Characterization

As recognized, the controllable synthesis for ORR electro-
catalysts with high electrocatalytic activity has still remained as
the challenge. It has been demonstrated that the synthesis
methods or procedures have significant influence on the
composition, structure, and other properties of the catalysts,
which would therefore affect their catalytic activity and stability.
In order to achieve high ORR activity and stability of the elec-
trocatalysts, many synthesis methods have been explored.

The currently employed synthesis methods are based on
chemical, electrochemical as well as physical principles,
including low-temperature chemical precipitation, colloidal,



Chapter 3 ELECTROCATALYSTS AND CATALYST LAYERS FOR OXYGEN REDUCTION REACTION 93

sol—gel, impregnation, microemulsions, electrochemical, spray
pyrolysis, vapor deposition, and high-energy ball milling. For
catalyst characterization, many sophisticated instrument
methods have been used. For analyzing the composition and
phase of catalyst, X-ray Diffraction (XRD) and Electron Diffrac-
tion (EDS) spectroscopies, X-ray Fluorescence (XRF), X-ray
Emission (XRE), and Proton-induced X-ray Emission (PIXE) are
frequently employed; for measuring physical surface area and
electrochemical active surface area, BET and electrochemical
hydrogen adsorption/desorption methods are employed; for
catalyst’s morphology and active components, scanning electron
microscopy (SEM) and TEM are used; for structure and crystal-
lography of surface and small active component particles, elec-
tron spectroscopy for chemical analysis (ESCA), X-ray
photoelectron spectroscopy (XPS), UV-induced photoelectron
spectroscopy (UVPS), and energy dispersive spectroscopy (EDS)
are employed; for analysis of the thermal stability of catalysts,
differential thermal analysis (DTA), differential scanning calo-
rimetry (DSC) and thermogravimetric analysis (TGA) are often
used; and other structural techniques such as FTIR, UV—VIS, and
TPD/TPR are also used for characterizing the bulk and surface of
electrocatalysts.

In this chapter, we are not going to describe too-detailed in-
formation about the catalyst synthesis methods and character-
ization techniques, which may be beyond the scope of this book.
The interested readers may please go to literature for getting
those detailed information and knowledge.”’ In the following
subsections, we will give some brief description about the syn-
thesis methods and characterization techniques and their appli-
cations in ORR electrocatalysts.

3.4.1. Synthesis Methods for ORR Electrocatalysts
3.4.1.1. Impregnation-Reduction Method

In a variety of preparation methods, impregnation-reduction
method is one of the mostly used methods in preparing Pt-
based catalysts without the help of protective reagents and
thermal treatments. Compared to other methods, impregnation-
reduction method is relatively simple and direct, easier to
conduct as well. This method only includes two steps: impreg-
nation and reduction. The first step is that the support such as
carbon or other inert material is dissolved in a solvent such as
water, ethanol, isopropanol, or their mixture to form a support
containing mixed solution. A mount of metal precursor are
impregnated into this support solution, and then the pH of the
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mixture is adjusted to a desired value. Then the excess reducing
agent is introduced (sodium borohydride, formaldehyde, hydra-
zine, hydrogen, etc.) into this mixture under constant stirring at a
desired temperature for several hours. When the reduction is
finished, the product is filtered and then dried; finally, the cata-
lysts can be obtained. It has been demonstrated that the prop-
erties of the support materials have significant influence on the
particle size and distribution of the catalysts. Furthermore,
the reducing agent, the metal precursor, solvent, pH value,
and the reaction temperature are also very important in deter-
mining the catalyst’s properties.

3.4.1.2. Galvanic Displacement Method

Galvanic displacement method is also often used for syn-
thesizing catalysts. By this method, low Pt-content electro-
catalysts can be obtained. For example, a carbon-supported
core—shell structured electrocatalyst with bimetallic IrNi as the
core and platinum monolayer as the shell has been successfully
synthesized using this method.”’ In this synthesis, IrNi core
supported on carbon was first synthesized by a chemical
reduction and thermal annealing method and a Ni core and Ir
shell structure could be formed finally. The other advantage of
this method is that the Ni can be completely encased by Ir shell,
which will protect Ni dissolve in acid medium. Secondly,
IrNi@Pty/C core—shell electrocatalyst was prepared by depos-
iting a Pt monolayer on the IrNi substrate by galvanic
displacement of a Cu monolayer formed by under potential
deposition (UPD).

3.4.1.3. Electrochemical Deposition

Electrochemical deposition method is one of the most useful
approaches to prepare nanostructured ORR electrocatalysts.
Using this method, the structures, shapes and sizes of the
electrocatalysts can be controlled on the surface of conducting
materials by altering the conditions of electrochemical deposi-
tion. Furthermore, in the electrochemical deposition method,
there is another good point, no capping reagent or surfactant or
other dispersion agent is involved in the electrodeposition
method. Therefore, the synthesis procedures can be greatly
simplified. For example, bimetallic PtAu/graphene nano-
structure catalysts were successfully synthesized by electrode-
position of Pt—Au nanostructures on the surface of graphene.”*
By changing the molar ratio of Pt and Au, the catalytical activity
is altered.
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3.4.1.4. Thermal Decomposition Method

Pdjp9—xMo,/C nanoparticle catalysts were synthesized by a
simultaneous thermal decomposition with palladium acetyla-
cetonate, platinum acetylacetonate, and molybdenum carbonyl
in o-xylene in the presence of Vulcan XC-72R carbon. At first, the
metal precursor and carbon support were mixed together and
refluxed and finally dried, followed by a heat treatment up to
900 °C in H, atmosphere.*”

3.4.1.5. Template-based Method

In this method, hard template, such as mesoporous silica soft
template such as surfactant, directing agent or capping agent are
used. Using mesoporous silica, catalysts with large BET surface
area and high pore volumes can be obtained. RuSe/C electro-
catalysts with highly porous were successfully synthesized via a
template-based method, by the impregnation of a hard template
(silica gel) with the mixture of RuCls-xH,0, SeO, and sucrose.®
However, the hard templates need to remove after the reaction
finished, which would increase the cost of the process. In the
initial step, the reactant mixture was infiltrated into the template
porosity. After this step, the composite material was heat treated
in different gas atmospheres at a high temperature. Finally, the
obtained composite was then treated with acid at room temper-
ature in order to remove the template. Guo et al.”* synthesized
raspberry-like hierarchical AuPt hollow spheres using TiO, as the
template. After removing TiO,, the AuPt hollow structure can be
kept. Compared with normal Pt-based catalysts, the obtained
AuPt hollow structure have several advantages: (1) by changing
the size of TiO, precursor spheres, AuPt hollow structure with
different size can also be obtained; (2) the activity site formed
after the reaction; (3) the formed nanochannels make the trans-
port of reactant and product easily meaning that the hollow
spheres can be used as the reactor, which would probably lead to
high electrocatalytic activity. Yeo et al.*’ reported a novel syn-
thesis of Pt nanodendrites by Au-seed-mediated growth inside
hollow silica nanospheres, as shown in Figure 3.9.

3.4.1.6. Microwave and Ultrasound—Assisted Process

The advantages of this method are simple and save reaction
time. Usually, it only need several minutes for metal precursor to
reduce and the formed metal seed can further growth quickly.
Furthermore, the microwave-heating can provide uniform hot
environment through which the size and the morphology of the
metal seed can be well controlled.”” Pt-encapslulated Pd—Co
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nanoalloy electrocatalysts for ORR have been synthesized by the
microwave method at 300 °C with the power of 600 W. Pt—WC/C
prepared by the direct reduction of a platinum salt precursor
combined with intermittent microwave heating 5s on and 5s
pause for six times. Jang et al.*° reported that Pt3Co nanoparticles
with Pt-enriched shells on a carbon support could be prepared by
a one-step ultrasound polyol process wusing Pt(acac),
(acac = acetylacetonate) and Co(acac),. With ultrasound, the
conversion of Co(acac), facilitated and the conversion of Pt(a-
cac); into nanoparticles were retards, thus forming the Co-core
and Pt-shell catalysts. In sonication and microwave-assisted
reactions, the high-frequency oscillation of ultrasound and mi-
crowave could generate extremely high energy conditions. In this
synthesis, a solution of Pt(acac); and Co(acac), in EG with a
porous carbon support added was irradiated with ultrasound by a
high-intensity ultrasonic probe at 150 °C for 3 h under Ar.

3.4.1.7. Pyrolysis Procedure

Pyrolysis procedure has been recognized as an effective step in
improving catalyst’s ORR activity, particularly for non-noble
metal catalysts.®” For example, in the synthesis of non-noble
metal Ny-chelate catalysts for ORR, a pyrolysis at temperature
range of 600—900 °C can significantly enhance both the ORR
activity and stability of the catalysts.”® However, since the Ny-
chelate structure would be largely destroyed at high pyrolysis
temperatures, it might not be necessary to use expensive metal
macrocyclic complexes as precursors for active catalyst prepa-
ration.®” It is expected that if a mixture of basic components, i.e.,
transition metal sources such as Fe or Co, nitrogen donors, and
carbon supports, could be treated at a high temperature, cata-
lytically active sites such as metal-N; or FeN,C; might be
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formed.” Several research groups have reported their work on
this pyrolysis route with various transition metal, nitrogen, and
carbon-containing species as precursors. This approach creates a
very attractive strategy for most popular transition metal pre-
cursors that have been employed are Fe or Co inorganic salts such
as sulfates, acetates, hydroxides, chlorides, and cyanides, and Fe
complexes such as ferrocene.”’ ?* Inorganic precursors might be
more cost-effective for commercialization.

Lalande et al.”* proposed a multistep pyrolysis method for
ORR electrocatalyst preparation. Wei et al.”” carried out some
comparisons between one step and multistep pyrolysis. In their
experiments, catalysts containing carbon, nitrogen, and cobalt
were prepared. In the multistep pyrolysis method, the first py-
rolysis step was to pyrolyze the carbon support (Vulcan XC-72R)
with a nitrogen precursor (acetonitrile) in a flowing argon at-
mosphere, and then to introduce the cobalt precursor (cobalt
sulfate) into the reactor for the second step. The second step was
to pyrolyze the mixture of the product and the introduced cobalt
precursor in a flowing argon atmosphere. It was also found that
the pyrolysis sequence had a strong impact on the catalyst ac-
tivity. For example, the onset electrode potential of ORR catalyzed
by catalysts produced in different pyrolysis sequences was about
790—800 mV (vs RHE)—similar to that obtained with a cobalt-
centered macrocycle catalyst synthesized by one-step pyrolysis
at 1000 OC.70’96

Bogdanoff et al.”” found that the activity of pyrolyzed carbon-
supported CoTMPP could be limited by the morphology of the
products. Thus, they introduced a new preparation strategy,
which led to an in-situ formed graphite-like carbon matrix with
uniform catalytic centers. In their method, metal oxalates were
added into the reaction as foaming agents during the pyrolysis.
The purpose of adding metal oxalate-foaming agents was to
suppress the particle aggregation and increase the surface area of
the macrocycle catalysts (up to 800 m* g™ '). In this way, the
catalytic activity could be improved by an increase in the catalyst.

3.4.1.8. Modified Sol—Gel Method

More recently, Ye et al.”® proposed a new sol—gel method

combined with a supercritical drying technique for the synthesis
of nanocomposite electrocatalysts for ORR. They claimed that
their method had a structure-preserving ability and favored a
nanoscale mixing of the constituents, and then could produce a
remarkably homogeneous solution. The chemical, physical, and
morphological properties of catalysts produced using this sol—gel
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method were claimed to be significantly isotropic. Compared to
other synthesis methods, this new sol—gel method had some
unique and competitive features. The first step of this synthesis
method was to mix an inorganic salt (e.g., Fe(NOs)3 or CoCl,) or
an organometallic compound (e.g., Co(IIl) acetylacetonate) with
polyacrylonitrile (PAN) in N,N-dimethylformamide (DMF)/water
to form a well-mixed solution. The mixed solution was degassed
when heated to approximately 120 °C. When the solution was
cooled, a polymer gel containing the metallic compound was
obtained by thermally induced phase separation. The polymer gel
was then pretreated at 220 °C, followed by a pyrolysis step at
900 °C under an argon atmosphere. In this way, a non-noble
metal catalyst was obtained that showed a strong catalytic ac-
tivity and relatively high stability for the ORR in acid conditions.

3.4.1.9. Template-Assisted Ultrasonic Spray Pyrolysis Method

A new pyrolysis technique, called the template-assisted ul-
trasonic spray pyrolysis (TAUSP), for synthesizing highly active
macrocyclic complexes has been reported, which could effec-
tively create favorable morphology and increase the catalyst
surface area. For example, Liu et al.'"’ recently developed this
TAUSP technique to synthesize CoOTMPP/C catalysts. The TAUSP
method is a continuous, one-step, scalable method to prepare
unaggregated spherical and uniform particles with controllable
particle size. The carbon-supported CoTMPP particles synthe-
sized by this method have a high surface area of 834 m* g . In a
rotating ring-disk electrode (RRDE) measurement, the ORR
catalyzed by this CoTMPP displayed double the activity of a
catalyst prepared by the conventional heat-treated method. The
results demonstrated that the favorable morphology of a
CoTMPP/C catalyst created by ultrasonic spray pyrolysis has a
significant effect on catalyst activity, even under fuel-cell oper-
ating conditions.

3.4.1.10. Polymer-Assisted Procedure

Zelenay et al.”” explored Co-polypyrrole (CoPPy) material as a
PEM fuel-cell cathode catalyst. The composite CoPPy catalyst,
even without a heat treatment, could generate a power density of
~0.15Wcm 2 in a H,—0, fuel cell and displayed no signs of
performance degradation for more than 100 h. Their results
showed that heteroatomic polymers can be used not only to
stabilize the non-noble metals in a PEM fuel cell environment but
also to generate active sites for the ORR. Study of the interaction
between the catalyst and oxygen also demonstrated that CoPPy
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could form stable end-on, side-on, and bridged oxygen adducts.
Furthermore, the side-on and bridged oxygen adducts were more
stable than the end-on adduct. Since side-on and bridged oxygen
adducts could elongate O—O bond lengths, they might lead to a
4-electron reduction product.

3.4.1.11. Ball-Milling Method

As the name suggests, the ball milling method consists of balls
and a mill chamber. Therefore, a ball mill contains a stainless steel
container and many small iron, hardened steel, silicon carbide, or
tungsten carbide balls are made to rotate inside a mill. The powder
of a material is taken inside the steel container. This powder will be
made into nanosize using the ball-milling technique. A magnet is
placed outside the container to provide the pulling force to the
material and this magnetic force increases the milling energy when
milling container or chamber rotates the metal balls. Ball milling is
a mechanical process and thus all the structural and chemical
changes are produced by mechanical energy.'” Baek et al.'’’!
recently proposed that edge-selectively functionalized graphene
nanoplatelets (EFGnPs) as metal-free electrocatalysts for ORR can
be large-scaled prepared by ball-milling method. The EFGnPs were
obtained simply by dry ball-milling graphite in the presence of
hydrogen, carbon dioxide, sulfur trioxide, or carbon dioxide/sulfur
trioxide mixture. The resultant sulfonic acid- (SGnP) and carboxylic
acid/sulfonic acid- (CSGnP) functionalized GnPs were found to
show a superior ORR performance to commercially available
platinum-based electrocatalyst in an alkaline electrolyte. It was
also found that the edge polar nature of the newly prepared EFGnPs
without heteroatom doping into their basal plane played an
important role in regulating the ORR efficiency.

3.4.2. Characterization of ORR Electrocatalysts
3.4.2.1. Physical Measurement

X-ray diffraction (XRD), SEM and TEM, X-ray absorption
spectroscopy (XAS), X-photoelectron microscopy (XPS), Raman
Spectrum are the most commonly used techniques to charac-
terize the composition and crystal phase of electrocatalysts. Here,
we give only several examples to illustrate the usage of these tools.

XRD pattern can tell us the composition of the product; each
element has its own unique peak in the spectrum. Figure 3.10
reveal that the phase of Platinum crystals is the face-centered
cubic phase. From XRD pattern, the average particle size can
also be obtained using the Scherrer equation (Eqn (3.8)) based on
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Figure 3.10 Representative XRD patterns of as-prepared supported Pt-Pd elec-
trocatalysts and the commercial Pt/C (20 wt% ETEK).*® (For interpretation of the
references to color in this figure legend, the reader is referred to the online version
of this book.)

the peak width in the XRD pattern. By comparing the position and
the intensity of the peaks, we can acquire the transformation or
changing of the products.

0.9k

L= ——
B(za) COS Omax

(3.12)

where Ak, is the incident wavelength (1.54,056 A) and By is the
width of half peak in radians.

.__, __‘ i e A" 3)‘} . & =
Figure 3.11 SEM image of AuPt bimetallic hollow tube-like 1-D nanomaterials.

The inset is a high-magnification SEM image.'®?
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Transmission electron microscopy (TEM) in image and scan-
ning transmission or electron microscopy (STEM) modes, and
energy dispersive X-ray spectroscopy (EDX) attached to the TEM
and SEM are commonly used for particle size and distribution
characterization. For example, the low- and high-magnification
SEM images in Figure 3.11 indicate the large-scale tube-like 1-D
nanomaterials, which have several microns in length, have been
fabricated. The shape can be clearly seen from the SEM images
and the high magnification indicates the diameter and the
composition of the catalysts.'*?

Using both TEM and HRTEM, the morphology and crystalline
can be obtained, as shown in Figure 3.12. Other tools, including
infrared spectroscopy (FT-IR), X-ray absorption spectroscopy
(XAS) and UV—vis absorption spectroscopy are also generally
used. Atomic force microscopic (AFM) is sometimes used when
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Figure 3.13 Representative

HAADF-STEM image (top left panel)

of the AuPd(1:0.61)/C and its corre-
sponding Pd (red) and Au (green)
elemental mapping image.”’ (For
interpretation of the references to

color in this figure legend, the reader

is referred to the online version of
this book.)

the support is a layer material, such as graphene, graphene oxide,
and reduced graphene, it can tell the thickness of graphene
sheets.*"'"

Furthermore, high-angle annular dark-field scanning TEM
(HAADF-STEM) analysis can clearly reveal the distribution of
different elements in the catalysts with different colors. Usually,
the core and shell of the catalysts can be distinguished from the
dark shell and bright core, as shown in Figure 3.13.*

In Figure 3.13, the AuPd nanoparticles supported on carbon in
the HAADF-STEM image enable a brighter core to be distin-
guished from the darker shell. It can tell us that the AuPd nano-
particles are composed of a shell and a core. Due to the
mechanism of HAAD-STEM, we can clearly tell that the shell
containing a lighter element (Pd) and the core containing a
heavier element Au.”’

X-ray photoelectron spectroscopy (XPS) is a useful and
powerful tool that can give the configuration information of the
catalyst.'” In the XPS spectra, different element or the same
element with different valencies has distinguished peaks.
Figure 3.14 shows the XPS spectra of the Pd/C and Pd—WO3/C
catalysts. It can be seen that obvious W and Pd peaks appears in
the XPS spectra. The W(4f;,,) and W(4f5,,) peaks for the PdA—WO3/
C catalyst located at 34.9 eV and 37.1 eV, respectively. For Pd(3d)
of Pd/C catalyst, there are three peaks located at 284.7, 334.9, and
340.2 eV, and for Pd—WO3/C catalyst, they are located at 284.5,
335.7, and 340.6 eV, respectively.
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Figure 3.14 XPS spectra of the Pd/C and Pd—WO03/C catalysts: (A) W(4f) region (only for the Pd—W0,/C catalyst) and

(B) Pd(3d) regions.'™ (For color version of this figure, the reader is referred to the online version of this book.)

3.4.2.2. Electrochemical Characterization

Regarding the electrochemical characterization of the ORR
activity, a glassy carbon (GC) electrode or glassy carbon or gold
rotating disk electrode (RDE), rotating disk-ring electrode (RRDE)
are used for measuring the ORR activity and stability.'”

Cyclic voltammetry (CV) of the catalysts is normally con-
ducted in either N,- or Ar- or O-saturated electrolyte solution
(often in 0.5M HpSO4, 0.1 M HCIO4, or KOH).”’ As shown in
Figure 3.15 obtained in Nj-saturated 0.1 M HCIO, solution, the
normalized CVs exhibit three distinctive regions: a hydrogen
adsorption/desorption region in low potential, a double layer
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capacitive region, and a metal oxide formation/reduction region
in a high potential range. By comparing the area of the double
layer of catalysts with different composition, we can conclude
that they have different electrochemical surface area. In partic-
ular, capacitive background current densities between the
hydrogen and oxide regions are observed to increase from Au/C
to AuPd/C and further increase with increasing Pd:Au ratio in
AuPd/C. The hydrogen adsorption/desorption region also gives
some information about these catalysts. In Figure 3.15, the
hydrogen adsorption/desorption, occurring at a more negative
potential range rather than 0.0 V, which is not observed in Au/C.
Note that the charge under the hydrogen adsorption/desorption
peaks may be partially contributed by the hydrogen migrated
into the Pd lattice. Moreover, with the increase of the ratio of
Pd:Au, the hydrogen adsorption/desorption region becomes
larger, which indicates that more hydrogen migrated into the Pd
lattice.

For AuPd/C catalysts, with higher Pd:Au ratio, the integrated
charge amounts for the surface Pd oxide reduction (i.e., area
under the cathodic peak at 0.39 V) becomes larger than those with
a lower Pd:Au ratio. This suggests an increased Pd surface area,

AwC

= AuPd(1:0.15)/C

AuPd(1:0.49)yC

D [

AuPd(1:0.61)yC

j/mAcem

AuPd(1:0.73)yC

Figure 3.15 Cyclic voltammograms obtained
with AuPd/C modified GC electrodes in Ar-
saturated 0.1 M HCIO, solution at a scanning
rate of 10 mV s ~'.%° (For color version of this
figure, the reader is referred to the online 0.0 0.4 0.8 1.2

version of this book.) Potential / V (vs SCE)
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which is in agreement with the observation of capacitive current
densities.

When a Pt monolayer was deposited on the surface of bulk
Pd(111) single crystals, the ORR activity, characterized using a
rotating ring disk electrode in a 0.1 M HCIO4 solution, was shown in
Figure 3.16."'°° For the disk, the limiting current increases with the
increasing of the rotation rate while the onset potential is kept
unchanged. Using the Koutecky—Levich plots discussed in Chapter
5, the transferred electron during ORR can be calculated. The
current—potential curves also revealed that a very positive onset
potential for the ORR (0.95—1.0 V vs NHE), as well as a half-wave
potential of 0.838 V. In addition, the ring current was insignifi-
cant, indicating that the ORR catalyzed by this catalyst was an
almost completed four-electron process on the disk electrode from
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For detailed electrochemical characterization of the ORR
electrocatalysts, Chapter 7 of this book will give more discussion.

3.5. Catalyst Layers, Fabrication, and
Characterization

For application of ORR electrocatalyst in PEM fuel cells, the
catalyst must be used to prepare the CL, which is then bonded
into the MEA for fuel cell testing. The composition, structure, and
preparation procedure all have strong effects on the fuel cell
performance. For example, even an ORR catalyst has high ORR
activity, if the CL and its MEA preparation are not optimized, it is
not necessary that fuel cell would have a high performance.
Therefore, the optimum preparation of CL and its MEA are very
important in fully realizing the catalyst activity.

3.5.1. Introduction to ORR Catalysts Layer

Fuel cell CLs are the key components in the entire fuel cell
device because the reactions such as hydrogen—oxidation reac-
tion (HOR) at anode and the ORR at cathode occur inside the CLs.
Particularly, in order to carry out the ORR, the catalyst particles
inside the cathode CL must be in contact with each other for
electrical conductivity and also in contact with protonic con-
ducting (in acidic PEM fuel cells), or hydroxide conducting (in
alkaline PEM fuel cells) ionomer for ionic conductivity. In addi-
tion, there must be some channels within the CL for transporting
the reactants and the products. In other words, the catalyst par-
ticles must be in close contact with each other, with the elec-
trolyte, and also with the adjacent diffusion medium (DM).
Moreover, the reactants gas (O,) and the produced water travel
mainly through the voids, so the CL must be porous enough to
allow gas to diffuse to the reaction sites and liquid water to wick
out.

In the preparation of MEA, there are two options. One is to
coat the CL onto the DM such as carbon paper, or carbon cloth,
the other is to coat the CL onto the PEM, as shown in Figure 3.17.
The CL coated on the diffusion medium is called Catalyst-coated
Diffusion Medium (CDM), and the CL coated on the membrane is
called Catalyst Coated Membrane (CCM). Using a hot-press
process, by sandwiching PEM between two CDMs, or CCM be-
tween two DMs, an MEA can be fabricated for fuel cell testing.

Regarding the composition of a CL, it is usually consisted of
the electrocatalyst, ionomer such as Nafion® and a binder such as
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Figure 3.17 Two different options for making MEA. (For color version of this figure,
the reader is referred to the online version of this book.)

PTFE. Normally, there exists an optimum composition of these
three components. Increasing the ionomer content in the CL can
improve the proton migration but reduce void space, thus
worsening gaseous oxygen transport; Increasing the catalyst
loading can enhance the rate of the electrochemical reaction but
increase the cost and the transport resistance, and increasing the
PTFE can provide more pore in the CL due to the hydrophobic
properties but increase the electrical resistance. Thus, achieving a
compromise between electrocatalyst loading, ionomer and PTFE
contents poses a challenge for the improvement of the CL per-
formance. Some work around the composition of the CL has been
developed'””''® and they suggested that the CL should be as
dense and thin as possible in order to increase catalyst utilization.

The interaction between the ionomer and catalyst is crucial for
the electrochemical performance of the CL in fuel cells. If the
catalyst nanoparticles that are isolated from the ionomer
network, they will become electrochemically inactive. Further-
more, the distribution of the ionomer will affect the ohmic
resistance and the mass transport of the reactants and/or prod-
ucts in the CL. With respect to this, some effort has been made in
optimizing the distributions of ionomer content and Pt loading
across the entire thickness of cathode CL of fuel cell by maxi-
mizing the cell current density at a given potential.''® Tt was
found that the optimal distribution was a linearly increasing
function from the gas diffusion layer side to the membrane side in
the case of a single-variable optimization. When optimization
was treated as a two-variable problem, the optimal distribution of
ionomer content was still a linearly increasing function but the
optimal distribution of Pt loading was a convex increasing func-
tion. This study pointed out that only the optimization of
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ionomer content distribution needed to be considered in the
design of the CL. Passalacqua et al."'” suggested that the opti-
mum ionomer content in catalyst ink was located at about
30—35% NFP (Nafion® percentage which was defined as the
percentage of the Nafion® per total catalyst and Nafion® weight),
and was independent of the Pt loading on the carbon in the
catalyst, the Pt content in the electrode, and the kind of per-
fluorosulfonic ionomer used. However, Sasikumar et al.''®
showed that the optimum Nafion® ionomer content was
dependent on Pt loading. It seems that the optimal Nafion®
ionomer content in catalyst ink is related to the eventual thick-
ness of the equivalent Nafion® film in the CL, as shown in
Figure 3.18. The Nafion® ionomer content in catalyst ink should
be controlled appropriately. If the ionomer content is too low, the
ionic conductivity of the CL is insufficient, leading to a low Pt
utilization and high ohmic resistance; if the ionomer content is
too high, the gas accessibility and electrical conductivity of the CL
will be insufficient.

During the fuel cell operation, liquid water flooding can take
place at the cathode CL of the fuel cell when the removal rate of
water is lower than the rate of water produced by ORR and
transported from anode to cathode by electro-osmotic drag. In
this case, the pores of the CL are occupied by the liquid water,
which limits the oxygen transport to the active sites of the CL and
results in a lower fuel cell performance. Thus, introducing a hy-
drophobic component to the CL is also very important to create
more channels or pores for the gas and liquid water transport. To
optimize the composition of the CL, an optimal ratio of Cata-
lyst:Ionomer:Teflon was found to be 1:0.875:0.875 for high fuel-
cell performance.'"”

In addition, the cathode CL contamination should also be
mentioned here as this contamination would cause a significant
irreversible degradation in fuel cell performance. When the air
stream of the fuel cell contains the pollutants such as SOy, the
pollutants can absorb on the surface of catalyst active sites,
competing with oxygen adsorption, and leading performance
degradation. Further, the presence of SO, in the catalysts layer
will reduce the pH, resulting in free acids in the electrode and
causing potential shifts. For example, after the PEM fuel cell was
exposed to 1 ppm SO,/air for 100 h at 70 °C at a current density of
0.5Acm 2, 35% degradation for a fuel cell performance was
observed, with a cell voltage decrease from 0.68 to 0.44 V.'*"
A 78% cell performance decrease was also observed for air con-
taining 5 ppm SO,, while a 53% decrease was observed for air
containing 2.5 ppm SO, at the same applied dosage,'*' but there
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Figure 3.18 Schematic planar representation of the catalytic layer. (A) At low
Nafion® ionomer content, not all the catalyst particles are connected to the
membrane by a Nafion® ionomer bridge. (B) At the optimal Nafion® ionomer
content, there are good connections of both ionic and electrical conductions.
(C) When there is too much Nafion® ionomer, not all the catalyst particles are
electronically connected to the diffusion layer.'”

was no detrimental effect on cell performance with 500 ppb SO,
in the air stream.'?” Small amounts of NO, in the air can also
cause the degradation of fuel cell performance. Knights et al.'*
found that the concentration of NO, with even 115 ppb could
cause a cell performance drop of more than 25mV at
0.175A cm 2, and they also observed that the voltage dropped
linearly as the NO, concentration was increased from 0.016 to



110 Chapter 3 ELECTROCATALYSTS AND CATALYST LAYERS FOR OXYGEN REDUCTION REACTION

0.115 ppm. Mohtadi et al.'*' and Yang et al.'** also found that the
performance decay was increased as NO, concentration was
increased in different NO, content ranges, but they didn’t get the
linearly relationship between the performance loss and the NO,
content. However, it was observed that the NO, contamination
was recoverable by refresh the pure air for a long time.'*'

3.5.2. Catalyst Layer Fabrication and
Characterization

Normally, CL preparation includes two steps: one is to prepare
the catalyst ink, and the other is to prepare CL using this ink.

3.5.2.1. Catalyst Ink and Its Preparation

As discussed above, the hydrophobic properties of the cathode
CL could avoid the water flooding. This requires the catalyst ink
to contain some hydrophobic agent (such as Polytetrafluoro-
ethylene (PTFE), or Teflon®) together with both catalyst and
ionomer. However, if the PTFE content is too high, the catalyst
particles could become wrapped, resulting in decreased electron
conductivity and catalyst utilization. Normally, a content of
10—40% is the optimal content. On the other hand, the catalyst
ink must contain ionomer for CL’s ionic conductivity.'*

Regarding the solvent used to prepare the catalyst ink, its
properties in catalyst ink should be mentioned as it also plays an
important role in determining the microstructure and catalytic
activity of the CL. When ionomer such as Nafion® solution is
mixed with solvent, the mixture may become a solution, a colloid,
or a precipitate'“® due to the different dielectric constants of the
solvent. When the dielectric constant is more than 10, a solution
is formed; between three and 10, a colloidal solution is formed;
and less than 3, precipitation occurs.'*” If the mixture is a solu-
tion (i.e., the “solution method”), excessive ionomer may cover
the carbon surface, resulting in decreased Pt utilization. However,
when the mixture is a colloid (the “colloidal method”), ionomer
colloids adsorb on the catalyst powder and the size of the catalyst
powder agglomerates increases, leading to an increased porosity
of the CL. In this case, the mass transfer resistance could be
diminished because of the continuous network of ionomers
throughout the CL, which then improves the proton transport
from the catalyst to the membrane.'*°

Furthermore, the catalyst ink deposition process requires a
compromise between the catalyst ink’s dielectric constant and
other properties such as the viscosity, boiling point, and carbon
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wet capacity of the solvent.'*® For higher catalyst metal loading,
higher viscosity of the ink is required as it is necessary to main-
tain a stable catalyst ink suspension. For example, glycerol has
high viscosity and is generally added to catalyst ink to increase
the paintability and stability. According to Chisaka et al.,"*” when
the mass ratio of glycerol to carbon (rgc) was more than 5, the
remaining glycerol was proportional to ratio of glycerol to car-
bon. They also found that the cell performance was decreased
with increasing the rgc because of the high boiling point of the
glycerol. The extra solvent could block the pores and reduce the
number of reaction sites and also decrease gas transport.'*’
Other factors such as the dispersion method and mixing proce-
dure could also affect the ionomer distribution and catalyst uti-
lization, leading to low performance of the CL. Lim et al.'*
reported that the catalyst ink made by a ball-milling process
could give a higher current density in the kinetic-controlled re-
gion than that ink made by ultrasonication. Song et al.'** showed
that heat treatment of catalyst ink in an autoclave at 200 °C under
pressurized conditions could enhance the penetration of the
ionomer into the primary pores of the catalyst agglomerates, thus
increasing catalyst the utilization and improving cell perfor-
mance. Uchida et al."** showed that the dropping process was
better than the paste process in decreasing catalyst loading. As
shown in Figure 3.19 for a dropping process in which the PFSI
colloid is adsorbed immediately after formation on the Pt/C
catalyst before coagulation takes place, so the PFSI is finely
dispersed on the Pt/C at a reduced thickness. Mass transport of
gas to the reaction sites could also be accelerated through the
dropping process. Consequently, reaction area is increased, and
internal resistance as well as the supply of the reaction gas could
be improved.

3.5.2.2. Catalyst Layer Fabrication and Characterization

As we discussed above, there are two major types of CL
fabrication techniques. One is to apply the catalyst ink onto the
gas diffusion layer to form a catalyzed diffusion medium (CDM),
and the other is to apply the catalyst ink onto the PEM to form a
CCM. Normally, applying the ink to the gas diffusion medium
has the advantage of preserving the membrane from chemical
attacks by the solvents in the catalyst ink. However, it seems that
the CL does not come into close contact with the membrane and
therefore the electrode is prone to delamination.'** Regarding
CCM, there are two ways of applying the catalyst ink to the
membrane, namely the decal transferring process and the direct
coating process. In the former, the CL is cast onto a PTFE blank
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Figure 3.19 Schematic of
the catalyst ink preparation
process. (A) Paste process
(B) Dropping process.'*
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first and then decaled to the membrane. In the latter, the
membrane is coated directly with the CL. Frey et al."*” suggested
that the decal transfer process probably had a risk of uneven or
incomplete catalyst transfer from the PTFE blank to the mem-
brane. It was reported that the direct coating process could
provide a better ionic connection between the membrane and
the ionomer in the CL."® A typical process usually employed
can be summarized as follows: (1) Stir a mixture of electro-
catalyst (Pt/C catalyst) and solvent (e.g., ethanol) vigorously,
and then disperse it in an ultrasonic machine; (2) Add a diluted
PTFE emulsion and ionomer solution to the above mixture,
followed by thorough ultrasonic stirring to form a catalyst ink;
and (3) Transfer the catalyst ink onto a diffusion medium or
membrane.

Transferring the catalyst ink onto a diffusion medium or
membrane is usually realized by hand spreading or spraying. The
spreading method spreads a PTFE-containing catalyst ink on a
carbon diffusion layer and then heat treats it at 135 °C. In the
spraying method, the catalyst ink is repeatedly sprayed on a
sheet of carbon paper. Between each spraying, the carbon matrix
is heated to evaporate the solvent to prevent the components
from redissolving in the next spraying. Normally, the CL uni-
formity is not easily controlled by hand spreading and spraying.
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In addition, the process is time-consuming and has poor
reproducibility. Mechanical spraying is faster than both hand
spreading and spraying, and allows a more uniform catalyst
distribution. It has the potential for mass production with good
reproducibility as well. However, a considerable amount of
catalyst is often wasted in the feed lines, which could increase
the cost of production. In order to increase the catalyst utiliza-
tion and reduce the catalyst loading, several fabrication methods
were further developed or modified. For example, Bevers et al.'*’
described a catalyst powder deposition method, in which all the
powder components were mixed in a fast running knife mill and
then were applied onto the carbon matrix. lonomer impregna-
tion method was also developed in which the catalyst and PFSA
suspension in alcohol and water are premixed before the CL was
deposited. The gas diffusion layer/catalyst assembly could be
formed by applying the catalyst ink onto the carbon matrix.
During the impregnation reduction, the membrane was pre-
exchanged to the Na' form."*® One side of the membrane was
faced to an aqueous Pt salt-containing solution for impregnation
and the other side of the membrane was in contact with
aqueous NaBH, reductant. The Pt precursor on the other side
was reduced to metal Pt by diffused reductant through the
membrane.

In the catalyst decaling method,'*>"*” the catalyst ink was cast
onto a PTFE blank for transferring to the membrane by hot
pressing. A thin CL was left on the membrane when the PTFE
blank was peeled away. Finally, the catalyzed membrane is
rehydrated and ion-exchanged to the H* form by immersingitin a
hot dilute H,SO,4 solution. Moreover, low Pt loadings of catalysts
layers could be prepared by evaporative deposition method, in
which the Pt precursor was evaporatively deposited onto a
membrane that was completely immersed in a reductive solution
to get low Pt catalyst loading. A doctor-blade spreading technique
was developed by Saab et al.'*>'*! to prepare the CLs in a faster
and highly reproducible fashion. The ink was coated onto laser jet
transparency material with a doctor-blade device driven by an
X-Y chart recorder time base. Machined aluminum slabs were
used as the substrate support, and sit on the table of the X—Y chart
recorder. They showed that with appropriate catalyst ink and
transfer decal, doctor-blade spreading was not only significantly
more precise and faster than hand painting, but also produced
cells with nearly 25% higher current density in the critical voltage
operating region. Specifically, some new technologies such as
electrophoretic deposition (EPD),'** electrospraying,'**'** inkjet
printing,"*> and rolling,*"'*®'*" electrodeposition'** " and
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sputtering, have been developed to apply catalyst ink onto the gas
diffusion layer or the membrane.
A brief presentation for several methods is as follows:

3.5.2.2.1. EPD Technique

Morikawa et al.'** proposed an electrophoretic deposition

(EPD) technique for preparing the CL, which didn’t need any
further mechanical pressing, and was suitable for a very thin or a
very rigid membrane. In this method, the Nafion® membrane was
set in the middle of the cell, and the left cell compartment was
filled with HCIO,4 aqueous solution and the right was filled with
the catalyst ink. Two Pt electrodes were used as cathode and
anode, respectively, to apply a high voltage to the cell. Figure 3.20
shows the schematic of the EPD cell. Using this method, they
successfully prepared a CL with high Pt utilization that consisted
of only fine carbon particles, and was smaller and more uniform
than that prepared by the conventional painting method. The
thickness of the CL was controlled by EPD duration or catalyst ink
concentration.

—_ 1000 V +

Composite particles MEA

7 [ &— Composite particles
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Figure 3.20 Schematic of EPD process for preparation of catalyst layer and MEA.'*
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3.5.2.2.2. Electrospraying Technique

An electrospraying technique was also developed for prepar-
ing the CL."**'** Figure 3.21 shows a schematic of the setup for
electrospray and a detail of the electrospray process. This tech-
nique consists of applying a voltage (3300—4000 V) between a
capillary tube, in which the ink is forced to flow using a high-
pressure nitrogen stream over the carbon cloth substrate. The
high electric field can make the solution generating a mist of
highly charged droplets. During the spraying process, the drop-
lets are reduced in size by evaporation of the solvent and/or by
“Coulomb explosion”. Further, a nitrogen-pressurized tank is
used to force the catalyst ink, which is put in an ultrasonic bath, to
pass through the capillary tube. The carbon support is then
moved by means of an X—Y axes-coordinated system. Compared
to the CL prepared by a conventional technique, the electrospray-
prepared CL shows an enhanced cell performance.
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3.5.2.2.3. Inkjet Printing Technique

Taylor et al."*> employed an inkjet printing technique to de-
posit catalyst ink onto gas diffusion layers (GDLs). According to
their description, a commercially available thermal inkjet
printer was used. Standard black ink cartridges were used to
print the catalyst inks. Carbon cloth was cut into squares and the
squares were attached to standard white paper using double-
sided tape. A black square of catalyst ink was printed onto the
GDL using the “best print quality” feature in the printer settings
to achieve the printer’s best resolution. The paper containing the
GDL was then reloaded into the paper tray and the printing was
repeated until the desired loading was achieved. With this
method, CLs with ultralow Pt loading can be easily fabricated
and it also show higher Pt utilization compared with conven-
tional method.

3.5.2.2.4. Dry Production Technique

A dry production technique based on rolling was also
developed'””'*" and the schematic of the dry production tech-
nique was shown in Figure 3.22. In this technique, a carbon-
supported catalyst with the desired amount of binder powder
is mixed in a mill, and the mixed powder is then atomized and
sprayed in a nitrogen stream through a slit nozzle directly onto a
membrane, resulting in a uniformly distributed layer. The
reactive layer is then fixed and thoroughly connected to the
membrane by passing both through a calender. During all the
steps, no solvents are used which avoids drying steps. In addi-
tion, the catalyst loading can be controlled to a low level.

Gasdiffusion layer
g

Coating nozzle

~ Membrane <4

Figure 3.22 Scheme of the dry production technique for MEAs of PEM fuel cell or
direct methanol fuel cell.'”
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Therefore, this technique can be scaled up and has the potential
to meet industrial requirements.

3.5.2.2.5. Electrodeposition Method

Taylor et al.'*® reported the electrodeposition method to
improve the utilization of Pt catalyst. According to their
description, Pt ions diffused through a thin layer of Nafion®
formed on the surface of uncatalyzed carbon electrode and were
electrodeposited only in regions with ionic and electronic con-
ductivity. Antonine et al.'”’ impregnated carbon with H,PtClg
and then applied electrochemical pulses to deposit Pt in a
Nafion® active layer. However, Cl~ ions produced from the
electrodeposition of Pt from H,PtClg remained in the active
layer, which could poison the Pt and reduce its catalytic activity,
according to Kim et al."**'*" Therefore, they directly electro-
deposited Pt on the surface of carbon blank electrode using a
pulse electrodeposition technique. Their results indicated that
pulse electrodeposition may be an attractive technique to ach-
ieve industry goals of reducing catalyst cost and increasing
efficiency in PEM fuel cells.

3.5.2.2.6. Sputtering Technique

Sputtering technique is another fabrication method widely
used for its potential to provide lower catalyst loading as well as
thinner layers. The sputtering of CLs consists of a vacuum evap-
oration process that removes portions of a coating material (the
target) and deposits a thin and resilient film of the target material
onto an adjacent substrate, which can be either the GDL or the
membrane.'”* O’Hayre et al.'”” directly sputtered Pt on the sur-
face of a Nafion® membrane and showed that the performance of
the sputtered Pt fuel cells was strongly dependent on the thickness
of the sputtered CL. Cha et al.'”* obtained an ultrahigh utilization
of Pt catalyst by alternating layers of sputtered Pt (5 nm thick) and
a painted mixed electron- and proton-conducting layer of carbon
black particles in an ink of the Nafion® ionomer. Repeating suc-
cessive application of these layers up to five times could improve
Pt utilization and enhance cell performance. Figure 3.23 shows a
schematic of the sputtering process.

3.5.3. Catalyst Layer Characterization

In order to know the effect of the CL on fuel cell performance,
the CL characterization is necessary. Usually, the CL is charac-
terized by some ex situ physical measurements such as SEM,
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Figure 3.23 Schematic of sputtering in argon plasma for fabricating PEM fuel cell
electrodes.'

TEM, XRD, XPS, Contact angle measurement, and so on. Several
typical examples are briefly presented in this subsection:

3.5.3.1. Characterization by Electron Microscopy

Electron microscopy, such as scanning electron microscopy
(SEM) and TEM, is a kind of powerful tool for catalyst structure and
phase analysis. TEM with energy-dispersive X-ray (EDX) spectro-
scope has high resolution up to the atomic level and the capability
for both imaging and element analysis. It has been widely used to
measure the catalyst particle size and surface area, Pt dissolution
and migration into the membrane, CL structure and phase
changes, and MEA failures.'*” For example, Blom et al.'”> employed
the diamond knife ultramicrotomy to create thin MEA sections
suitable for TEM measurements both before and after fuel cell test.
Some TEM imagines were used to compare the CL before the fuel
cell test to that after the test. From the TEM imagine, the particle
size, the interface between the CL and proton exchange membrane
can be clearly observed, as shown in Figure 3.24.

SEM is another useful tool to analysis the catalyst structure
and morphology.'*®'>” Although SEM'’s resolution is lower than
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Figure 3.24 Micrograph of PEM fuel cell MEA after use in a fuel cell test stand for
325 h. Note the appearance of a new image feature at the interface between the
membrane and the electrode.'®

TEM'’s, sample preparation for SEM is much simpler than for
TEM. Thus, SEM has also been widely used to characteri