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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 O2 solubility, O2 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 O2 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, currentepotential 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,
currentepotential 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
KouteckyeLevich theory,1 which gives the relationships among
the ORR electron transfer number, O2 concentration (or solubil-
ity), O2 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 O2 concen-
tration (or solubility), O2 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 KouteckyeLevich theory. Because the measurements
are carried out in different electrolyte solutions, at different O2

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 O2) is the first element in Group 16
(VIA) of the periodic table. TheO2 is a diatomicOeOgas and is also
called molecular oxygen or dioxygen, which has a molecule weight
of 15.99994 g permole of O2. In O2molecule, two oxygen atoms are
connected together through a chemical covalent bond. This bond
has a length of 121 pm, and a strength of 494 kJ mol�1.

1.2.1. Physical Properties
O2 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�3 at
273 K and 1.0 atm, which is slightly heavier than air. When cooled
below its boiling point (�183 �C), O2 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�1 and the heat of fusion is 0.22259 kJ mol�1. 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 O3. 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�3.

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. O2 has two states. Mostly, the gas exists as a triplet
statebut singletoxygencanalsobe formedand ismorereactive.The
electronically excited, metastable singlet oxygen molecules might
be involved as the reactive intermediate in dye-sensitized photo-
oxygenation.2 It has two electrons in an unpaired triplet state. Ox-
ygen is theonlynaturallyoccurringchemicalwith thisproperty.The
singlet form of oxygen reacts swiftly with almost all compounds.

O2 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, O2 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
(Na2CO3), 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 (KNO3); magnesium sulfate, or Epsom salts (MgSO4);
and calcium phosphate (Ca3 (PO4)2).

Oxygen is essential and necessary for human life and many
processes that occur in living creatures, specifically cellular
respiration. For example, O2 in the air is necessary for humans
and animals for breathing, and the small amount of dissolved O2

in fresh or sea water is sufficient to sustainmarine 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 O2. O2 also has many commercial uses.
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The most important use is in the manufacture of metals. More
than half of the O2 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, combineswithmost 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 formsoxides that aremostly ionic innature. 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
(H2O). Oxygen is rarely featured as the central atom in amolecular
structure and cannever havemore 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 O2, which is also one of the necessary two reactions in fuel cells
and metaleair batteries.

1.3. Oxygen Solubility in Aqueous Solutions
Molecular O2 has a tendancy to dissolve into liquid media

such as both aqueous and nonaqueous solutions. The O2 solu-
bility can be expressed as gram or mole of O2 per liter of liquid, or
mole of O2 per cubic milliliter: grams per cubic decimeter
(g dm�3) or moles per cubic decimeter (mol dm�3), 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

O2 pressure is about 1.22� 10�3 mol dm�3 (the values are varied
from 1.18 to 1.25 mol dm�3 as reported in different literature).3,4

In air with a normal composition, the oxygen partial pressure is
0.21 atm, the O2 solubility would become 2.56� 10�4 mol dm�3.
The solubility of oxygen in water has been the subject of much
literature. Currently the oxygen polarographic probe is usually
used to measure solubility of O2 in aqueous solutions.5

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 O2 solubility in the following subsections.

1.3.2. Electrolyte, Electrolyte Concentration,
and pH Effects on O2 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 O2 solubility in such as so-
lution will be decreased. However, the general pattern of O2 sol-
ubility behavior appears to be complex, and is strongly dependent
on the type of the electrolytes and their concentration.6

The salting-out effect of most electrolytes on O2 solubility
could be described by a relation originally proposed by Sechenov
et al.5 This relation is given by

log

 
Co
O2

CO2

!
¼ KCel ð1:1Þ

where CO2
is the oxygen solubility in electrolyte solution with a

concentration of Cel, C
o
O2

is the oxygen solubility in pure water,
and K is the electrolyte-related O2 solubility constant. Equation
(1.1) indicates that O2 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 O2
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solubility cannot be simply expressed by Eqn (1.1). To address
this, John et al.5 modified Eqn (1.1) into Eqn (1.2):

log

 
Co
O2

CO2

!
¼
Xn
i¼1

HiIi ð1:2Þ

where Ii is the ionic strength of the contributing specific ion i, and
Hi is the specific ion-related solubility constant, which can be

Figure 1.1 (A) Schenov plot
according to Eqn (1.1); (B)
solubility of O2 at 25 �C, experi-
mental results for H2SO4, NaOH,
and KOH.7e9 (For color version of
this figure, the reader is referred
to the online version of this book.)
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determined experimentally. If the individual ion’s ionic strength
can be expressed as I ¼ 1

2CiZ
2
i , Eqn (1.2) will become Eqn (1.3):

log

 
Co
O2

CO2

!
¼ 1

2

Xn
i¼1

HiCiZ
2
i ð1:3Þ

where Ci is the molar concentration of ion i (moles per cubic
decimeter), Zi is the charge number of ion i, and the sum is taken
over all n ions in the solution. If the values of Hi 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.7

In the study of ORR using rotating electrodes, the commonly
employed electrolytes are H2SO4, HClO4, NaOH, and KOH. The
data of O2 solubility in these electrolyte solutions are very useful.
Figure 1.1(B) gives the plots of O2 solubility vs electrolyte con-
centration for these H2SO4, NaOH, and KOH electrolyte sol-
utions.7e9 Unfortunately, it is very difficult to find the solubility of
O2 in HClO4. To be clearer, Table 1.1 lists all O2 solubility data
used for Figure 1.1(B). From Figure 1.1(B), it can be seen that the
O2 solubility falls off with increasing concentration of H2SO4,
NaOH, or KOH.

Because the commonly used electrolyte solutions in ORR are
acidic and alkaline solutions, the pH effect on the O2 solubility
may be considered. Solution pH is determined by the concen-
tration of acid such as H2SO4, or alkali such as KOH and NaOH.

Table 1.1. O2 Solubility in Different Electrolyte
Solutions

Electrolyte
Concentration (mol dmL3)

O2 Solubility in Aqueous Electrolyte Solution (mol dmL3)

H2SO4 NaOH KOH

0.05 1.11� 10�3 1.10� 10�3 1.16� 10�3

0.10 1.10� 10�3 1.08� 10�3 1.15� 10�3

0.50 1.05� 10�3 0.92� 10�3 1.00� 10�3

1.00 0.98� 10�3 0.81� 10�3 0.83� 10�3

2.0 0.98� 10�3 0.56� 10�3 0.55� 10�3

3.0 0.72� 10�3 0.37� 10�3 0.40� 10�3

4.0 0.66� 10�3 0.24� 10�3 0.27� 10�3

Note that the O2 solubility in pure water is taken as w1.25� 10�3 mol dm�3.
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The effect of pH on the O2 solubility can be understood in terms
of the effect of ionic strength, as described by Eqn (1.3). For
H2SO4, 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 O2 solubility is
inversely proportional to the ionic strength, the larger the ionic
strength, the smaller the O2 solubility would be. In an electrolyte
solution only containing H2SO4 solute, increasing pH means the
decrease in H2SO4 concentration, leading to a decreased solution
ionic strength. As a result, the O2 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 O2 solubility will
be decreased.

1.3.3. Temperature Effect on O2 Solubility
Oxygen solubility is strongly dependent on temperature. The

higher the temperature, the smaller the O2 solubility. For quan-
titative expression of O2 solubility (CO2

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 used10,11:

CO2
¼ 55:56PO2

exp
�
3:71814þ 5596:17

T � 1049668
T 2

�� PO2

ð1:4Þ

where PO2
is the partial pressure above the solution (atm), and T is

the temperature (K). Equation (1.4) indicates that the O2 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 CO2

vs T.
Actually, different measurements of CO2

gave slightly different
values due to experimental errors. For example, Figure 1.3 shows
the O2 solubility in pure water from different sources.12

1.3.4. Pressure Effect on O2 Solubility
In general, O2 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 O2 solubility, Henry’s law can be
put into mathematical terms (at constant temperature) as
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Table 1.2. O2 Solubility at Different Temperatures
and 101.325 kPa Pressure in Different Aqueous

Solutions6,12e14

Temperature (K)

O2 Solubility in Aqueous Electrolyte Solution (mol dmL3)

Pure Water
H2SO4

(1.0 mol dmL3)
NaOH
(1.0 mol dmL3)

KOH
(0.93 mol dmL3)

273 2.19� 10�3 1.77� 10�3 1.42� 10�3 1.47� 10�3

283 1.70� 10�3 1.41� 10�3 1.13� 10�3 1.17� 10�3

293 1.39� 10�3 1.17� 10�3 0.92� 10�3 0.95� 10�3

303 1.21� 10�3 0.99� 10�3 0.77� 10�3 0.81� 10�3

313 1.04� 10�3 0.87� 10�3 0.67� 10�3 0.71� 10�3

323 0.95� 10�3 0.79� 10�3 0.61� 10�3 0.64� 10�3

333 0.88� 10�3 0.72� 10�3 0.57� 10�3 0.58� 10�3

343 0.83� 10�3 0.69� 10�3 0.53� 10�3 0.55� 10�3

353 0.79� 10�3 0.67� 10�3 0.52� 10�3 0.53� 10�3

363 0.77� 10�3 0.65� 10�3 0.51� 10�3 0.53� 10�3

373 0.76� 10�3 0.65� 10�3 0.51� 10�3 0.53� 10�3

Figure 1.2 O2 solubility as a function of temperature in different electrolyte
solutions. O2 pressure: 101.325 kPa.6,12e14
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CO2
¼ KHPO2

ð1:5Þ
where PO2

is the partial pressure of O2 in the gas above the so-
lution (atmosphere), CO2

is the concentration of the O2 in the
solution (moles per cubic decimeter), and KH is the constant with
the dimensions of pressure divided by concentration (moles per
cubic decimeter per atmosphere). In pure water at 298 K, KH has a
value of 769.2 mol dm�3 atm�1. It is obvious that the solubility of
oxygen increases with increasing the partial pressure of oxygen at
a constant rate of KH. This Henry’s law constant is normally
dependent on the solute, the solvent, and the temperature. Table
1.3 lists some values of KH 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.7 It can
be seen that the increased rate of oxygen solubility with increasing
O2 partial pressure is different at different temperatures.

1.4. O2 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 1.3 Solubility of oxygen in pure water at 1.0 bar.12 (For color version of this
figure, the reader is referred to the online version of this book.)
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such a natural tendency, Fick’s first law is applied, which can be
expressed as

J ¼ �D
dC

dx
ð1:6Þ

where J is the diffusion fluxdthe 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

Figure 1.4 Solubility of oxygen in
water with varying pressure.7

Table 1.3. Henry's Law Constants at Different
Temperatures in Pure Water15

Temperature (K) 273 283 293 303 313 323 333 353 373

Henry's law constants in
pure water
(103 mol dm�3 atm�1)

2.18 1.70 1.38 1.17 1.03 0.93 0.87 0.79 0.76
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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 O2 dissolved in an aqueous solution, Eqn (1.6)
will become

JO2
¼ �DO2

dCO2

dx
ð1:7Þ

where JO2
is the diffusion fluxdthe amount of dissolved O2 that

flows through a unit area per unit time (moles per square
centimeter per second), DO2

is the diffusion coefficient of O2 in
the aqueous solution (square centimeters per second), dCO2

is the concentration of O2 (moles per cubic centimeter), and dx is
the length of the diffusion path (centimeters). The O2 diffusion
coefficient is one of the necessary parameters in analyzing
catalyzed ORR using KouteckyeLevich 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, O2 diffusion coefficients at different temperatures/
pressures in different aqueous electrolyte solutions will be
discussed.

1.4.1. O2 Diffusion Coefficiencies in Pure Water
The estimation of oxygen diffusion coefficient (DO2

) in
aqueous solution could be calculated based on the Stokese
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.16

Based on this calculation, different experimental ways have been
developed to determine the oxygen diffusion in liquid solutions.
For example, Hung and Dinius17 measured the diffusivities of
oxygen dissolved in aqueous solutions by means of a diaphragm
cell technique. Holtzapple and Eubank18 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 DO2

in
pure water is about 2� 10�5 cm2 s�1 at 20 �C and is sensitive to
the temperature. Experimental data for DO2

in pure water by
several research groups as examples were shown in Figure 1.5 and
Table 1.4.19 It can be seen that the value of O2 diffusion coefficient
in pure water at 25 �C and 1.0 atm O2 pressure is varied from 1.9
to 2.3� 10�5 cm2 s�1.
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Figure 1.5 Experimental oxygen diffusion
coefficients in pure water. Note that the label of
Y-axis should be “D, 105 cm2 s�1

” rather than
“D, cm2 s�1

”.19

Table 1.4. O2 Diffusion Coefficients in Pure Water at
Different Temperatures and 1.0 atm O2 Pressure

Temperature (K)
O2 Diffusion Coefficients
in Pure Water (105 cm2 sL1) References

273 1.2 20
288 1.5e1.7 19,21,22
293 2.0 21
298 1.9e2.3 21e23
308 2.6e2.9 19,23
318 3.4 24
333 4.0e4.6 8,24
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1.4.2. Electrolyte and Electrolyte Concentration
Effects on O2 Diffusion Coefficient

O2 diffusion coefficient (DO2
with a unit of square centimeters

per second) could be described over the concentration range of
electrolytes studied by the StokeseEinstein equation25:

DO2
¼ kT

6prh
ð1:8Þ

where k is the Boltzmann constant (kilogram square centimeters
per square second), T is the absolute temperature (Kelvin) is, h is
the dynamic viscosity of the solution (kilogram per second per
centimeter), and r is the radius of the O2 molecule (assumed
spherical) (centimeters).

From Eqn (1.8), it can be seen that O2 diffusion coefficient is
increased with increasing temperature, and decreased with
increasing either the dynamic viscosity of the solution or the
radius of the O2 molecule. Because different electrolyte solu-
tions have different values of dynamic viscosity, the O2 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 O2 diffusion
coefficient changed significantly.26 Bard et al.27 calculated DO2

in aqueous solutions containing various concentrations of
NaOH (1e12 mol dm�3). The radius of the dissolved O2 mole-
cule was found to be 2.8 Å, which was independent of NaOH
concentration in the concentration range from 2 to
12 mol dm�3. However, the value of DO2

was found to decrease
significantly when the solution viscosity was increased in the
concentration range from 2 to 12 mol dm�3. The same change
of DO2

with increasing concentration was also found in KOH
solutions.26 In addition, DO2

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 Å) in KOH
solution than that in NaOH solution. The calculated and
experimental DO2

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 H3PO4 electrolyte with different concentra-
tions.28 Table 1.5 lists the values of DO2

in different electrolyte
solutions for H3PO4, HClO4, H2SO4, NaOH, and KOH with
different concentrations. It can be seen that all DO2

values are
decreased with increasing the concentration of electrolytes. As
discussed above, this is because the higher the electrolyte
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concentration, the higher the solution viscosity, leading to the
reduced DO2

values. It can also be seen that different types of
electrolytes can give different DO2

values due to their difference
in solution viscosity.
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Figure 1.6 (A) Calculated and experimental oxygen diffusion coefficients in NaOH and KOH solutions at 298 K26;
(B) oxygen diffusion coefficient vs H3PO4 concentration. (D) 100 �C; (,) 120 �C; (B) 150 �C.28

Table 1.5. O2 Diffusion Coefficients in Different
Electrolyte Solutions

Electrolyte
Concentration
(mol dmL3)

O2 Diffusion Coefficient in Aqueous Electrolyte Solution (DO2 )
(3107 cm2 sL1)

H3PO4 HClO4 H2SO4

NaOH
(25 �C)

KOH
(25 �C)

0.1 14.6 mol dm�3:
66.6 (100 �C)
82.9 (120 �C)

0.1 mol dm�3:
167 (25 �C)

0.5 mol dm�3:
140 (25 �C)

222 190
1 165 e

2 60.4 126
4 33.8 97.9
6 22.6 73.8
8 15.2 55.4
10 8.08 38.3
12 4.7 24.8
14 2.06 15.5
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1.4.3. Temperature Effect on O2 Diffusion
Coefficient

As indicated by Eqn (1.8), the value of DO2
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
DO2

in H3PO4 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.19 The data were related to temperature as
expressed as an Arrhenius form:

log
�
DO2

� ¼ logðDo
O2
Þ � ED

2:303RT
ð1:9Þ

where Do
O2

is a constant and ED is the apparent activation energy,
both of which were obtained to be 8.03� 10�3 cm2 s�1 and
3.49 kcal mol�1, respectively, using Figure 1.7; R is the universal
gas constant, and T is the temperature.

1.4.4. Pressure Effect on O2 Diffusion Coefficient
The pressure effect on O2 diffusion coefficient (DO2

) is mainly
reflected by its effect on the solution viscosity.29,30 Regarding the
effect of pressure on the water viscosity, in general, this effect is
insignificant. For instance, in the pressure range of 0e2 atm,
the change of relative viscosity of a pure water solution was from
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Figure 1.7 Logarithm of the O2

diffusion coefficient in 0.1 M
NaOH solution as a function of the
reciprocal of the absolute
temperature.19
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0.93 to 1.05.31 In a detailed study by Horne et al.,31 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.32

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 O2

diffusion coefficient. The relationship between DO2
and pressure

could be related by a parameter Va
29:

log
�
DO2

� ¼ logðDp
O2
Þ � VaP

2:303RT
ð1:10Þ

where D
p
O2

is the O2 diffusion coefficient at zero pressure and T, P
is the solution pressure, Va is the activation volume, and R is the
gas constant. When the value of Va is positive, DO2

will decrease
with increasing pressure; and as Va is negative, DO2

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.29

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 (m). The symbol h is used by chem-
ists, physicists, and the International Union of Pure and
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Applied Chemistry. The dynamic viscosity (h) of a liquid is
defined as follows (equal to the gradient of the shear stress
vs the shear rate curve):

h ¼ ds
dg

ð1:11Þ

where s is the shear stress, and g 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). Themeaning 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 itmoves 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 centimeteregramesecond (cgs) physical unit
for dynamic viscosity is the poise (P), named after Jean LouisMarie
Poiseuille. It ismore commonly expressed, particularly inAmerican
Society for Testing and Materials standards, as centipoise (cP)
(1 P¼ 0.1 Pa s, and 1 cP¼ 1 mPa s¼ 0.001 Pa s).
2. Kinematic viscosity. The kinematic viscosity (n) of a liquid is

the viscosity coefficient divided by the density of the liquid (r):

v ¼ h

r
ð1:12Þ

Typically, kinematic viscosity has a unit of square centimeters per
second. The cgs physical unit for kinematic viscosity is the stokes
(St) (1 St¼ 1 cm2 s�1¼ 10�4 m2 s�1), 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 KouteckyeLevich 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
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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 bemore useful. Table 1.7 lists the kinematic viscosity
data obtained using aqueous solutions containing H3PO4, H2SO4,
HClO4, 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 1.6. Kinematic Viscosity of
Pure Liquid Water at Different

Temperatures and 1.0 atm Pressure33

Temperature (K)
Kinematic Viscosity
(102 cm2 sL1)

273 1.787
278 1.519
283 1.307
293 1.004
303 0.801
313 0.658
323 0.553
333 0.475
343 0.413
353 0.365
363 0.326
373 0.290
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Table 1.7. Kinematic Viscosity of Aqueous Solutions Containing H3PO4,
34

H2SO4,
35 HClO4,

36 KOH,37 and NaOH38 at Room
Temperature and 1.0 atm Pressure

H3PO4

(w/w%)

Kinematic
Viscosity
(102 cm2 sL1)

HClO4

(w/w%)

Dynamic
Viscosity
(cP)

H2SO4

(w/w%)

Kinematic
Viscosity
(102 cm2 sL1)

KOH
(w/w%)

Kinematic
Viscosity
(102 cm2 sL1)

NaOH
(w/w%)

Kinematic
Viscosity
(102 cm2 sL1)

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 1.2 30 1.144 9.39 1.05 15 1.2 30 9.85
20 1.4 40 1.338 13.42 1.05 20 1.5 40 22.38
25 1.6 50 1.782 17.42 1.20 25 1.8 50 44.08
30 1.9 60 2.73 20.34 1.25 30 2.2
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 5.3
50 3.7 51.2 2.48 50 7.3
55 4.5 62.5 3.90
60 5.6 70.9 5.90
65 6.8 78.2 9.10
70 9.2 81.4 10.8
75 12 83.5 11.2
80 17 87.5 10.8
85 23 90.3 10.0
90 34 94.75 9.6
95 55 98.3 11.0
100 100 99.6 13.2



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,39 the exponential
model,40 Arrhenius model,41 and WilliamseLandeleFerry
model,42 have been proposed and validated using experimental
data. The typical equation relating kinematic viscosity (n) of the
solution to temperature may be expressed as an Arrhenius form:

n ¼ no exp

�
En

RT

�
ð1:13Þ

where no is the kinetic viscosity when T/N, and En is the active
energy of viscous flow. Both no and En can be obtained experi-
mentally by measuring n 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.

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

(1.0 atm)

Temperature
(K)

Kinetic Viscosity (Dynamic Viscosity for HClO4) (10
2 cm2 sL1)

Pure
Water33

H3PO4
34

(10 wt%)
HClO4

36

(20 wt%)
H2SO4

35

(39.92 wt%)
NaOH38

(20 wt%)
KOH37

(20 wt%)

273 1.787 e 1.779 e e 2.7
283 1.307 e 1.357 3.48 5.24 e

293 1.004 1.2 1.04 2.7 3.94 1.6
303 0.801 0.99 0.867 2.2 2.63 1.3
313 0.658 0.83 0.721 1.85 1.98 1.1
323 0.553 0.71 0.61 1.6 1.58 0.94
333 0.475 0.61 e 1.4 1.34 0.82
343 0.413 0.54 e 1.1 1.06 0.72
353 0.365 0.47 e e 0.93 0.63
363 0.326 0.42 e e 0.76 0.57
373 0.290 0.38 e e e 0.51

Figure 1.9 Kinetic viscosity as a
function of temperature at
several typical electrolytes. Data
from Table 1.8.
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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.43

From Figure 1.10, it can be seen that the plots of kinematic
viscosity vs pressure at temperatures below 308 K have aminimum
at 0e1973 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.43

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

Figure 1.10 Relative viscosity of
water as a function of pressure.43
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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 O2 diffusion.
Therefore, both the O2 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 O2 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 O2 Solubility
and Diffusion Coefficient

In general, both the O2 solubility and the diffusion coefficient
in Nafion� membrane or ionomer increase with increasing
temperature. The experimental data for CO2

and DO2
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 CO2

and
DO2

are varied with type of the Nafion� membranes and the
temperature.

1.6.2. Pressure Effect on both the O2 Solubility and
Diffusion Coefficient

The solubility of O2 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 1.10.46 As expected, the solubility of O2 in Nafion� increases
linearly with pressure. However, the diffusion coefficient of O2 in
Nafion� 117 is almost invariant with O2 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 DO2

was constant within the O2

pressure between 1 and 3 atm.45

1.6.3. Water Content Effect on both the O2
Solubility and Diffusion Coefficient

In normal, water content in Nafion� membrane or ionomer
layer has a significant effect on both the O2 solubility and diffu-
sion coefficient. For a detailed discussion about the relationship
among water content, bulk membrane structure, and O2 solubi-
lity/diffusion, the readers may go to Refs 47e49.
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The experimental data of oxygen solubility (CO2
) and diffusion

coefficient (DO2
) in Nafion� 211 membrane, as an example, are

listed in Table 1.11.44 Note that the water content in Table 1.11
can be expressed as l, which is defined as hydration number. For
a clearer observation, based on Table 1.11, Figure 1.11 shows both
O2 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 O2 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

Table 1.9. Oxygen Solubility and Diffusion
Coefficients in Nafion� 112, 211, and 117 Membranes

at Different Temperatures and 1.0 atm
Nafion�

Membrane
Temperature
(�C)

DO2

(106 cm2 sL1)
CO2

(106 mol cmL3) References

211a 30
40
50
60
65
70

1.13
2.29
4.20
4.02
7.90
30.0

11.6
10.6
9.45
10.6
7.99
3.84

44

117b 25
40
50
60
70
80

0.577
1.079
1.349
1.350
1.225
1.316

15.50
16.91
15.26
16.54
17.19
14.15

45

112b 25
35
45
55
65
75

0.1048
0.2049
0.1877
0.1715
0.1895
0.2331

102.63
84.13
113.50
142.72
139.46
115.62

45

a100% Relative humidity (RH), 30 psi oxygen.
bDry solid content of Nafion� is 25%.
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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 O2

solubilities and diffusion coefficients. Table 1.12 lists several
values measured at different experiment conditions.

Table 1.10. Oxygen Solubility and Diffusion
Coefficient Data in Nafion� 117 Membrane for O2

Pressure Ranging from 2 to 5 atm and at a
Temperature of 323 K46

Pressure (atm) DO2 (10
6 cm2 sL1) CO2 (10

6 mol cmL3)

2.0
2.5
3.0
3.5
4.0
4.5
5.0

5.24
5.46
5.48
5.47
5.71
6.71
7.07

6.36
7.89
9.35
10.93
11.83
12.10
12.52

Table 1.11. O2 Solubilities and Diffusion Coefficients
in Nafion� 211 Membrane at Different Water

Contents, 30 �C and 1.0 atm Pressure44

Water Content (l)
(Hydration Number) CO2 (10

5 mol cmL3) DO2 (10
5 cm2 sL1)

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
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1.7. Chapter Summary
In electrochemical measurements and data analysis for ORR

using both rotating electrode techniques and theory, the O2 sol-
ubility and diffusion coefficient as well as the viscosity of the

Figure 1.11 Diffusion
coefficient, solubility, and
permeability of oxygen vs water
content for Nafion� 211,
measured at 100% RH, 30 psi O2

pressure.44

Table 1.12. O2 Solubilities and Diffusion Coefficients
in Nafion� 117 Membrane at Different Conditions

Experimental Condition CO2 (10
6 mol cmL3) DO2 (10

6 cm2 sL1) References

30% RH, 25 �C, 1.0 atm O2 5.2 0.33 50
56% RH, 25 �C, 1.0 atm O2 5.1 0.56 50
82% RH, 25 �C, 1.0 atm O2 4.0 1.1 50
100% RH, 25 �C, 1.0 atm O2 4.8 2.6 51
100% RH, 30 �C, 3.0 atm O2 6.0 9.2 52
100% RH, 40 �C, 5.0 atm O2 5.76 2.88 53
35% RH, 60 �C, 1.0 atm O2 4.6 1.1 50
56% RH, 60 �C, 1.0 atm O2 4.1 1.4 50
75% RH, 60 �C, 1.0 atm O2 3.8 1.7 50
20 �C, 1.0 atm O2 13 0.7 54
25 �C, 1.0 atm O2 18.7 0.62 55
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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 O2 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 O2 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 fundamentalunderstandingof electrodekinetics
andmechanism, 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:

A4
kf

kb
B (2-I)

Both elementary reactions at two different directions are active at
all times, and the rate of the forward process, vf (mol cm�3 s�1), is

vf ¼ kfCA (2.1)

whereas the rate of the reverse reaction is

vb ¼ kbCB (2.2)

In Eqns (2.1) and (2.2), CA and CB are the concentrations
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of Substances A and B with a unit of mol cm�3 or M, kf and kb are
the reaction rate constants (unit: s�1) for Reactions (2.1) and (2.2),
respectively. The net reaction rate (vnet) of A to B is:

vnet ¼ kfCA � kbCB (2.3)

At vnet¼ 0, the net reaction rate is zero; then

kf
kb

¼ K ¼ CB

CA
(2.4)

where K is 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
(BultereVolmer Equation)1

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).

Oþ nae
� 4

kf

kb

R (2-II)

where O and R represent the oxidant and reductant, respectively;
na is the electron-transfer number; kf and kb are the forward and
backward reaction rates, respectively. Note that this Reaction
(2-II) is an elementary reaction. We use na 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 na 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 CO(0,t) and reductant species with a
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concentration of CR(0,t) on the electrode surface can partici-
pate in the reaction. The oxidant species with a concentration
of CO(x,t) and reductant species with a concentration of CR(x,t)
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 (nf and nb, respec-
tively) for Reaction (2-II) can be expressed as:

nf ¼ kfCOð0; tÞ (2.5)

nb ¼ kbCRð0; tÞ (2.6)

Figure 2.1 Schematic of the electrode electron-transfer and reactant diffusion
process in an electrochemical system. CO(0,t) is the surface concentration of
oxidant species, CR(0,t ) is the surface concentration of reductant species, CO(x,t) is
the bulk solution concentration of oxidant, and CR(x,t) is the bulk solution con-
centration of reductant species. In these four expressions of concentration, t is the
reaction time. (For color version of this figure, the reader is referred to the online
version of this book.)

36 Chapter 2 ELECTRODE KINETICS OF ELECTRON-TRANSFER REACTION AND REACTANT



when reaction reaches to an equilibrium, that is, nf¼ nb; then
according to Eqns (2.5) and (2.6), we have equation:

kfCOð0; tÞ ¼ kbCRð0; tÞ (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 forms2:

kf ¼ Af exp

�
�Wf

RT

�
(2.8)

kb ¼ Ab exp

�
�Wb

RT

�
(2.9)

where Af and Ab are the Arrhenius constants representing the
reaction rate constants for forward and backward reactions at
unlimited temperature (T),Wf and Wb 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 (if
for forward reaction, and ib for backward reaction), Eqns (2.7) and
(2.8) can be obtained as:

if ¼ naFAf exp

�
�Wf

RT

�
COð0; tÞ (2.10)

ib ¼ naFAb exp

�
�Wb

RT

�
CRð0; tÞ (2.11)

The Gibbs free energy of activation in Eqn (2.10), Wf, 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, Wb, 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 E1 to E2, the Gibbs free energy of forward reaction in Re-
action (2-II) will be changed from Wf,1 to Wf,2, and the backward
reaction from Wb,1 to Wb,2, respectively. For Reaction (2-II), the
electrode potential change can only affect the energy of electrons,
resulting in a net change of naF(E2� E1) in oxidant energy, where
F is the Faraday’s constant (98,487 C mol�1). Apparently, this
change will affect the energy transition-state’s energy, but it is not
necessary for the entire energy change, naF(E2� E1), going to this
transition-state, only a portion may go to the transition-state. In
electrochemistry, a parameter called electron-transfer coefficient
(a) is normally used to describe this portion. The value of a is
between 0 and 1. In an extreme case when a¼ 1, all the energy
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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 naF(E2� E1) will become the extra
energy barrier of the backward reaction; and in another extreme
case when a¼ 0, the transition-state’s energy will not be affected,
the entire naF(E2� E1) 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
E1 to E2 can be written as anaF(E2� E1). Based on Figure 2.2, it
can be seen that Wf,1þ naF(E2� E1)¼Wf,2þ anaF(E2� E1), and
Wb,2þ anaF(E2� E1)¼Wb,1; then the following relationships
can be obtained:

Wf;2 ¼ Wf;1 þ ð1� aÞnaFðE2 � E1Þ (2.12)

Wb;2 ¼ Wb;1 � anaFðE2 � E1Þ (2.13)

If the initial state is an equilibrium state at the standard con-
ditions (25 �C, 1.0 atm) and CO(0,t)¼ CR(0,t)¼ 1.0 mol dm�3,
E1 will become the standard equilibrium electrode potential,

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.)
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Eo, and both Wf,1 and Wb,1 will become W o
f and W o

b , respec-
tively. To discuss a general case, Wf,2 and Wb,2 can be written
as Wf to Wb, respectively, Then both Eqns (2.12) and (2.13) will
become:

Wf ¼ W o
f þ ð1� aÞnaFðE � EoÞ (2.14)

Wb ¼ W o
b � anaFðE � EoÞ (2.15)

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

if ¼ naFAf exp

 
�W o

f

RT

!
exp

�ð1� aÞnaFE
o

RT

�

� exp

 
� ð1� aÞnaFE

RT

!
COð0; tÞ

¼ naFK
o
f exp

 
� ð1� aÞnaFE

RT

!
COð0; tÞ

(2.17)

ib ¼ naFAb exp

�
�W o

b

RT

�
exp

�
� anaFE

o

RT

�
exp

�
anaFE

RT

�
CRð0; tÞ

¼ naFK
o
b exp

�
anaFE

RT

�
CRð0; tÞ

(2.18)

where K o
f ¼ Af exp

�
� W o

f

RT

�
exp

�ð1�aÞnaFE
o

RT

�
is the Nernst

potential-dependent standard reaction rate constant for the

forward reaction in Reaction (2-II), and K o
b ¼ Ab exp

�
� W o

b

RT

�
exp

�
anaFE

o

RT

�
is the Nernst potential-dependent standard reaction

constant for the backward reaction.
Equations (2.17) and (2.18) can also be alternatively

expressed as:

if ¼ naFAf exp

 
�W o

f

RT

!
exp

�
� ð1� aÞnaFðE � EoÞ

RT

�
COð0; tÞ

¼ naFk
o
f exp

 
� ð1� aÞnaFðE � EoÞ

RT

!
COð0; tÞ

(2.19)
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ib ¼ naFAb exp

�
�W o

b

RT

�
exp

�
anaFðE � EoÞ

RT

�
CRð0; tÞ

¼ naFk
o
b exp

�
anaFðE � EoÞ

RT

�
CRð0; tÞ

(2.20)

where kof ¼ Af exp
�
� W o

f

RT

�
is the standard reaction rate

constant for the forward reaction in Reaction (2-II), and kob ¼
Ab exp

�
� W o

b

RT

�
is the standard reaction constant for the backward

reaction. At standard conditions (25 �C, 1.0 atm, and CO(0,t)¼
CR(0,t)¼ 1.0 mol dm�3), according to Eqn (2.7), kof should be

equal to kob, that is:

kof ¼ kob ¼ Af exp

 
�W o

f

RT

!
¼ Ab exp

�
�W o

b

RT

�
¼ ko (2.21)

ko is called the standard rate constant. Please note that both
kof and kob in Eqns (2.20) and (2.21) are different from those of K o

f
and K o

b in Eqns (2.18) and (2.19).
At the situation (Es Eo), combining Eqns (2.18) and (2.19), the

net current density of electrode Reaction (2-II) can be obtained:

i ¼ if � ib ¼ naF

�
K o
f COð0; tÞexp

�
� ð1� aÞnaFE

RT

�

� K o
bCRð0; tÞexp

�
anaFE

RT

�� (2.22)

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

i ¼ if � ib ¼ naF
h
kof COð0; tÞexp

 
� ð1� aÞnaFðE � EoÞ

RT

!

� kobCRð0; tÞexp
�
anaFðE � EoÞ

RT

��

¼ naFk
o

�
COð0; tÞexp

�
� ð1� aÞnaFðE � EoÞ

RT

�

�CRð0; tÞexp
�
anaFðE � EoÞ

RT

��
(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 BultereVolmer 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, E¼ Eeq, and the net current
density will become zero (i¼ if� ib¼ 0), and Eqn (2.22) or
Eqn (2.23) will become Eqn (2.24) if combining with Eqn
(2.21):

Eeq ¼ Eo þ RT

naF
ln

�
COð0; tÞ
CRð0; tÞ

�
(2.24)

This Eqn (2.24) is the expression of Nernst electrode potential of
Reaction (2-II).
2. Exchange current density and alternative BultereVolmer equa-

tion. Based on Eqn (2.22), we can define another important
kinetic parameter called the exchange current density (io),
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�

Oð0; tÞ and the reductant
concentration of C�

Rð0; tÞ:

io ¼ naFK
o
f C

�
Oð0; tÞexp

�
� ð1� aÞnaFE

eq

RT

�

¼ naFK
o
bC

�
Rð0; tÞexp

�
anaFE

eq

RT

�
(2.25)

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

io ¼ naFk
oC�

Oð0; tÞexp
�
� ð1� aÞnaFðEeq � EoÞ

RT

�

¼ naFk
oC�

Rð0; tÞexp
�
anaFðEeq � EoÞ

RT

�
(2.26)

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

io ¼ naFk
o
�
C�
Oð0; tÞ

	a�
C�
Rð0; tÞ

	1�a
(2.27)
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Combining Eqns (2.23) and (2.27), an alternative BultereVolmer
equation can be obtained as:

i ¼ io
�
COð0; tÞ
C�
Oð0; tÞ

exp

�
� ð1� aÞnaFðE � EeqÞ

RT

�

� CRð0; tÞ
C�
Rð0; tÞ

exp

�
anaFðE � EeqÞ

RT

�� (2.28)

The term, E� Eeq, 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, COð0; tÞzC�

Oð0; tÞ and CRð0; tÞz
C�
Rð0; tÞ, Eqn (2.28) will become Eqn (2.28a):

i ¼ io
�
exp

�
� ð1� aÞnaFðE � EeqÞ

RT

�
� exp

�
anaFðE � EeqÞ

RT

��
(2.28a)

The exchange current density is a very important parameter in
determining the reversibility of the electrochemical reaction.
Normally, when io/ 0, the corresponding reaction will be an
irreversible reaction, and when io/N, the corresponding reac-
tion will be the reversible reaction. Figure 2.3 shows the effect of
io value on the shape of iw (E� Eeq) curves.
3. Electron-transfer coefficient (a). As discussed previously, this a

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 a is in the range of 0.2e0.8, 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 a has a strong effect

on the shape of the currentepotential curve. Figure 2.4 shows the
iw (E� Eeq) curves at three different values of a. It can be seen
that it reflects the symmetry of the curves, and only when a¼ 0.5,
the curve is a symmetric one.
4. Overpential and Tafel equation. In Eqn (2.28), the term of

E� Eeq is called the overpotential (h), that is, h¼ E� Eeq,
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 BultereVolmer Eqn (2.28a), it
can be seen that when this overpotential is negative enough,
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such as h<�60 mV, the second term in this equation would
be much smaller than the first one. Then, Eqn (2.28) becomes:

h ¼ E � Eeq ¼ RT

ð1� aÞnaF
lnðioÞ � RT

ð1� aÞnaF
lnðiÞ (2.29)

or

E ¼ Eeq þ RT

ð1� aÞnaF
lnðioÞ � RT

ð1� aÞnaF
lnðiÞ (2.30)

This Eqn (2.30) is called the Tafel equation for the forward reac-

tion, where both the intercept
�
Eeq þ RT

ð1�aÞnaF
lnðioÞ

�
and the

slope
�
� RT

ð1�aÞnaF

�
can be experimentally measured, from which

two important kinetic parameters, the electron-transfer coeffi-
cient (a) and the exchange current density (io), can be obtained if
Eo is known.
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Figure 2.3 Current densityeoverpotential curves of O þ nae� 4
kf

kb
R reaction at three different exchange current

densities (i¼ 1.0� 10�6, 1.0� 10�7, and 1.0� 10�9 A cm�2, respectively), calculated according to Eqn (2.28a) using
the parameter values of na¼ 1, R¼ 8.314 J K�1 mol�1, T¼ 298 K, F¼ 96,487 C mol�1, and a¼ 0.5. (For color version of
this figure, the reader is referred to the online version of this book.)
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Actually, with the proceeding of the electrode reaction
(Reaction (2-II)) from left to right with zero concentration of
reductant (CR(0,t)¼ 0) at the beginning, the concentrations
CO(0,t) and CR(0,t) will be changed, that is, CO(0,t) will be reduced
and CR(0,t) 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 Surface3,4

Besides the kinetics of electron-transfer reaction discussed
above, the process of reactant transport near an electrode
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Figure 2.4 Current densityeoverpotential curves of O þ nae� 4
kf

kb
R reaction at three different electron-transfer

coefficients (a¼ 0.25, 0.5, and 0.75, respectively), calculated according Eqn (2.28a) using the parameter values of
na¼ 1, R¼ 8.314 J K�1 mol�1, T¼ 298 K, F¼ 96,487 C mol�1, and i¼ 1.0� 10�6 A cm�2. (For color version of this
figure, the reader is referred to the online version of this book.)

44 Chapter 2 ELECTRODE KINETICS OF ELECTRON-TRANSFER REACTION AND REACTANT



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 CO(x,t). 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

Figure 2.5 Schematics of three modes of mass transport.5
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rate (JD,O), with unit of the diffused mole number per second at a
unit surface area (mol s�1 cm�2), can be expressed as:

JD;O ¼ �DO
dCOðx; tÞ

dx
(2.31)

where DO is called the diffusion coefficient (cm2 s�1)dwhich has
been given a detailed discussion in Chapter 1dCO(x,t) is the
concentration of the reactant (mol dm�3), dx is the distance the

reactant diffused (cm), and
dCOðx;tÞ

dx is the concentration gradient at

the distance x. This Eqn (2.31) is called the Fick’s first law.
For Reaction (2-II), the current density (iD,O, 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):

iD;O ¼ naFJD;O ¼ �naFDO
dCOðx; tÞ

dx
(2.32)

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

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.)

46 Chapter 2 ELECTRODE KINETICS OF ELECTRON-TRANSFER REACTION AND REACTANT



reactant migration rate ( JM,O) with unit of the migrated mole
number per second at a unit surface area (mol s�1 cm�2) can
be expressed as:

JM;O ¼ uo
OCOðx; tÞdfðxÞ

dx
(2.33)

where uo
O is called the mobility of the oxidant (cm2 s�1 V�1) if the

oxidant is the charged ion, f(x) is the electric field (V) at the
distance x in the solution, and

dfðxÞ
dx 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 O2 in the electrolyte so-
lution, JM,O¼ 0. The current density (iM,O, A cm�2) 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):

iM;O ¼ naFJM;O ¼ naF


uo

O



COðx; tÞdfðxÞ
dx

(2.34)

where depending on the sign of the charged ion, the uo
O 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,o) with unit of the transported
mole number per second at a unit surface area (mol s�1 cm�2)
can be expressed as:

JC;O ¼ yOCðx; tÞ (2.35)

where yO is called the flow rate of the electrolyte solution at
x direction (cm s�1). The current density (iC,O, A cm�2)
produced by the solution movement from solution toward the
electrode surface can be expressed as Eqn (2.36) based on
Eqn (2.35):

iC;O ¼ naFJC;O ¼ naFyOCOðx; tÞ (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

Chapter 2 ELECTRODE KINETICS OF ELECTRON-TRANSFER REACTION AND REACTANT 47



(i, A cm�2) can be obtained by adding those three current den-
sities expressed by Eqns (2.32), (2.34) and (2.36):

i ¼ iD;O þ iM;O þ iC;O ¼ naF
�
JD;O þ JM;O þ JC;O

	
¼ naF

 
�DO

dCOðx; tÞ
dx

þ 

uo
O



COðx; tÞdfðxÞ
dx

þ yOCOðx; tÞ
!

(2.37)

In an electrolyte solution, in the region far from the electrode
surface, the dominating reactant transport is the convection
process (JC,O) because the magnitude of yO is several order
larger than those of DO and uo

O. However, in the region very

close to the electrode surface, the magnitude of yO is much
smaller than those of both DO and uo

O, the dominating current

densities should be (JD,Oþ JM,O). In a normal electrochemical
measurement, some high concentration of electrolyte is used,

for example >0.1 M; the electric field gradient,
dfðxÞ
dx in Eqn

(2.34), is very small, and therefore the dominating reactant
transport is the diffusion process (JD,O). Furthermore, this JM,O

is only meaningful for the charged ions, and not for those
neutral molecules such as dissolved O2. For the study of
oxygen reduction (ORR), this migration process will not be
considered, that is, JM,O¼ 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:

JD;O;1 ¼ �DO

�
dCOðx; tÞ

dx

�
x¼x

(2.38)
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and at Plane 2, the diffusion rate can be expressed as:

JD;O;2 ¼ �DO

�
dCOðx; tÞ

dx

�
x¼xþdx

¼ �DO

��
dCOðx; tÞ

dx

�
x¼x

þ d

dx

�
dCOðx; tÞ

dx

�
dx

�
(2.39)

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

dCOðx; tÞ
dt

�
D

¼ JD;O;1 � JD;O;2

dx
¼ DO

 
d2COðx; tÞ

dx2

!
(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 (x¼ 0). Then the diffusion current
density expressed by Eqn (2.32) can be alternatively expressed as:

iD;O ¼ �naFDO

�
dCOð0; tÞ

dx

�
x¼0;t

(2.41)

In order to obtain a visual expression of the reactant diffusion

behavior with the reaction time, the term of
�
dCOð0;tÞ

dx

�
x¼0;t

in Eqn

(2.41) has to be resolved. Several boundary conditions are nor-
mally used for this purpose: (1) the diffusion coefficient (DO) is
constant, independent on the reactant concentration; (2) at the
beginning of reaction (t¼ 0), the reactant concentration is uni-
form across the entire electrolyte solution, that is,COðx; 0Þ ¼ Co

O;

and (3) at any time, the reactant concentration at the unlimited
distance is not changed with the reaction process, that is,
COðN; tÞ ¼ Co

O. 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
ðIoOÞ, Eqn (2.41) can be rewritten as:�

dCOð0; tÞ
dx

�
x¼0;t

¼ IoO
naFDO

(2.42)

Using Eqn (2.40) and the three boundary conditions, the reactant
concentration ðCOðN; tÞ ¼ Co

OÞ at any time and distance can be
resolved as:

COðx; tÞ ¼ Co
O þ IoOx

naFDj

"
erfc

�
x

2
ffiffiffiffiffiffiffiffiffi
DOt

p
�
� 2

ffiffiffiffiffiffiffiffiffi
DOt

p

r
exp

�
� x2

4DOt

�#

(2.43)
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where erfc function can be expressed as:

erfc

�
x

2
ffiffiffiffiffiffiffiffiffi
DOt

p
�

¼ 1� erf

�
x

2
ffiffiffiffiffiffiffiffiffi
DOt

p
�

¼ 1� 2ffiffiffiffi
p

p
Zx

2
ffiffiffiffiffi
DO t

p

0

e�t2dt (2.44)

To visualize the concentration distribution near the electrode
surface, Figure 2.7 shows several curves of CO(x,t) 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 x¼ 0 in
Eqn (2.43):

COð0; tÞ ¼ Co
O �

2Ioj

naF

ffiffiffiffiffiffiffiffiffiffi
t

pDO

r
(2.45)

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 ðIoOÞ for
the electrode reaction at different reaction time periods as marked beside each curve, calculated using Eqn (2.44).
IoO ¼ 5:0� 10�5 A cm�2; na¼ 1.0; F¼ 96,487 C mol�1; DO¼ 1.9� 10�5 cm2 s�2; Co

O ¼ 1:3� 10�6 mol cm�3; and
s¼ 89 s. (For color version of this figure, the reader is referred to the online version of this book.)
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current density ðIoOÞ 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 (s).
According to Eqn (2.45), when CO(0,t)¼ 0, the transition time can
be expressed as:

s ¼ pDO

�
naFC

o
O

2IoO

�2

(2.46)

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

COð0; tÞ ¼ Co
O

 
1�

�
t

s

�1=2
!

(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 (CR(0,t)¼ 1). Substituting the oxi-
dant’s surface concentration CO(0,t) into the Nernst Eqn (2.24),
the following electrode potential can be obtained:

Eeq ¼ Eo þ RT

naF
ln

 
s1=2O � t1=2

t1=2

!
(2.48)

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

experimental linear relationship between Eeq and
s1=2
O

�t1=2

t1=2
.

2. Diffusionprocess at a constant electrodepotential.Assuming that
Reaction (2-II) is a totally reversible reaction, and the reductant
is insoluble (CR(0,t)¼ 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, COð0; tÞ ¼
Cs
O ¼ constant (Cs

O is the reactant concentration at electrode
surface). Using the other three conditions as: (1) the diffusion
coefficient (DO) is constant, independent on the reactant
concentration; (2) at the beginning of reaction (t¼ 0), the
reactant concentration is uniform across the entire electrolyte
solution, that is,COðx; 0Þ ¼ Co

O; and (3) at any time, the
reactant concentration at unlimited distance is not changed
with reaction process, that is, COðN; tÞ ¼ Co

O, Eqn (2.40) can
be resolved to give the expression of CO(x,t):

COðx; tÞ ¼ Cs
O þ �Co

O � Cs
O

	
erf

�
x

2
ffiffiffiffiffiffiffiffiffi
DOt

p
�

(2.49)
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At an extremely situation when Cs
O/0 at any time, Eqn (2.49) will

becomes:

COðx; tÞ ¼ Co
Oerf

�
x

2
ffiffiffiffiffiffiffiffiffi
DOt

p
�

(2.50)

In this equation, when x
2
ffiffiffiffiffiffiffi
DOt

p � 2 (or x � 4
ffiffiffiffiffiffiffiffiffi
DOt

p
) erf

�
x

2
ffiffiffiffiffiffiffi
DOt

p
�
z1,

then
COðx;tÞ
Co
O

z1. Here the dT ¼ 4
ffiffiffiffiffiffiffiffiffi
DOt

p
is defined as the total

thickness of diffusion layer, as shown in Figure 2.8, which is the
distance when CO(x,t) reaches Co

O. Another useful definition is

called the effective thickness of diffusion layer (d), which is the
bulk reactant concentration ðCo

OÞ divided by the reactant con-

centration gradient at the electrode surface
��

dCOð0;tÞ
dx

�
x¼0

�
:

d ¼ Co
O�

dCOð0;tÞ
dx

�
x¼0

¼
ffiffiffiffiffiffiffiffiffiffiffiffi
pDOt

p
(2.51)

where d ¼ ffiffiffiffiffiffiffiffiffiffiffiffi
pDOt

p
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 2.8 Distribution of the reactant concentration near the electrode surface at a constant surface concentration
ðCs

O ¼ 0Þ for the electrode reaction at steady state, calculated based on Eqn (2.50). DO¼ 1.9� 10�5 cm2 s�2; and
Co
O ¼ 1:3� 10�6 mol cm�3. (For color version of this figure, the reader is referred to the online version of this book.)
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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 O2 in
the electrolyte solution is taken as 1.9� 10�5 cm2 s�1, the effec-
tive diffusion-layer thicknesses at different reaction time periods
can be calculated as 7.7� 10�3 (t¼ 1 s), 2.4� 10�2 (t¼ 10 s),
7.7� 10�2 (t¼ 100 s), and 2.4� 10�1 (t¼ 1000 s) cm, respectively.

Regarding the nonsteady-state current density (iD,O)
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 ¼ naFDO

�
dCOð0; tÞ

dt

�
ðx¼ 0Þ;t

(2.52)

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

iD;O ¼ naF
�
Co
O � Cs

O

	 ffiffiffiffiffiffiffi
DO

pt

r
¼ naF

�
Co
O � Cs

O

	�DO

p

�1=2

t�1=2 (2.53)
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Figure 2.9 Distribution of the reactant concentration near the electrode surface at a constant surface concentration
ðCs

OÞ for the electrode reaction at different reaction time periods as marked beside each curves, calculated using Eqn
(2.49). Cs

O ¼ 3:0� 10�6 mol cm�3; DO¼ 1.9� 10�5 cm2 s�2; and Co
O ¼ 1:3� 10�6 mol cm�3. (For color version of this

figure, the reader is referred to the online version of this book.)
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When the reactant surface concentration reaches zero ðCs
O ¼ 0Þ

(the case that the reaction rate is totally controlled by the diffu-
sion rate), Eqn (2.53) will become:

iD;O ¼ naFC
o
j

�
DO

p

�1=2

t�1=2 (2.54)

Based on this equation, the experiment plot of iD,O vs t�1/2 allows
the measurement of either na or DO 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 DiffusioneConvection 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 l, 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 Co

O, 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 distributiondthat is, the concentration at the mouth of
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capillary is constant at Co
O. 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 l, beyond which the region is the con-
vection one.

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

iD;O ¼ naFDO
dCOðx; tÞ

dx
¼ naFDO

COðl; tÞ � COð0; tÞ
l

¼ naFDO
Co
O � Cs

O

l
(2.55)

when Cs
O reaches zero, the value of iD,O will become the

maximum (ID,O):

ID;O ¼ naFDO
Co
O

l
(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

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.)
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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 convectiondthat 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 diffusioneconvection process of oxidant in
Reaction (2-II) (iD,O) can be expressed as:

iD;O ¼ naFDO
Co
O � Cs

O

dO
(2.57)

where dO is the effective diffusion layer thickness of the oxidant.
When Cs

O reaches to zero, the value of iD,O will become the
maximum (ID,O):

ID;O ¼ naFDO
Co
O

dO
(2.58)

where the maximum current density (Idl,O) is also called the
diffusion limiting current density. For reductant oxidation in
Reaction (2-II), the similar expression as Eqn (2.58) can also
obtained:

iD;R ¼ naFDR
Co
R � Cs

R

dR
(2.59)

ID;R ¼ naFDR
Co
R

dR
(2.60)

where ID,R is the diffusion limiting current density of the reduc-
tant, Cs

R 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 ¼ io
�
Cs
O

Co
O

exp

�
� ð1� aÞnaFðE � EeqÞ

RT

�

� Cs
R

Co
R

exp

�
anaFðE � EeqÞ

RT

�� (2.61)

This equation describes the situation where both oxidant (O) and
reductant (R) in Reaction (2-II) are coexisting in the electrolyte
solution with the initial concentrations of Co

O and Co
R, respec-

tively. As discussed previously, when the overpotential (E� Eeq) 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:

i ¼ io
Cs
O

Co
O

exp

�
� ð1� aÞnaFðE � EeqÞ

RT

�
(2.62)

When the overpotential (E� Eeq) 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:

i ¼ io
Cs
R

Co
R

exp

�
anaFðE � EeqÞ

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

of
Cs
O

Co
O

and
Cs
R

Co
R

can be expressed as Eqns (2.64) and (2.65),

respectively:

Cs
O

Co
O

¼ 1� iD;O

ID;O
(2.64)
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Cs
R

Co
R

¼ 1� iD;R

ID;R
(2.65)

If iD,O and iD,R 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 ¼ io
�
1� i

ID;O

�
exp

�
� ð1� aÞnaFðE � EeqÞ

RT

�
(2.66)

i ¼ �io
�
1� i

ID;R

�
exp

�
anaFðE � EeqÞ

RT

�
(2.67)

where the terms of
�
1� i

ID;O

�
and

�
1� i

ID;R

�
represent the effect of

reactant diffusioneconvection transport on the electron-transfer
kinetics. It can be seen that when i � ID;O or i � ID;R, the reactant

transport effect can be negligible, and when i has the similar
magnitude to that of ID,O or ID,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 currenteoverpotential
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Figure 2.11 Currentepotential curves calculated using Eqns (2.66) and (2.67). The diffusion limiting current densities
are as those marked in the figure; io¼ 1.0� 10�5 A cm�2; na¼ 1.0; a¼ 0.5; T¼ 298 K; R¼ 8.314 J mol�1 K�1;
F¼ 96,487 C mol�1. (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 ID,R 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 ik;O ¼
io exp

�
� ð1�aÞnaFðE�EeqÞ

RT

�
for oxidant reduction or ik;R ¼ �io

exp
�
anaFðE�EeqÞ

RT

�
for reductant oxidation. Substituting this ik into

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

1

i
¼ 1

ik;O
þ 1

ID;O
(2.68)

1

i
¼ 1

ik;R
þ 1

ID;R
(2.69)

These two equations have the form predicted by the
KouteckyeLevich 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:

E ¼ Eeq þ RT

ð1� aÞnaF
lnðioÞ � RT

ð1� aÞnaF
ln

�
iID;O

ID;O � i

�
(2.70)

E ¼ Eeq � RT

anaF
lnðioÞ þ RT

anaF
ln

�
iID;R

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:

E ¼ Eo þ RT

naF
ln

�
Cs
O

Cs
R

�
(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 O2 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 Cs
R ¼ 1), Eqn (2.72) can be

rewritten as:

E ¼ Eo þ RT

naF
ln
�
Cs
O

	
(2.73)

Substituting Eqn (2.64) into Eqn (2.73), Eqn (2.74) can be
obtained:

E ¼ Eo þ RT

naF
ln
�
Co
O

	þ RT

naF
ln

�
ID;O � i

ID;O

�
(2.74)

When i ¼ 1
2 ID;O, the electrode potential defined by Eqn (2.74) will

become the half-wave potential: E1=2 ¼ Eo þ RT
naF

ln
�
1
2C

o
O

	
, and

then Eqn (2.74) can be rewritten as:

E ¼ E1=2 �
RT

naF
ln

�
1

2

�
þ RT

naF
ln

�
ID;O � i

ID;O

�
(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-II) 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 Cs

R can be expressed as:

Cs
R ¼ Co

R þ idR
naFDR

(2.76)

If at the beginning of the reaction, there is no reductant in the
solution ðCo

R ¼ 0Þ, Eqn (2.76) will become:

Cs
R ¼ idR

naFDR
(2.77)
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According to Eqns (2.57) and (2.58), the surface concentration of
oxidant can be expressed as:

Cs
O ¼ Co

O þ idO
naFDO

¼ dO
�
ID;O � i

	
naFDO

(2.78)

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

E ¼ Eo þ RT

naF
ln

�
dODR

dRDO

�
þ RT

naF
ln

�
i

ID;O � i

�
(2.79)

When i ¼ 1
2 ID;O, the electrode potential defined by Eqn (2.79) will

become the half-wave potential: E1=2 ¼ Eo þ RT
naF

ln
�
dODR

dRDO

�
, then

Eqn (2.79) can be rewritten as:

E ¼ E1=2 þ
RT

naF
ln

�
i

ID;O � i

�
(2.80)

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 Layer6

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.7,8

Further development is the flooded agglomerate models
described by Giner and Hunter9 and Iczkowski and Cutlip.10 They
treated the porous electrode as a collection of flooded catalyst-
containing agglomerates. In the agglomerate model described
by Durand et al.,11 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.

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
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 Leypoldt11,12 and treat the
electrode particles as a very thin equivalent electrode layer
covered by an equivalent solid electrolyte membrane with a
thickness of dm, 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 Cs

O, the concentration at the
interface of the equivalent electrode membrane/electrolyte so-
lution at the membrane side is defined as Cm, and that at the
solution side is defined as CO, respectively. The oxidant diffu-
sion coefficient in the electrolyte solution is defined as DO and
in the membrane as Dm, 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)6,13e15:

1

i
¼ 1

ik;O
þ 1

Idl;O
þ 1

Im;O
(2.81)

where iK;O ¼ io exp
�
� ð1�aÞnaFðE�EeqÞ

RT

�
, Idl;O ¼ naFDO

Co
O

dO
, and

Im;O ¼ naFCmDmdm
dm

. Substituting these three expressions into Eqn

(2.81), we can obtain:

1

i
¼ 1

io exp
�
� ð1� aÞnaFðE � EeqÞ

RT

�þ 1

naFDO
Co
O

dO

þ 1

naFCmDmdm

dm

¼ 1

io
exp

�ð1� aÞnaFðE � EeqÞ
RT

�
þ dO

naFDOC
o
O

þ dm

naFCmDm

(2.82)

In Eqn (2.82), Cm is normally treated as the solubility of the
oxidant in the ionomer membrane. The diffusion layer thickness
dO 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:

dm ¼ Wm

rmA
(2.83)

where Wm is the weight of the ionomer loaded in the electrode
matrix layer (g), rm is the density of the ionomer (g cm�3), and A is
the electrode geometric surface area (cm2).
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2.6. Chapter Summary
In investigating an ORR, the fundamental understanding of the

kinetics of electrode reaction ðOþ nae
� 4

kf

kb

RÞ is necessary. In order

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 BultereVolmer
equation and Tafel equation are derived for describing the cur-
rentepotential 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 transportationmodes 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.

It is 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, whichmay 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 formof themixed 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 reactionprocess; (2) catalyst canonly
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 3.11; (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�
x ¼ 1

npdt

dmpdt

dt

�
, or the production rate of product or the reaction
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rate of the catalytic reaction divided by the mole of catalyst
used (mcat):

TOF ¼ 1

mcat
x ¼ 1

mcat

1

npdt

dmpdt

dt
(3.1)

where npdt is the stoichiometry of the product in the catalytic
reaction, and x is the reaction rate of the catalytic reaction with a
unit of mol s�1. Obviously, this TOF has a unit of s�1. 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:

rS ¼ 1

wcat
x (3.2)

wherewcat is the weight or mass of the catalyst (g). Obviously, this
specific rate of catalytic reaction, rS, has a unit of mol s�1 g�1. The
second alternative expression, called rate of catalytic reaction per
unit volume of catalyst (rV), can be written as:

rV ¼ 1

ycat
x (3.3)

where ycat is the volume of the catalyst (cm3). Apparently, this rate
of catalytic reaction per unit volume of catalyst, rV, has a unit of
mol s�1 cm�3. The third alternative expression, called rate of

Figure 3.1 Generic potential energy diagram
showing the effect of a catalyst in a hypothetical
exothermic chemical reaction XD 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.1 (For interpretation
of the references to color in this figure legend, the
reader is referred to the online version of this
book.)
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catalytic reaction per unit surface area of catalyst, (rA), can be
written as:

rA ¼ 1

Acat
x (3.4)

where Acat is the surface area of the catalyst (cm2). Apparently,
this rate of catalytic reaction per unit surface area of catalyst, rA,
has a unit of mol s�1 cm�2.

3.2.3. Electrocatalytic ActivitydCatalytic 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)e(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:

ðTOFÞecat ¼ 1

ncas

1

ne

dne

dt
(3.5)

where (TOF)ecat is the TOF or electrocatalytic rate of the elec-
trocatalyst (e site�1 s�1), ncas 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�3), ne is the stoichiometry of the electron in the
electrocatalytic reaction, ne is the concentration of electron
(e cm�2 or e cm�3), and t is the reaction time (s). In general,
different electrocatalysts have different values of (TOF)ecat. The
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higher the value of (TOF)ecat, the more active the electrocatalyst
would be. Figure 3.2 shows several typical electrocatalysts used in
PEM fuel cell oxygen reduction reaction.2

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
coreeshell structured Pt-based catalyst gives the largest TOF for
an ORR. Unfortunately, the structure retention would be the
challenge when these coreeshell 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:

iecat ¼ qencasðTOFÞecat (3.6)

where iecat is the electrocatalytic current density (mA cm�2 or
mA cm�3), qe is the electron charge (¼1.602� 10�19 C e�1), and
both ncas and (TOF)ecat 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.

Figure 3.2 Turnover frequencies of several typical electrocatalysts for PEM fuel cell oxygen reduction reaction.2

(For color version of this figure, the reader is referred to the online version of this book.)
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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 currentepotential curve (in
Figure 3.3 as an example, recorded in O2-saturated 0.1 M HClO4

or 0.5 M H2SO4 aqueous solution at 30 �C) using a rotating
electrode rotated at 1600 rpm. The current density (i0.9 V) 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:

ik;0:9V ¼ i0:9VId
ID � i0:9V

(3.7)

where ik,0.9 V is the pure kinetic current density of the catalyzed
ORR by Pt-based catalyst in CL (mA cm�2), i0.9 V is the catalytic
current density measured on the ORR currentepotential curve
(mA cm�2), and ID is the diffusion limiting current density (or
plateau current density) measured on the ORR currentepotential
curve (mA cm�2). It is worthwhile to note that the electrode po-
tential of 0.9 V 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 0.000 V at any temperature, while the
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Figure 3.3 Currentepotential curve
recorded on a rotating disk glassy
carbon electrode coated with 20wt
%Pt/C catalyst, measured in O2-
saturated 0.1 M HClO4 at 30 �C.
Potential scan rate: 5 mV s�1,
electrode rotating rate: 1600 rpm.
Catalyst loading: 0.048 mgPt cm�2.
Ryan Baker, Jiujun Zhang, Unpublished
data.
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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 HClO4

solution, the electrode potential difference between NHE and
RHE is about 60 mV.

Based on Eqn (3.7), the Pt-mass activity (ima,Pt) can be calcu-
lated using the following equation:

ima;Pt ¼ ik;0:9V
mPt

¼ 1

mPt

i0:9VID
ID � i0:9V

(3.8)

where mPt is the Pt loading in the CL with a unit of mg cm�2.
Obviously the Pt-mass activity ima,Pt has a unit of mA mg�1

Pt. 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�1

Pt at an iR-free cell voltage of
0.9 V (440 mA mg�1

Pt@0.9 ViR-free) below 80 �C.3

The Pt-specific activity (iS,Pt) is defined as:

iS;Pt ¼ ima;Pt

EPSA
(3.9)

where EPSA is the electrochemical Pt surface area
(cm2 cm�2 mg�1

Pt), 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,
themeasured EPSA datamay 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)e(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.2 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
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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-noblemetal
catalyst with the unit ofmA per cubic centimeter of CL (mA cm�3)
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�3 at
an iR-free cell voltage of 0.8 V below 80 �C.3 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 H2/O2 PEM fuel cell for testing
at 80 �C. Then themeasured current density at IR-free 0.8 V (i0.8 V,
mA cm�2) is taken. This current density is divided by the thick-
ness of the cathode CL (lCCL, cm) to obtain the volumetric ORR
catalytic activity (iV, 0.8 V, mA cm�3) of the non-noble metal
catalyst used:

iV;0:8 V ¼ i0:8 V

lCCL
(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 ActivitydOnset 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 (Eonset) and the half-wave potential (E1/2), 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 E1/2. Fortunately, they can be easily obtained from the
currentepotential curves recorded by rotating electrode tech-
niques. However, there exists some arbitrary in determining this
onset potential point from the currentepotential 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 O2

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:

Diecat% ¼ ðiecatÞBOL � ðiecatÞEOL

ðiecatÞBOL

� 100 (3.11)

where Diecat% is the percentage loss of electrocatalytic current
density or mass activity (mA cm�2 or mA cm�3), (iecat)BOL is the
catalytic current density at the beginning of lifetime (BOL) test,
and (iecat)EOL 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
Diecat%, 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

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

Electrocatalytic
Current Density,
and Test Condition

ORR Onset
Potential

ORR
Half-wave
Potential References

20 wt% Pt/C (E-TEK) 120 mA mg�1
Pt at 0.9 V

vs RHE in 0.5 M H2SO4,
2000 rpm, scan rate:
5 mV s�1

1.0 V vs RHE 0.9 V vs RHE 4

20 wt% Pt0.55Pd0.45/
C67%(Nb0.07Ti0.93O2)33%

167 mA mg�1
Pt at 0.9 V

vs RHE in 0.1 M HClO4
at 30 �C, 1600 rpm,
scan rate: 5 mV s�1

1.05 V vs RHE 0.9 V vs RHE 5

45 wt% Pt71Ni29/C 167 mA mg�1
Pt at 0.9 V

vs RHE in 0.5 M H2SO4
at ambient conditions,
2000 rpm, scan rate
5 mV s�1

1.1 V vs RHE 0.89 V vs RHE 4,6

20 wt% Pd2Co/C w2.0 mA cm�2 at 0.60 V
vs RHE in 0.5 M H2SO4
at 25 �C, 1600 rpm,
5 mV s�1

0.95 V vs RHE 0.66 V vs RHE 7

Mo4.2Ru1.8Se8 w1.0 mA cm�2 at 0.5 V
vs NHE, 0.5 M H2SO4
at 25 �C, 1600 rpm,
scan rate: 5 mV s�1

w0.76 V vs
NHE

0.50 V vs RHE 8

W-Co-Se w0.8 mA cm�2 at 0.55 V
vs NHE in 0.5 M H2SO4
at 25 �C. Catalyst
loading: 270 mg cm�2,
1600 rpm, scan rate:
5 mV s�1

0.755 V vs NHE w0.55 V vs
NHE

9

42.0 wt% Co-NX/C w3.0 mA cm�2 at 0.6 V
vs NHE in 0.5 M H2SO4
at 25 �C, 2500 rpm,
scan rate: 5 mV s�1

w0.85 V vs
NHE

w0.68 V vs
NHE

10

PANI-Fe-C and
PANI-FeCo-C

w1.9 mA cm�2 at 0.80 V
vs NHE in 0.5 M H2SO4
at 25 �C, 900 rpm,
5 mV s�1

w0.93 V vs
NHE

w0.81 V vs
NHE

11
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complexes, metal carbides, metal nitrides, and so on, and
different morphologies including sphere, tubing, fibre, alloy,
coreeshell, 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 (<20nm)
(Metal or metal alloy)

Catalyst support (<50nm) 
(carbon nanofibre)

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

Metal 1 (core)
Metal 2 (shell)

Catalyst support (<50nm)
(carbon nanotubing) 

(C) (D)

Catalyst particle (<20nm)
(Metal or metal alloy)

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

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

Metal 1 (core)

Metal 2 (shell)

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

(A) (B)

Figure 3.4 Schematics of ORR electro-
catalyst’s morphologies. (A) Metal
catalyst such as Pt and metal alloy
catalyst such as PtPd supported on a
conductive material such as carbon or
metal oxide; (B) coreeshell 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) coreeshell
catalyst such as Au@Pt supported on
conductive nanotubings such as carbon
nanotubings. (For color version of this
figure, the reader is referred to the online
version of this book.)
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(A)

(B)

(C)
10 nm

Figure 3.5 TEM imagines for several typical electrocatalysts. (A) PtRu alloy supported on carbon particles (PtRu/C)12;
(B) Pt supported on TiO2 nanofibers (Pt/TiO2) (“TiO2-supported Pt electrocatalysts for oxygen reduction reaction”,
Robert Hui, and Jiujun Zhang, unpublished work); and (C) Ti4O7-supported Ru@Pt coreeshell catalyst.13 (For color
version of this figure, the reader is referred to the online version of this book.)
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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 (ima,Pt, defined by Eqn (3.8)) values of about
100e130 mA mg�1

Pt. However, for carbon-supported Pt-alloy
catalysts including coreeshell structure ones, as shown in
Figure 3.2, have much higher Pt-mass activity such as
300e800 mA mg�1

Pt. For example, Pt3Ni (111) skin model catalyst
could give an ORR activity as high as 530 mA mg�1

Pt.
14 The

ternary Pt-alloy catalysts such as PtCoMn and PtNiFe have
demonstrated 8X and 10X the activity of Pt/C.15 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 0.9 V vs RHE or 0.9 V cell voltage in some cases.
Therefore, the voltage point measuring catalytic activity is set at
0.8 V, 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 130e165
A cm�3 as reported by Dodelet’ group at INRS2 and Zelenay’s
group at LANL.16 Regarding the performance of non-noble metal
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catalyst-based fuel cell, the best maximum power densities could
be reached to 400e500 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
O2 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 O2. 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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Figure 3.6 Relationship between the supports’ room temperature conductivity and
their corresponding catalysts’ Pt-ORR mass activity. The conductivity data were
taken from the supports and the Pt-ORR mass activity data were taken from their
supported 20 wt% of Pt catalysts.17
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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, TiO2 has a very
low conductivity. If using carbon particles to make a carbon-TiO2

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
O2, 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 70e80 �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 O2, the electrode potential is more positive
than 1.0 V, 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-I):

PtOþ 2Hþ/Pt2þ þH2O (3-I)

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 Pt2þ 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 (Eo ¼ 0.207 V vs RHE) is much more negative than
the electrode potential when O2 presents, the carbon oxidation
will happen according to Reaction (3-II):

Cþ 2H2O/CO2 þ 4Hþ þ 4e� (3-II)

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.

Figure 3.7 Schematic processes of (A) Pt dis-
solution and (B) carbon corrosion.18
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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.19 When TiC@TiO2

coreeshell 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 O2 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 O2 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-
timumcomposition that could give the best ORR catalytic activity.
For example, a Pt-alloy catalyst (PtXMy) (M¼Ni, Co, Fe, Cu, etc.,
Xþ Y¼ 1), different ratios ofX/Y could give different ORR catalytic
activities. Through experiment and theoretical modeling, the
optimumX/Y ratio 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 20e50.

Regarding the catalyst morphology, as discussed previously,
there are varieties of catalyst shapes such as sphere, nanorod,
nanofiber, nanotubing, coreeshell, 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 coreeshell
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 O2 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 (m2 g�1). The SSA can
be measured by N2-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 m2 g�1, 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.20 Calculation using density functional
theory (DFT) is often used for providing insight into the effect of
nanoparticle size on the electrocatalytical activity.21

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.22e26 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.27e36

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), CNTseC6H6eCH2eSH, CNTseCONHe(CH2)2eSH,
and CNTseCONHeC6H6eSH, were explored.37,38 Furthermore,
when some metal oxides such as NbTiO2 and metal carbides were
explored as the catalyst supports, strong interaction between
catalyst and the support was also observed.5,39

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 PtePd,40,41

PteRu,40,42 PteAu,20,43e45 PteCo,26,46e49 PteCr and PteNi,14,50

PteTi,51 PteMn,48 PteFe,47,48,52 and PteSn,53 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 Pt3M (M¼ V, Ti, Co, Fe,
Ni) could be significantly improved with strong resistance to
poisonous substances.54,55 Recently, Stamenkovic et al.56 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.57

However, the mechanism of the alloying metal’s roles is still
not fully understood. Several explanations have been put for-
ward58: (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 intermediationM-HO2(ads), followed by a step
of OeO bond break.59 The bonding energy of the intermediation
M-HO2(ads) was affected most by the nearest-neighbor distance
between two sites at which the OeO 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 PtePt 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 activity60; and (3) Electronic
structure theory. Toda et al.61 discovered a significant enhance-
ment of electrocatalytic activity of Pt by alloying with Fe, and
experimentally confirmed that at PteFe 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.62

considered that the rate decisive step for the ORR on a Pt-catalyst
surface in acid electrolytes was the adsorption step of an O2

molecule, as side-on or bridged type accompanied with an elec-
tron transfer. This adsorption type involved a lateral interaction
of the p-orbitals of the O2 with empty dz2-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 p*-orbitals of the O2. The increased d-vacancy of the
Pt in the electrode surface, brought about by alloying, might bring
about a strong metaleoxygen interaction. Such a strong interac-
tion could cause an increase of O2 (adsorbed), a weakening of the
OeO bond and an increase in its length, resulting in fast bond
scission and/or a new bond formation between the O atom and
Hþ 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.20,24,63e65

3.3.2. Non-noble Metal-based ORR
Electrocatalysts

High cost and limited reserve of the noblemetal 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.

Amongall kindsofnon-noblemetal catalysts, pyrolyzedCo- and
Fe-porphyrins, phthalocyanines, and tetraazannulenes have been
identified as the best kinds of ORR electrocatalysts.66e73 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 candestroy the structureof 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 N4 chelates (phthalocyanines) as catalysts, the ac-
tivity order of the catalyzed ORR follows the pattern of
Fe>Co>Ni>Cu, Mn.68 It has also been reported that O2

reduction efficiency could also be improved by using two
different metal centers, as proposed by Chu et al.74 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 OeO bond breakage, resulting in an
easier 4-electron transfer to form H2O.

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.75 tested and
compared the stability of 800 �C pyrolyzed Co- tetramethox-
yphenylporphyrin (TpOCH3PPCo) and its derivatives Co- tri-
fluoromethylphenylporphyrin (CF3PPCo) andCotetraazaannulene
(CoTAA) as ORR catalysts at a current density of 100 mA cm�2

with 300 h of lifetime under fuel cell conditions. The stability order
was observed as: CoTAA>> TpOCH3PPCo> TpOCF3PPCo. 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.76

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.77 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 MeNX 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 MeN4 or MeN2

� 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 steps71: (1) 220e300 �C:
dehydration; (2) 300e400 �C: CO and CO2 are released due to
decarboxylation; (3) 400 �C: completion of the polymerization
reaction; (4) 500e600 �C: Co-phthalocyanine polymer is stable up
to this temperature range; (5) w700 �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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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,

Figure 3.8 (A) Visualization of the reaction of porphyrin with carbon during the pyrolysis; (B) proposed moiety of the
FeN2/C catalytic site.78,79
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solegel, 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, UVeVIS, 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.80 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
coreeshell structured electrocatalyst with bimetallic IrNi as the
core and platinum monolayer as the shell has been successfully
synthesized using this method.81 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@PtML/C coreeshell 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 PteAu nanostructures on the surface of graphene.44

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
Pd100�xMox/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 H2 atmosphere.82

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 RuCl3$xH2O, SeO2 and sucrose.83

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.84 synthesized
raspberry-like hierarchical AuPt hollow spheres using TiO2 as the
template. After removing TiO2, 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 TiO2 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.43 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 UltrasounddAssisted 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.85 Pt-encapslulated PdeCo
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nanoalloy electrocatalysts for ORR have been synthesized by the
microwave method at 300 �C with the power of 600 W. PteWC/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.86 reported that Pt3Co nanoparticles
with Pt-enriched shells on a carbon support could be prepared by
a one-step ultrasound polyol process using Pt(acac)2
(acac¼ acetylacetonate) and Co(acac)2. With ultrasound, the
conversion of Co(acac)2 facilitated and the conversion of Pt(a-
cac)2 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)2 and Co(acac)2 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.87 For example, in the synthesis of non-noble
metal N4-chelate catalysts for ORR, a pyrolysis at temperature
range of 600e900 �C can significantly enhance both the ORR
activity and stability of the catalysts.88 However, since the N4-
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.89 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-N4 or FeN2C4

þ might be

Figure 3.9 Synthesis of platinum-based nano-
dendrites and hybrid nanocrystals.43 (For color
version of this figure, the reader is referred to the
online version of this book.)
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formed.90 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.91e94 Inorganic precursors might be
more cost-effective for commercialization.

Lalande et al.94 proposed a multistep pyrolysis method for
ORR electrocatalyst preparation. Wei et al.95 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
790e800 mV (vs RHE)dsimilar to that obtained with a cobalt-
centered macrocycle catalyst synthesized by one-step pyrolysis
at 1000 �C.70,96

Bogdanoff et al.97 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 m2 g�1). In this way, the
catalytic activity could be improved by an increase in the catalyst.

3.4.1.8. Modified SoleGel Method
More recently, Ye et al.98 proposed a new solegel 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 solegel
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method were claimed to be significantly isotropic. Compared to
other synthesis methods, this new solegel method had some
unique and competitive features. The first step of this synthesis
method was to mix an inorganic salt (e.g., Fe(NO3)3 or CoCl2) or
an organometallic compound (e.g., Co(III) 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.10 recently developed this
TAUSP technique to synthesize CoTMPP/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 m2 g�1. 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.99 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
w0.15 W cm�2 in a H2eO2 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 OeO 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 aremade to rotate inside amill. The powder
of amaterial 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 thismagnetic force increases themilling energywhen
milling container or chamber rotates themetal balls. Ball milling is
a mechanical process and thus all the structural and chemical
changes are produced by mechanical energy.100 Baek et al.101

recently proposed that edge-selectively functionalized graphene
nanoplatelets (EFGnPs) as metal-free electrocatalysts for ORR can
be large-scaled prepared by ball-millingmethod. The EFGnPswere
obtained simply by dry ball-milling graphite in the presence of
hydrogen, carbon dioxide, sulfur trioxide, or carbon dioxide/sulfur
trioxidemixture. 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 edgepolar natureof thenewly preparedEFGnPs
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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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.

L ¼ 0:9lKal
Bð2qÞ cos qmax

(3.12)

where lKal is the incident wavelength (1.54,056 Å) and B(2q) is the
width of half peak in radians.

Figure 3.10 Representative XRD patterns of as-prepared supported Pt-Pd elec-
trocatalysts and the commercial Pt/C (20 wt% ETEK).43 (For interpretation of the
references to color in this figure legend, the reader is referred to the online version
of this book.)

Figure 3.11 SEM image of AuPt bimetallic hollow tube-like 1-D nanomaterials.
The inset is a high-magnification SEM image.102
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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.102

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 UVevis absorption spectroscopy are also generally
used. Atomic force microscopic (AFM) is sometimes used when

(A) (b)

(C) (D)

Figure 3.12 TEM (a, c) and HRTEM (b, d) images of as-synthesized nanoparticles.44
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the support is a layer material, such as graphene, graphene oxide,
and reduced graphene, it can tell the thickness of graphene
sheets.44,103

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 3.13.20

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.20

X-ray photoelectron spectroscopy (XPS) is a useful and
powerful tool that can give the configuration information of the
catalyst.104 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 PdeWO3/C
catalysts. It can be seen that obvious W and Pd peaks appears in
the XPS spectra. TheW(4f7/2) andW(4f5/2) peaks for the PdeWO3/
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 PdeWO3/C catalyst, they are located at 284.5,
335.7, and 340.6 eV, respectively.

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.20 (For
interpretation of the references to
color in this figure legend, the reader
is referred to the online version of
this book.)
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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.105

Cyclic voltammetry (CV) of the catalysts is normally con-
ducted in either N2- or Ar- or O2-saturated electrolyte solution
(often in 0.5 M H2SO4, 0.1 M HClO4, or KOH).20 As shown in
Figure 3.15 obtained in N2-saturated 0.1 M HClO4 solution, the
normalized CVs exhibit three distinctive regions: a hydrogen
adsorption/desorption region in low potential, a double layer

Figure 3.14 XPS spectra of the Pd/C and PdeWO3/C catalysts: (A) W(4f) region (only for the PdeWO3/C catalyst) and
(B) Pd(3d) regions.104 (For color version of this figure, the reader is referred to the online version of this book.)
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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,

Figure 3.15 Cyclic voltammograms obtained
with AuPd/C modified GC electrodes in Ar-
saturated 0.1 M HClO4 solution at a scanning
rate of 10 mV sL1.20 (For color version of this
figure, the reader is referred to the online
version of this book.)
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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 MHClO4 solution,was shown in
Figure 3.16.106 For the disk, the limiting current increases with the
increasing of the rotation rate while the onset potential is kept
unchanged.Using the KouteckyeLevich plots discussed in Chapter
5, the transferred electron during ORR can be calculated. The
currentepotential curves also revealed that a very positive onset
potential for the ORR (0.95e1.0 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
O2 to H2O.

Figure 3.16 Polarization curves for
the ORR on a Pt monolayer on a
Pt(111) electrode surface in 0.1 M
HClO4 solution (sweep rate
20 mV sL1, ring potential 1.27 V vs
RHE, ring and disk areas are 0.126
and 0.283 cm2, respectively).106

(For color version of this figure, the
reader is referred to the online
version of this book.)
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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 hydrogeneoxidation 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 (O2) 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
DiffusionMedium (CDM), and the CL coated on themembrane 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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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
developed107e115 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.116 It was
found that the optimal distribution was a linearly increasing
function from the gas diffusion layer side to themembrane 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

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.)
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ionomer content distribution needed to be considered in the
design of the CL. Passalacqua et al.117 suggested that the opti-
mum ionomer content in catalyst ink was located at about
30e35% 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.118

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.119

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 SOx, the
pollutants can absorb on the surface of catalyst active sites,
competing with oxygen adsorption, and leading performance
degradation. Further, the presence of SOx 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 SO2/air for 100 h at 70 �C at a current density of
0.5 A cm�2, 35% degradation for a fuel cell performance was
observed, with a cell voltage decrease from 0.68 to 0.44 V.120

A 78% cell performance decrease was also observed for air con-
taining 5 ppm SO2, while a 53% decrease was observed for air
containing 2.5 ppm SO2 at the same applied dosage,121 but there
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was no detrimental effect on cell performance with 500 ppb SO2

in the air stream.122 Small amounts of NOx in the air can also
cause the degradation of fuel cell performance. Knights et al.123

found that the concentration of NOx with even 115 ppb could
cause a cell performance drop of more than 25 mV at
0.175 A cm�2, and they also observed that the voltage dropped
linearly as the NOx concentration was increased from 0.016 to

Catalyst
particles

Intermixed
nafion

Membrane Catalyst layer Diffusion layer

(A)

(B)

(C)

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.117
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0.115 ppm. Mohtadi et al.121 and Yang et al.124 also found that the
performance decay was increased as NOx concentration was
increased in different NOx content ranges, but they didn’t get the
linearly relationship between the performance loss and the NOx

content. However, it was observed that the NOx contamination
was recoverable by refresh the pure air for a long time.121

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
10e40% is the optimal content. On the other hand, the catalyst
ink must contain ionomer for CL’s ionic conductivity.125

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 precipitate126 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.127 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.126

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.128 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.,129 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.130

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.131

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.132 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.133 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.134 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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first and then decaled to the membrane. In the latter, the
membrane is coated directly with the CL. Frey et al.135 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.136 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.

(A) Paste process

(B) Dropping process (new)

perfluorosulfonate
ionomer (PFSI)

PFSI
alcohol

butyl acetate supported catalyst (Pt-C)

(a) PFSI solution (b) PFSI colloid (c) PFSI adsorpion

(a) Pt-C dispersion

butyl
acetate

Pt-C

PFSI

PFSI

(b) PFSI dropping and
adsorption

(c) crosslinkage

(d) crosslinkage

PFSI

Figure 3.19 Schematic of
the catalyst ink preparation
process. (A) Paste process
(B) Dropping process.133
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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.137

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. Ionomer 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 Naþ form.138 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 NaBH4 reductant. The Pt precursor on the other side
was reduced to metal Pt by diffused reductant through the
membrane.

In the catalyst decaling method,125,139 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 theHþ formby immersing it in a
hot dilute H2SO4 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.140,141 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
XeY chart recorder time base. Machined aluminum slabs were
used as the substrate support, and sit on the table of the XeY 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),142 electrospraying,143,144 inkjet
printing,145 and rolling,137,146,147 electrodeposition148e150 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.142 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 HClO4 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.

Figure 3.20 Schematic of EPD process for preparation of catalyst layer and MEA.142
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3.5.2.2.2. Electrospraying Technique
An electrospraying technique was also developed for prepar-

ing the CL.143,144 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 (3300e4000 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 XeY axes-coordinated system. Compared
to the CL prepared by a conventional technique, the electrospray-
prepared CL shows an enhanced cell performance.

Figure 3.21 (A) Scheme of the setup
for electrospray deposition of Pt/C
suspensions. (B) Detail of the elec-
trospray process in the needle to
substrate space.144 (For color
version of this figure, the reader is
referred to the online version of this
book.)
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3.5.2.2.3. Inkjet Printing Technique
Taylor et al.145 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

developed137,147 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.

Figure 3.22 Scheme of the dry production technique for MEAs of PEM fuel cell or
direct methanol fuel cell.147
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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.148 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.151 impregnated carbon with H2PtCl6
and then applied electrochemical pulses to deposit Pt in a
Nafion� active layer. However, Cle ions produced from the
electrodeposition of Pt from H2PtCl6 remained in the active
layer, which could poison the Pt and reduce its catalytic activity,
according to Kim et al.149,150 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.152 O’Hayre et al.153 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.154 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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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, andMEA failures.155 For example, Blomet al.155 employed
the diamond knife ultramicrotomy to create thin MEA sections
suitable for TEMmeasurements 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 exchangemembrane
can be clearly observed, as shown in Figure 3.24.

SEM is another useful tool to analysis the catalyst structure
and morphology.156,157 Although SEM’s resolution is lower than

Figure 3.23 Schematic of sputtering in argon plasma for fabricating PEM fuel cell
electrodes.152
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TEM’s, sample preparation for SEM is much simpler than for
TEM. Thus, SEM has also been widely used to characterize
catalyst structure and analyze fuel cell failure. For example,
Zhang et al.158 using a field emission-scanning electron micro-
scope (FESEM) to examine the catalysts layer morphology. Li
et al.159 employed an ex situ characterization tool to determine
the ice/water distribution in the CL and sublayer at different
stages of sub-zero Isothermal Constant Voltage (ICV) operation
by FESEM to take the images of the MEA cross sections after the
fuel cell test. The analysis method was designed to ensure that the
entire experiment, from sample preparation to FESEM charac-
terization, was carried out under subzero (�C) conditions so that
the water was always kept in a frozen state without thawing; some
examples of FESEM images are shown in Figure 3.25.

3.5.3.2. Contact Angle Measurement
Contact angle measurement has been broadly accepted for

material surface analysis related to wetting, adhesion, and ab-
sorption. Yu and Ziegler160 characterized the CLs using a CCM.
They found that the first attachment of a water droplet at the CL
surface showed a relatively high contact angle, and then the
contact angle decreased with time, as shown in Figure 3.26. This
could be due to water absorption into the polymer materials in
the porous CL. They also found that CCM with a higher contact
angle showed better fuel cell performance at 0.8 A cm�2 due to a
lower mass transport resistance. Furthermore, they found that
the contact angles differed slightly with water droplet location
due to the nonuniform distribution of pore size in the CL. They

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.155
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also employed an environmental scanning electron microscope
(ESEM) as a contact-angle analysis tool to investigate hydro-
phobicity and hydrophilicity on inhomogeneous materials. From
Figure 3.27 it can be seen that while the water droplets increase in
size, the cross section of the sample is always covered by water
droplets. Therefore, to some extent, the water droplet at the
surface could show the hydrophobicity and/or hydrophilicity of
the bulk of the material. They also measured the contact angles of
the CL before and after MEA evaluation, and found that the CL
became more hydrophilic after MEA evaluation; thus, this

Figure 3.25 SEM image analysis.
(A) SEM image of a cross section
of the MEA2 under frozen state,
(B) a close-up of sublyer in (A), and
(C) same image of (A) was converted
into binary image with histogram
analysis of Image-Pro Plus
software.159

Figure 3.26 Time-dependent contact angle of a catalyst layer with wetting process (A) 0 s, i.e., the first attachment of
the water droplet at the catalyst layer surface with a contact angle of 148.7�; (B) 60 s, the measured contact angle is
147.8�; (C) 100 s, the measured contact angle is 146.2�.160 (For color version of this figure, the reader is referred to the
online version of this book.)
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hydrophilic increase could be the cause of lower fuel cell
performance.

3.5.3.3. Characterization by XRD Technique
XRD is a very useful tool for analysis of crystal structure and

crystalline size. For example, Wilson et al.161 performed the
detailed X-ray diffraction (XRD) studies on PEM fuel cell elec-
trodes using a WarreneAverbach Fourier transformation method
to determine the weighted crystallite sizes after the test.
Figure 3.28 shows a typical example of the X-ray powder
diffraction pattern of a pristine Pt/Vulcan powder sample
collected at normal incidence, in comparison with patterns of the
anode and cathode in a cycled Pt/Vulcan MEA sample collected
at 1� incidence. The average platinum crystal sizes (volume
averaged) of pristine and cycled Pt/Vulcan samples were esti-
mated using the Scherrer Eqn (3.8), by measuring the full width
half maximum of the Pt X-ray powder diffraction peaks. Upon
cycling between 0.6 and 1.0 V, the volume averaged platinum
crystal size in the cycled MEA cathode increased significantly to
10.5 nm from 2.3 nm in the pristine Pt/Vulcan sample.

3.5.3.4. Characterization by XPS
X-ray photoelectron spectroscopy (XPS) can be used to iden-

tify the elements present on the surface of the sample. Thus, it
can be used to identify Pt and carbon-surface chemical species
that may present histories of chemical reactions or contamina-
tion in the CL. Wang et al.163 studied XPS spectra of carbon and Pt
before and after the fuel cell operation. They observed a

Figure 3.27 Water droplet growing and merging process under ESEM. (A) At the beginning, some small water droplets
appear, i.e., water droplets one, two, and three. (B) Water droplets one, two, and three increase in size. (C) Water
droplets one, two, and three merge together to form one big droplet. The contact angle of this water droplet is not be
used.160 (For color version of this figure, the reader is referred to the online version of this book.)
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significant increase in O 1 s peak value for each oxidized carbon
support, a result of higher surface oxide content in the support
surface due to electrochemical oxidation. However, sample
preparation in XPS analysis is critical because these methods are
very sensitive to a trace amount of contamination. Parry et al.164

employed XPS technology to quantitatively characterize the
cathode CLs aged in a PEM fuel cell with an anode operated
under pure hydrogen and air and with 5 ppm CO-contaminated
hydrogen. The detailed chemical XPS analysis of the aged sam-
ples demonstrated that the CL aging was mainly attributed to the
oxidation of the carbon catalyst-support and a loss of the Nafion�

ionomer in the cathode. It stated that XPS is a promising char-
acterization tool to get the information for a chemical description
of the MEA catalysts layer.

3.6. Chapter Summary
In order to give some basic knowledge and concepts, this

chapter presents some fundamental concepts about the catalyst
activity and stability of ORR electrocatalysts, which are the tar-
geted research systems by rotating electrode technique. A detailed
description about the electrocatalysts and CLs and their

Figure 3.28 (A) X-ray powder
diffraction pattern of the pristine
Pt/Vulcan powder sample collected
at normal incidence was compared
to those of anode (B), and cathode
(C) in the cycled Pt/Vulcan MEA
sample collected at 1� incidence.162
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applications forORR 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 syn-
thesis and characterizationmethods for ORR electrocatalysts, and
the fabrication procedures for CLs, are also reviewed. It is believed
that the technical breakthroughs in terms of bothORR activity and
stability of the electrocatalysts and CLs should be heavily relied on
the new and innovative material synthesis methods or pro-
cedures. It is our attention to present these useful information and
knowledge in this chapter, whichmay benefit the readers for their
continuing study throughout this entire book.
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4.1. Introduction
The oxygen reduction reaction (ORR) is probably the most

important reaction in life processes such as biological respiration,
and in energy-converting systems such as fuel cells andmetaleair
batteries. ORR in aqueous solutions occurs mainly by two path-
ways: the direct four-electron transfer pathway from O2 to H2O,
and the two-electron transfer pathway from O2 to hydrogen
peroxide (H2O2). In nonaqueous aprotic solvents and/or in
alkaline solutions, the one-electron transfer pathway from O2 to
superoxide (O2�) could also occur. In proton exchange mem-
brane (PEM) fuel cells, including both hydrogen/oxygen and
methanol/oxygen (direct methanol) fuel cells, ORR is the reaction
occurring at the cathode. Unfortunately, the ORR kinetics is
normally very slow. In order to speed up the ORR kinetics to reach
a practical usable level in a fuel cell, a cathode ORR catalyst is
needed. At the current stage of technology, platinum (Pt)-based
materials are the most practical catalysts. Because these Pt-based
catalysts are too expensive for making commercially viable fuel
cells, extensive research over the past several decades has focused
on developing alternative catalysts, including nonnoble metal
catalysts.1 The alternative electrocatalysts explored include noble
metals and alloys, carbon materials, quinone and derivatives,
transition metal macrocyclic compounds, transition metal chal-
cogenides, and transition metal carbides.

To further improve the ORR performance of Pt-based cata-
lysts and explore new alternative non-Pt ORR catalysts, besides
innovative catalyst synthesis, characterizing catalyst activity for
new catalyst design, performance optimization and down-
selection using rotating electrode technology including
rotating disk electrode (RDE) and rotating ring-disk electrode
(RRDE) techniques is necessary. In order to have a meaningful
and accurate characterization, some understanding on ORR
catalysis and its fundamentals including reaction thermody-
namics, kinetics, and mechanisms is important. In this chapter,
we will focus on the ORR kinetics and mechanisms catalyzed by
electrocatalysts.

4.2. Electrochemical Thermodynamics and
Electrode Potential of ORR

Table 4.1 presents the selected ORR processes and their cor-
responding thermodynamic electrode potentials at standard
conditions. All the potentials are against the standard hydrogen
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potential, which is defined as zero in 1.0 M proton aqueous
solution at any temperature and 1.0 atm hydrogen gas pressure.
In this table, two cases of electrolyte solution are selected: one is
the acidic aqueous solution, and the other is the alkaline aqueous
solution.

The thermodynamic electrode potentials listed in Table 4.1
are those at standard conditions (25 �C, 1.0 atm). However, if
these reactions are not at standard conditions, the electrode
potentials can be expressed as the Nernst forms. For example, for
the reaction

O2 þ 4Hþ þ 4e�42H2O Eo
O2=H2O

¼ 1:229 V vs SHE (4-I)

the thermodynamic reversible electrode potential ðEr
O2=H2O

Þ at
nonstandard conditions can be expressed as Eqn (4.1) if assuming
O2 in Reaction (4-I) is a gas, and H2O is a liquid:

Er
O2=H2O

¼ Eo
O2=H2O

þ RT

nO2
F
ln
�
PO2

C4
Hþ
�

(4.1)

where Eo
O2=H2O

is the thermodynamic electrode potential as listed
in Table 4.1, PO2

is the partial pressure of O2 gas (atmospheres),
CHþ is the concentration of proton (moles per cubic decimeter),
nO2

(¼4) is the electron transfer number of Reaction (4-I), F is the
Faraday constant (96,487 C mol�1), R is the universal gas constant
(8.314 J K�1 mol�1), and T is the temperature (Kelvin). Using Eqn
(4.1), the reversible electrode potentials can be calculated at other
different O2 partial pressures, different temperatures, and in

Table 4.1. Thermodynamic Electrode Potentials of
Oxygen Reduction Reaction in Two Aqueous
Electrolyte Solutions at 25 �C and 1.0 atm1,2

Electrochemical Oxygen
Reduction Reactions

Thermodynamic Electrode
Potential (V vs SHE) Electrolyte Condition

O2 þ 4Hþ þ 4e�42H2O 1.229 Acidic aqueous electrolyte solution
O2 þ 2Hþ þ 2e�4H2O2 0.70
H2O2 þ 2Hþ þ 2e�42H2O 1.76
O2 þ H2Oþ 4e�44OH 0.401 Alkaline aqueous electrolyte

solutionO2 þ H2Oþ 2e�4HO�2 þ OH� �0.065
HO�2 þ H2Oþ 2e�43OH� 0.867
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different solutions containing different proton concentrations.
In a similar way, the reversible electrode potentials for other
reactions listed in Table 4.1 can also be expressed as the Nernst
form as Reaction (4-I).

All the reactions listed in Table 4.1 are called half-
electrochemical reactions. In reality, if there are no count half-
electrochemical reactions to supply electrons, these reactions
cannot occur. In an electrochemical cell, there are two half-
electrochemical reactions, one is called the anode reaction, and
the other is called the cathode reaction. For example, in a H2/O2

fuel cell, there are two half-electrochemical reactions:

H242Hþ þ 2e� ðAnode reactionÞ Eo
H2=H

þ

¼ 0:00 V vs SHE ðStandard Hydrogen ElectrodeÞ (4-II)

1

2
O2 þ 2Hþ þ 2e�4H2O ðCathode reactionÞ

Eo
O2=H2O

¼ 1:229 V vs SHE
(4-III)

This cathode reaction is actually the same as Reaction (4-I). Both
Reactions (4-II) and (4-III) have their own thermodynamic elec-
trode potentials, Eo

H2=H
þ and Eo

O2=H2O
, at standard conditions. As

indicated by Reaction (4-II), the anode electrode potential is
0.000 V vs SHE, and by Reaction (4-III), the cathode electrode
potential is 1.229 V vs SHE. If these two half-electrochemical re-
actions are combined together to form a fuel cell, the overall cell
reaction would be

1

2
O2 þH24H2O Eo

cell ¼ 1:229 V (4-IV)

As shown, this overall electrochemical reaction has a thermody-
namic cell voltage ðEo

cellÞ of 1.229 V at reversible conditions.

Accordingly, the standard free energy change of the overall reac-
tion (DGo

cell ¼ �nFEo
cell, where n is the electron transfer number of

the overall reaction (here n¼ 2), and F is the Faraday’s constant,
96,745 C mol�1). If the DGo

cell is negative, the corresponding cell

reaction should have spontaneity in standard conditions.
In a similar way as Eqn (4.1), the thermodynamic reversible

electrode potential for anode ðEr
H2=H

þÞ at nonstandard conditions

can be expressed as Eqn (4.2) if assuming O2 in Reaction (4-I) is a
gas, and H2O is a liquid:

Er
H2=H

þ ¼ Eo
H2=H

þ þ RT

nH2
F
ln

 
C2
Hþ

PH2

!
(4.2)
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where Eo
H2=H

þ is the thermodynamic electrode potential of Reac-

tion (4-II), PH2
is the partial pressure of H2 gas (atmosphere), nH2

(¼2) is the electron transfer number of Reaction (4-II), CHþ , R, and
T have the same meanings as that in Reaction (4-I). If combining
Eqns (4.1) and (4.2), the thermodynamic or fuel cell voltage or
theoretical open circuit voltage ðEo

cellÞ can be obtained:

Eo
cell ¼ Er

O2=H2O
� Er

H2=H
þ ¼ Eo

O2=H2O
� Eo

H2=H
þ þ RT

nF
ln
�
P
1=2
O2

PH2

�
(4.3)

where n (¼2) is the electron transfer number of the fuel cell re-
action (Reaction (4-IV), and other symbols have their meanings
defined in Eqns (4.1) and (4.2).

As discussed, ORR equations listed in Table 4.1 and the
description above are all the cases for thermodynamically
reversible processes. In reality, all reactions have limited reac-
tion rates, which are either slower or faster, depending on
the natures of the reactions. Furthermore, the ORR processes are
actually not as simple as expressed by those reactions listed in
Table 4.1. For each reaction, there should be a reaction mech-
anisms associated with it. This reaction mechanismmay include
several elementary reaction steps. Particularly, for ORR elec-
trocatalyzed by a catalyst, the reaction mechanism may be even
more complicated. Therefore, when ORR is discussed, both its
reaction mechanism and kinetics must be explored in order to
obtain fundamental understanding and full pictures.

4.3. Electrochemical Kinetics and
Mechanism of ORR

In Chapter 2, the fundamentals of both chemical and elec-
trochemical kinetics have been presented, which will be used as a
basis for our discussion about the electrochemical kinetics and
mechanism of ORR in this chapter.

4.3.1. ORR on Platinum Catalyst
ORR on platinum (Pt) catalyst is the most important system

that has been given the most extensive study in the literature.
Here we take this system as an example to show how to obtain
electrode kinetic information of ORR.

Normally, ORR catalyzed by Pt catalyst occurs predomi-
nately through a four-electron transfer pathway to water (or to
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OH� in alkaline solutions). However, there is still a small
amount of intermediates, such as peroxide, which can be
detected using RRDE technique. Therefore, the ORR catalyzed
by a Pt catalyst has a complex reaction mechanism. In general,
the first step of the mechanism is the adsorption of O2 on the Pt
surface. The adsorbed oxygen can be electrochemically reduced
through several elementary steps, as shown in Reactions
(4-V)e(4-XI)3:

PtþO24Pt�O2ðadsÞ (4-V)

Pt�O2ðadsÞ þHþ þ e�/Pt�O2HðadsÞ
ðRate� determining stepÞ (4-VI)

x
�
Pt�O2HðadsÞ þ e� þHþ/Pt�O2H2ðadsÞ

�
(4-VII)

x
�
Pt�O2H2ðadsÞ/PtþH2O2

�
(4-VIII)

ð1� xÞ
�
Ptþ Pt�O2HðadsÞ þHþ þ e�/2Pt�OHðadsÞ

�
(4-IX)

2ð1� xÞ
�
Pt�OHðadsÞ þHþ þ e�/PtþH2O

�
(4-X)

Note this proposed mechanism is for that in acidic solution, and
the subscript “ads” indicates the corresponding species are
adsorbed on the electrode surface or catalyst metal active site. In
this mechanism, Reaction (4-V) represents the adsorption/
desorption of O2 at the Pt surface, which is the fast reaction, and
we assume that it is always at an equilibrium state. Reaction
(4-VI) represents the first electron transfer of the ORR, which is
considered the slowest reaction in the whole mechanism (i.e., the
rate-determining step), producing the intermediate PteO2H(ads).
A portion of such an intermediate can be further reduced to
produce H2O2 through Reactions (4-VII) and (4-VIII). The other
portion will be further reduced to produce H2O through Re-
actions (4-IX) and (4-X). It can be seen that the first portion of the
reaction forms a two-electron transfer ORR pathway to produce
H2O2, and the other portion forms a four-electron transfer ORR
pathway to produce H2O. In fact, the ORR normally has a mixed
two- and four-electron transfer pathway, giving an overall elec-
tron transfer number of less than four. The relative proportions of
two- and four-electron transfer pathways are strongly dependent
on Reactions (4-VIII) and (4-X). The proportion of Reaction
(4-VIII) can be expressed as x in the mechanism above, and the
proportion of Reaction (4-X) can be expressed as (1� x). If x¼ 1,
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the mechanism will be a complete two-electron transfer pathway,
while if x¼ 0, the mechanism will become a totally four-electron
pathway. In practical situations on a Pt catalyst, the x value is
much smaller than 1, giving a four-electron dominated transfer
pathway to produce H2O, with less than 2% H2O2.

The ORR mechanism expressed by Reactions (4-V)e(4-X) may
be too complicated to be quantitatively treated to obtain the re-
action rate expression. In order to obtain the relationship be-
tween the current and the electrode potential, some reasonable
assumptions may be made to simplify this mechanism. We may
make two assumptions, one is to assume x¼ 0 so that the whole
mechanism only goes through a four-electron pathway to pro-
duce water (this may be true for ORR catalyzed by Pt), and the
other is to combine the fast Reactions (4-IX) and (4-X) together
into one reaction. In this way, the ORR mechanism may be
simplified as the following three reactions:

PtþO2 4
k
!

1O

k
 

1O

Pt�O2ðadsÞ (4-XI)

Pt�O2ðadsÞ þHþ

þ e� 4
k
!

2O

k
 

2O

Pt�O2HðadsÞ ðRate� determining stepÞ (4-XII)

Pt�O2HðadsÞ þ 3Hþ þ 3e� 4
k
!

3O

k
 

3O

Ptþ 2H2O (4-XIII)

In all three reaction equations above, k
!

1O and k
 

1O represent the
chemical reaction rate constants in the forward and backward
directions, respectively, which are independent of the electrode
potential. For electrochemical reactions (4-XII) and (4-XIII), the

rate constants k
!

2O, k
 

2O, k
!

3O, and k
 

3O are all dependent on the
electrode potential. According to Eqns (2.17) and (2.18), these
potential-dependent rate constants can be expressed as follows:

k
!

2O ¼ k
!o

2O exp

�
� ð1� a2OÞna2OFE

RT

�
(4.4)

k
 

2O ¼ k
 o

2O exp

�
a2Ona2OFE

RT

�
(4.5)

k
!

3O ¼ k
!o

3O exp

�
� ð1� a3OÞna3OFE

RT

�
(4.6)
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k
 

3O ¼ k
 o

3O exp

�
a3Ona3OFE

RT

�
(4.7)

where k
!o

2O, k
 o

2O, k
!o

3O, and k
 o

3O are the potential-independent
forward and backward reaction rate constants for Reactions (4-XII)
and (4-XIII), a2O and a3O are the electron transfer coefficients, na2O

and na3O are the electron transfer numbers for Reactions (4-XII) and
(4-XIII), respectively, and E is the electrode potential.

It can be seen that Reactions (4-XII) and (4-XIII) are all the
reactions occurred on Pt surface. The concentrations of
Pt-related surface species or surface reaction sites such as PteO2,
PteO2H, and Pt in Reactions (4-XII) and (4-XIII) may be
expressed as the corresponding surface coverage, such as qPteO2

,
qPt�O2H, and qPt. Figure 4.1 shows the schematic diagram of a
platinum surface with adsorption of O2, and O2H.

Three surface coverages shown in Figure 4.1 should have a
relationship:

qPt�O2
þ qPt�O2H þ qPt ¼ 1 (4.8)

By assuming Reaction (4-XI) is a fast reaction and always in an
equilibrium state, both qPt�O2

and qPt�O2H can be derived into
Eqns (4.9) and (4.10), respectively3:

where CO2
is the concentration or partial pressure of oxygen, CHþ

is the concentration of protons in the aqueous phase, other
parameters have the same meanings as defined above.

qPt�O2
¼ k
!

1O

k
 

1O

CO2

k
 o

2O exp
�
a2Ona2OFE

RT

�
þ k
!o

3OC
3
Hþ exp

�
� ð1�a3OÞna3OFE

RT

�
k
!o

2O
k
!

1O

k
 

1O

CO2
CHþ exp

�
� ð1�a2OÞna2OFE

RT

�
þ k
!o

2O

�
1þ k
!

1O

k
 

1O

CO2

�
exp

�
a2Ona2OFE

RT

�

þ k
 o

3OC
2
H2O

exp

�
a3Ona3OFE

RT

�
þ k
!o

3OC
3
Hþ

0
@1þ k

!
1O

k
 

1O

CO2

1
Aexp

�
� ð1� a3OÞna3OFE

RT

�
(4.9)

qPt�O2
¼ 1�

0
@1þ k

!
1O

k
 

1O

CO2

1
A k

 o

2O exp
�
a2Ona2OFE

RT

�
þ k
!o

3OC
3
Hþ exp

�
� ð1�a3OÞna3OFE

RT

�
k
!o

2O
k
!

1O

k
 

1O

CO2
CHþ exp

�
� ð1�a2OÞna2OFE

RT

�
þ k
 o

2O

�
1þ k
!

1O

k
 

1O

CO2

�
exp

�
a2Ona2OFE

RT

�

þ k
 o

3OC
2
H2O

exp

�
a3Ona3OFE

RT

�
þ k
!o

3OC
3
Hþ

0
@1þ k

!
1O

k
 

1O

CO2

1
Aexp

�
� ð1� a3OÞna3OFE

RT

�

(4.10)
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If the electrode potential E in Eqns (4.9) and (4.10) is replaced
by the equilibrium electrode potential Er

O2=H2O
, qPt and qPt�O2H

will become qoPt and qoPt�O2H
, which can be expressed as Eqns

(4.11) and (4.12), respectively:

qoPt�O2
¼ k
!

1O

k
 

1O

CO2

k
 o

2O exp

 
a2Ona2OFE

r
O2=H2O

RT

!
þ k
!o

3OC
3
Hþ exp

 
� 1�a3Ona3OFE

r
O2 =H2O

RT

!

k
!o

2O
k
!

1O

k
 

1O

CO2
CHþ exp

 
� ð1�a2OÞna2OFE

r
O2 =H2O

RT

!
þ k
 o

2O

 
1þ k
!

1O

k
 

1O

CO2

�
exp

 
a2Ona2OFE

r
O2=H2O

RT

!
þ k
 o

3OC
2
H2O

exp

 
a3Ona3OFE

r
O2 =H2O

RT

!

þ k
!o

3OC
3
Hþ

 
1þ k
!

1O

k
 

1O

CO2

!
exp

 
�
ð1� a3OÞna3OFE

r
O2=H2O

RT

!
(4.11)

qoPt�O2H
¼ 1�

 
1þ k
!

1O

k
 

1O

CO2

! k
 o

2O exp

 
a2Ona2OFE

r
O2 =H2O

RT

!
þ k
!o

3OC
3
Hþ exp

 
� 1�a3Ona3OFE

r
O2 =H2O

RT

!

k
!o

2O
k
!

1O

k
 

1O

CO2
CHþ exp

 
� ð1�a2OÞna2OFE

r
O2 =H2O

RT

!
þ k
 o

2O

 
1þ k
!

1O

k
 

1O

CO2

�
exp

 
a2Ona2OFE

r
O2 =H2O

RT

!
þ k
 o

3OC
2
H2O

exp

 
a3Ona3OFE

r
O2 =H2O

RT

!

þ k
!o

3OC
3
Hþ

 
1þ k
!

1O

k
 

1O

CO2

!
exp

 
�
ð1� a3OÞna3OFE

r
O2=H2O

RT

!
(4.12)

According to ButlereVolmer equation presented in Chapter 2,
the net ORR current density ðiO2=H2OÞ can be expressed as
Eqn (4.13):

iO2=H2O ¼nOF

"
k
!o

2OqPt�O2
CHþ exp

�
� ð1� a2OÞna2OFE

RT

�

� k
 o

2OqPt�O2H exp

�
a2Ona2OFE

RT

�# (4.13)

Figure 4.1 Schematic diagram of a platinum surface with adsorption of O2, and
O2H. (For color version of this figure, the reader is referred to the online version of
this book.)
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The exchange current density ðioO2=H2O
Þ for the ORR can also be

derived as Eqn (4.14):

ioO2=H2O
¼ nOF k

!o

2Oq
o
Pt�O2

CHþ exp

 
�
ð1� a2OÞna2OFE

r
O2=H2O

RT

!

¼ nOF k
 o

2Oq
o
Pt�O2H

exp

 
a2Ona2OFE

r
O2=H2O

RT

!
(4.14)

where qoPt�O2H
and qoPt�O2

are the surface coverage of the PteO2H
and PteO2 sites at the equilibrium cathode potential ðEr

O2=H2O
Þ.

This exchange current density can also be expressed in another
form. For example, from Eqn (4.13), the equilibrium cathode
potential can be expressed as Eqn (4.15):

Er
O2=H2O

¼ 2:303RT

na2OF
log
� k!o

2O

k
 o

2O

�þ 2:303RT

na2OF
log

 
qoPt�O2

CHþ

qoPt�O2H

!
(4.15)

Combining Eqns (4.14) and (4.15), an alternative expression of the
exchange current density can be obtained:

ioO2=H2O
¼ nOF

�
k
!o

2O

��
k
 o

3O

�1�a2O

�
qoPt�O2

�a2OðCHþÞa2O

�
qoPt�O2H

�1�a2O

(4.16)
As discussed in Chapter 2, the exchange current density is one of
the most import parameters defining how fast the rate of

Table 4.2. ORR Exchange Current Densities on
Various Electrode Materials or Catalysts

Electrode
Material/
Catalyst

ORR
Exchange
Current
Density,
(A cmL2)

Electron
Transfer
Coefficiency

Electron
Transfer
Number in
the Rate-
Determining
Step

Measurement
Conditions Reference

Pt 2.8� 10�7 0.48 e Pt/Nafion interface at
30 �C

4

PtO/Pt 1.7� 10�10 0.46 e Pt/Nafion interface at
30 �C

4

FePc 1.3� 10�7 e e pH 1.3 solution 5
PtFe/C 2.15� 10�7 0.55 1 0.5 M H2SO4 at 60 �C 6
PtW2C/C 4.7� 10�7 0.45 2 0.5 M H2SO4 at 25 �C 7

5.0� 10�5 0.47 1
RuxSey 2.22� 10�8 0.52 1 0.5 M H2SO4 at 25 �C 8
RuxFeySez 4.47� 10�8 0.51 1 0.5 M H2SO4 at 25 �C 9
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electrochemical reaction would be. Table 4.2 shows the typical
ORR exchange current densities catalyzed by Pt-based catalysts
together with those catalyzed by other catalysts. It can be seen
that Pt-based catalysts can give the highest values of the exchange
current density among others.

To obtain the ORR exchange current density and the electron
transfercoefficiency,Tafel equation isnormallyused for calculation
basedon theexperimentdata. If the second termat the righthandof
Eqn (4.13) ismuch smaller than thefirst term, the Tafel equation for
ORR can be obtained by combining Eqns (4.14) and (4.15):

E ¼ Er
O2=H2O

þ 2:303RT

ð1� a2OÞna2OF
logðioO2=H2O

Þ

� 2:303RT

ð1� a2OÞna2OF
log
�
iO2=H2O

�
(4.17)

In experiments, the electrode potential (E) at different current
densities ðiO2=H2OÞ can be measured. Then the plot of E vs
logðiO2=H2OÞ can be obtained. From the Tafel slope�
¼ 2:303RT
ð1�a2OÞna2OF

�
, the kinetic parameter ð1� a2OÞna2O can be

calculated according to Eqn (4.17), and from the intercept�
¼ Er

O2=H2O
þ 2:303RT
ð1�a2OÞna2OF

logðioO2=H2O
Þ
�
, the exchange current

density ðioO2=H2O
Þ can be calculated ifEr

O2=H2O
is known. Therefore,

two important electrode kinetic parameters, the exchange cur-
rent density ðioO2=H2O

Þ, and the product of electron transfer and

electron transfer coefficient ðð1� a2OÞna2OÞ (where na2O¼ 1 for
ORR), can be experimentally measured based on Tafel Eqn (4.17).

Regarding the electron transfer coefficient (a2O) of ORR, it can
be expressed to be temperature dependent:

a2O ¼ 0:001678T (4.18)

According to the mass transfer theory presented in Chapter 2, the
mass transfer effect on ORR kinetics can be reflected in the
following equation:

iO2=H2O ¼ ioO2=H2O

"�
1� iO2=H2O

I
!l

O2=H2O

�
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�
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�
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a2Ona2OFE � Er

O2=H2O

RT
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(4.19)
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where I
!l

O2=H2O
and I
 l

O2=H2O
are the mass transfer limiting current

densities for the ORR (forward) and the water oxidation reaction
(backward),respectively.Iftheoverpotentialislargeenoughandthe
masstransferistakenintoconsideration,Eqn(4.19)canbesimplifiedas
aTafelform:

E ¼ Er
O2=H2O

þ 2:303RT

ð1� a2OÞna2OF
logðioO2=H2O

Þ

� 2:303RT

ð1� a2OÞna2OF
log

�
iO2=H2O I

!l

O2=H2O

I
!l

O2=H2O
� iO2=H2O

�
(4.20)

It is worth pointing out that Eqns (4.13)e(4.20) are for the ORR on
a smooth planar electrode or catalyst surface rather than in a
porousmatrix catalyst layer. It is expected that the situation in the
catalyst layer may be more complicated than on the planar sur-
face. However, it is believed that with modification using the
apparent parameters as well as the real electrochemical active
surface, the equations are still valid for quantitative treatment of
experimental data.

4.3.2. ORR on Pt alloys
According to theoretical study (see Section 4.5), the catalytic

activity of Pt toward ORR strongly depends on its O2 adsorption
energy, the dissociation energy of the OeO bond, and the binding
energy of OH on the Pt surface. The electronic structure of the Pt
catalyst (Pt d-band vacancy) and the PtePt interatomic distance
(geometric effect) can strongly affect these energies.6 Theoretical
calculations on O2 and OH-binding energy on several metals have
predicted that Pt should have the highest catalytic activity among
other metals with the ORR activity of Pt> Pd> Ir> Rh, which is
in agreement with the experimental results. Regarding the Pt alloy
catalysts, calculations have also predicted that PtM (M¼ Fe, Co,
Ni, etc.) alloys should have higher catalytic activity than pure Pt,
which has again been proven by experiments.10 The activity
enhancement that occurs when Pt is alloyed with other metals
can be explained by the change in electronic structure (the
increased Pt d-band vacancy) and in geometric effect (PtePt
interatomic distance). Normally, alloying can cause a lattice
contraction, leading to a more favorable PtePt distance for the
dissociative adsorption of O2. The d-band vacancy can be
increased after alloying, producing a strong metaleO2 interaction
then weakening the OeO bonds. For example, Figure 4.2 shows
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the Tafel plots of Pt and PtFe alloys for the ORR. The Tafel slopes
for the two catalysts are the same. However, the exchange current
density of oxygen reduction on PtFe is higher than on Pt. In the
Tafel region of 120 mV dec�1, the exchange current density for a
Pt catalyst is 1.63� 10�8 A cm�2, while that for PtFe catalysts is
2.15� 10�7 A cm�2, indicating a ninefold enhancement.6

4.3.3. Difference in ORR Activity Catalyzed by Pt,
Pt-Skeleton, and Pt-Skin Surfaces

It has been recognized that different Pt surfaces such as
Pt-skeleton, and Pt-skin surfaces could give different ORR cata-
lytic activities.11e14 Figure 4.3 shows an example for Pt3Co cata-
lyst, from which two important observations can be made. First,
the activity increases in the order Pt< Pt-skeleton< Pt-skin.
Second, the kinetic parameters (e.g., the electron transfer number
Figure 4.3(D)) and the Tafel slope (90e110 mV dec�1), and the
activation energy (20e25 KJ mol�1) are almost identical for all
three surfaces.14 From these results and the corresponding liter-
ature,14,15 it can be concluded that (1) the Pt-skin surface is
the most active for the ORR; (2) the reaction mechanism on the
Pt-skin and Pt-skeleton surfaces is the same as that proposed for
polycrystalline Pt, i.e., a “series” 4e� reduction; (3) the differences
in the catalytic activities strongly correlates with the availability of
surface atoms to adsorb O2 (PteO2); and (4) the differences in the

Figure 4.2 Tafel plots for ORR in 0.5 M H2SO4 on different catalysts. blcd: Tafel
slope at low current density; bhcd: Tafel slope at high current density.6 (For color
version of this figure, the reader is referred to the online version of this book.)
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binding energies of O2 and the reaction intermediates16 are rather
small. In tandem with the analysis of other Pt3M (M¼Ni, Co, Fe,
V, and Ti) surfaces, the results can provide an excellent basis for
both understanding the factors that control the kinetics of the
ORR on Pt3M electrodes as well for rationalizing the volcano re-
lationships between kinetic rates and the position of the d-band
center, as shown in Figure 4.4.

The volcano curves shown in Figure 4.4 give the fundamental
relationship between the experimentally determined surface
electronic structure (the d-band center) and activity, establishing
the electrocatalytic trends for ORR on Pt3M bimetallic surfaces.
This “volcano-type” behavior indicates that the maximum cata-
lytic activity is governed by a balance between strong adsorption
energies of reaction intermediates and low surface coverage by
reaction products and spectator species. This, in turn, depends on
the position of the metal d state relative to the Fermi level. Using
these activity trends, a fundamental approach for the screening of
new catalysts for the ORR, that is, by looking for surfaces that bind
oxygen a little weaker than Pt or for surfaces with a downshift of
the Pt d state relative to the Fermi level, can be established.

Figure 4.3 Cyclic voltammograms of Pt3Ni(hkl) vs Pt(hkl) surfaces in 0.1 M HClO4 at 298 K. (A) (111); (B) (100); and
(C) (110) orientations. (D) Polarization curves obtained from rotational disk electrode (RDE) measurements in 0.1 M
HClO4 at 333 K at 1600 rpm with 50 mV s�1: Pt3Ni(111) (bold), Pt(111) (long dashed), and Pt-poly (dashed).14 Reprinted from
Science, 315, 493 (2007), Vojislav R. Stamenkovic., Improved oxygen reduction activity on Pt3Ni(111) via increased surface site
availability, 493e497, � 2007, with permission from Sciencemag.

146 Chapter 4 ELECTROCHEMICAL OXYGEN REDUCTION REACTION



4.4. ORR on Carbon Materials
ORR on carbon is normally catalyzed by the carbon surface

through strong interactions.17 It was reported that the attachment
(by preadsorption or chemical bonding) of various quinones to
basal plane graphite could result in a large enhancement of the
oxygen reduction current. In the literature, different mechanisms
were proposed by different work, with one key difference between
using graphite and glassy carbon (GC). Normally, the ORR is the
first order in oxygen. Tafel slopes are typically around
�120 mV dec�1 for graphite and �60 mV dec�1 for GC, although
variations around these values were reported for different car-
bons, and even values as low as �30 mV dec�1 were also reported
in strong alkali (i.e., 6 M KOH).18

Generally, the ORR mechanism on carbon materials is
complicated, involving several elementary steps. The first step
was thought to involve adsorption and electron transfer to form
superoxide (O2

�). Following this, either further reduction or
disproportionation of superoxide would happen.19 A step
involving a transformation between two different forms of
adsorbed superoxide was also proposed.17 In alkaline solutions

Figure 4.4 Trends in electrocatalysis: relationships between experimentally measured specific activities for the ORR
on Pt3M surfaces in 0.1 M HClO4 at 0.9 V and 333 K vs the d-band center position for (A) the Pt-skin and Pt-skeleton
surfaces. Results for each alloy were collected from five independent RDE measurements and error range is expressed
by the size of circles. (B) Activities and values for d-band center position predicted from (Density functional theory)
calculations for (111) oriented skin surfaces.14 Reprinted from Science, 315, 493 (2007), Vojislav R. Stamenkovic., Improved
oxygen reduction activity on Pt3Ni(111) via increased surface site availability, 493e497, � 2007, with permission from Sciencemag.
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(pH> 10), two waves were seen in oxygen reduction polarization
curves, both corresponding to oxygen reduction to peroxide, but
most probably at different sites on the carbon surface.20 Different
electrolyte cations, D2O vs H2O, and selectively modification of
different carbon surface groups, were all reported to shift the
oxygen reduction voltammetric wave.19

It is commonly recognized that the carbon surface chemistry
plays a complex role in the ORR, which should be taken into
account when considering the ORR mechanism. Some of the
important surface features of carbon are shown in Figure 4.5.

4.4.1. ORR on Graphite and Glassy Carbon
Two mechanisms have been proposed for carbon-catalyzed

ORR in alkaline solution. On a GC electrode, the following reac-
tion mechanism may be proposed based on the literature17:

GCþO24GC�O2ðadsÞ (4-XIV)

GC�O2ðadsÞ þ e�/GC�O�2ðadsÞ� (4-XV)

Figure 4.5 Schematic showing some of the carbon surface features of relevance to electrochemistry, and details of
some different possible oxygen-containing surface functional groups. Reproduced from Ref. 21 by permission of Marcel
Dekker, Inc.
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GC�O2ðadsÞ�/GC�O�2ðadsÞ (4-XVI)

GC�O�2ðadsÞ þH2O/GC�O2Hads þOH� (4-XVII)

GC�O2Hads þ e�/GC� ðO2HÞ�ads (4-XVIII)

GC� ðO2HÞ�ads/GCþHO�2 (4-XIX)

The reactant and product in Reaction (4-XVI) are two different
forms of the superoxide ion on the carbon surface. The left one is
a relatively inert form adsorbed on an inert graphite site, and the
right one is the same species, but migrating to an active site ac-
cording to Reaction (4-XVI). It was confirmed that this reaction
was the rate-determining step. However, Taylor et al.16,22 found
that the rate-determining step was dependent on pH. At pH> 10,
Reaction (4-XVI) was the rate-determining step, and at pH< 10,
Reaction (4-XV) was the rate-determining step. On pyrolytic
graphite (PG) electrodes, the mechanism could also be proposed
based on literature17:

PGþO24PG�O2ðadsÞ (4-XX)
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PG�O2ðadsÞ þ e�/PG�O�2ðadsÞ (4-XXI)

2PG�O�2ðadsÞ þH2O/PGþO2 þHO�2 þOH� (4-XXII)

In this mechanism, the rate-determining step was believed to be
Reaction (4-XXI).

Normally, for ORR currentepotential curves recorded on
either a graphite or a GC electrode surface, two waves can be
observed, both of which are attributed to the 2-electron transfer
reduction of O2, producing H2O2. Figure 4.6 shows the RRDE
results for O2 reduction on a GC electrode. On the disk electrode,
the first steep wave appears at the formal potential (E1/2) of
�0.34 V vs SCE and the second one at E1/2¼�0.78 V. The
oxidation current at the ring shows that both waves correspond to
H2O2 production. This two-electron reduction occurs at two
different potential ranges, suggesting that there are two kinds of
ORR active sites on GC. In a further experiment with 1 M NaOH
solution containing 5 mM H2O2, no reduction wave was
observed. This result confirmed that H2O2 could not be further
reduced on a GC electrode.23

For ORR activity at a graphite electrode, it was found to be
dependent on graphite planes. The activity on an edge plane was
higher than that on a basal plane, as shown in Figure 4.7.24 This
reflects the difference in electrocatalytic activity of these two
orientations. This catalytic activity difference is mainly due to the
presence of more functional groups on an edge plane than on a
basal plane.
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permission from Elsevier.
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4.4.2. ORR on Carbon Nanotubes
Carbon nanotubes are a new kind of material that is expected

to have extensive applications. Recently, ORR catalyzed by
carbon nanotubes has been investigated by several groups,25,26

which found that the catalyzed ORR was dependent on the
preparation method for the carbon nanotube films. Zhang
et al.25 prepared multiwalled carbon nanotube (MWCNT) films
by a dihexadecyl hydrogen phosphate method on a GC electrode
and found that the films could catalyze O2 reduction by two two-
electron processes, producing OH-. As shown in Figure 4.8, at a
potential range of �0.4 to �0.8 V vs Ag/AgCl, the first reduction
current plateau on the RDE curve can be observed, and attrib-
uted to a two-electron process producing H2O2; at potentials

Figure 4.8 RRDE currentevoltage curves for O2 reduction at the PDDA (Phthalic
acid Diethylene glycol Diacrylate)/MWCNTs/GC (curve 1) and bare GC (curve 2)
disk electrodes in O2-saturated 0.10 M KOH solution. Curves 10 and 20 represent
the current for the oxidation of HO2

e produced at the corresponding disk elec-
trodes. Potential scan rate, 10 mV s�1; electrode rotating rate, 400 rpm. The Pt ring
electrode was polarized at þ0.50 V for the oxidation of HO2

e.26
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more negative than �0.9 V, a second plateau appeared, which
could be attributed to the further reduction of H2O2, producing
OH�. Jurmann et al.26 prepared some similar films using the
same method on a highly oriented PG electrode, and reported
that the first two-electron process could be observed at the
potential range of �0.4 to �0.6 V vs SCE, while the second
plateau was not clearly discerned. A mixture process of two- and
four-electron reduction could be observed at more negative
potentials. They also found that on MWCNT films prepared by
the poly(diallyldimethylammonium chloride) method, the
electron transfer number of ORR was in the range of 3e3.5 at the
potential range of �0.4 to �1.2 V Figure 4.8 shows the results,
together with those obtained on a bare GC electrode for com-
parison. It can be seen that on a GC electrode, the ring current
increases with increasing disk current in the potential range of
�0.4 to�1.2 V. However, on anMWCNT-modified electrode, the
ring current decreases with increasing disk current in the similar
potential range, indicating less H2O2 is produced.

4.4.3. ORR on Heteroatom-Doped Carbons
Doping carbon with heteroatoms such as nitrogen can change

the carbon’s properties. For example, nitrogen (N)-doped carbon
shows a high oxidation resistance capability and higher catalytic
activity toward ORR. Maldonado and Stevenson27 found that
N-doped carbon fiber showed an improved catalytic activity by
shifting the ORR potential up by 70 mV (Figure 4.9), and
the electron transfer number of ORR catalyzed by N-doped car-
bon fiber was close to four. They discussed that N-doped carbon
can catalyze not only O2 reduction reaction but also H2O2

decomposition.27

The active sites in N-doped carbon are carbon atoms adjacent
to the N atom. Using a cluster model, Sidik et al.28 did theoretical
calculations and found that the carbon radical sites adjacent to
the substitutional N showed strong bonding ability to adsorbed
OOH, favoring the production of H2O2,

28 which could improve its
catalytic activity.

4.4.4. ORR on Pretreated Carbon Surface
Pretreatment of carbon materials can significantly improve

their catalytic activity toward ORR and change their electro-
chemical behavior. A variety of treatment methods have been
used, including polishing the electrode, radio frequency plasma
treatment, heating at low pressures, in-situ laser irradiation,
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vacuum heat treatment, chemical oxidation, as well as electro-
chemical oxidation.29e32

It is not fully understood why pretreatment of carbon surfaces
can improve their catalytic activity. Pretreatment does create
more surface functional groups, and exposes fresh carbon edges,
microparticles, and defects.30,31,33 Jia et al.32 found that pre-
treatment of carbon supports and Pt-loaded carbon supports
could result in a decrease in ionic resistance, indicating that
surface functional groups such as carboxylic acid were generated.
Pretreatment could also increase the surface area of carbon by
generating porous surface films.34 Sullivan et al.34 found that
surface oxidation of GC at 1.95 V vs SCE led to the formation of
porous carbon film, and an increase in film thickness with line-
arly increasing oxidation time. Overall, pretreatment of carbon
can change its surface state. The surface groups or changed
surface state facilitate ORR by acting as an electron transfer
mediator or by increasing adsorption sites for O2

- species, which
enhances the kinetics of ORR. Figure 4.10 shows the cur-
rentepotential curves of an unoxidized GC electrode that had
then been oxidized at 2 V vs RHE in 0.5 M H2SO4 at different
times. It can be seen that increasing oxidization time can result in
a positive shift of ORR onset potential and an increase in ORR
reduction current as well.

Pretreated carbon can also affect the activity of other catalysts
supported on it. For example, pretreatment of a carbon support

Figure 4.9 Background subtracted voltammetric responses of a nondoped
CNF (Carbon Nanofiber) electrode (dashed line) and an N-doped CNF electrode
(solid line) immersed in an O2-saturated 1 M KNO3 solution. Scan
rate¼ 0.1 V s�1.27
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followed by deposition of Pt on it or treatment of carbon-
supported Pt could result in significant increases in the ORR
catalytic activity of Pt. Jia et al.32 reported that an untreated
catalyst (Pt deposited on untreated carbon supports) gave a
kinetic current of 0.3� 0.1 mA at 0.6 V vs SCE, while Pt deposited
on pretreated carbon showed a kinetic current of 1.6� 0.7 mA,
and posttreated carbon-supported Pt catalyst (refluxing carbon-
supported Pt catalyst in nitric acid) could give a kinetic current
of 7.7� 1.7 mA.

4.4.5. ORR on Graphene
Graphene, a monolayer of sp2 bonded carbon atoms in a

honeycomb lattice, has created a surge in research activities
during the last 6e7 years owing to its ballistic transport, chemical
inertness, high thermal conductivity, optical transmittance, as
well as super hydrophobicity at nanometer scale. Studies showed
that graphene containing nitrogen atom could improve ORR ac-
tivity up to three times higher than platinum.35 It was believed
that the superior catalytic capabilities of these N-doped carbon
nanomaterials should be directly related to their unique nano-
structure. Among the nitrogen-doped structures, pyrrolic and
pyridinic nitrogen were reported to play an important role in the
enhanced ORR activity in both alkaline35e38 and acidic39,40 solu-
tions. It was predicted that the StoneeWales defects might be
able to alter the electronic properties (band structure and density
of states) of graphene,41e43 modify its chemical reactivity toward
adsorbates, and result in impact on its catalytic properties.
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Although some theoretical work was done on ORR pathways on
N-doped graphene,44e46 the role of materials structures,
including N distribution and defects played in ORR, still remained
unclear.

4.5. ORR on Macrocyclic Transition Metal
Complexes

Transition metal macrocyclic complexes can catalyze the O2

reduction reaction through a two-electron or four-electron
transfer pathway to produce either H2O2 or H2O. Sometimes,
they can also catalyze ORR through a mixed pathway of two- and
four-electron transfer reduction. In rare cases, transition metal
macrocyclic complexes can also catalyze a one-electron O2

reduction, producing superoxide ions. Normally, the catalytic
reaction mechanism proposed is a modified “redox catalysis”
procedure.47,48 In the first step, the adduct between oxygen and
the metal ion center of the macrocyclic compound is formed,
followed by an intraadduct electron transfer from themetal ion to
the oxygen. The addition of protons from the electrolyte, together
with the electron transfer, then produces H2O2. The H2O2 is either
the final product or can be further reduced to produce water,
depending on the individual transition metal macrocyclic com-
pounds used. The mechanism can be summarized as follows49:�

LMeII
	þ O24LMedþ..Od

2�
	

(4-XXIII)

½LMedþ//Od
2� � þHþ/ ½LMeIII//O2H

	þ
(4-XXIV)

�
LMeIII//O2H

	þ þHþ þ 2e�/
�
LMeII

	þH2O2 (4-XXV)

H2O2 þ 2e� þ 2Hþ/2H2O (4-XXVI)

H2O2/H2Oþ 1=2O2 (4-XXVII)

where L represents the ligand and Me is the metal center.
The catalytic activity of transition metal macrocyclic com-

pounds toward ORR strongly depends on the individual transition
metal center and the macrocyclic ligand, as well as the size of the
p-electron system. Compounds studied previously include a
variety of metal centers and ligands. The transitionmetals used in
macrocyclic catalysts include Fe, Co, Ni, and Cu, and the
macrocyclic ligands include chelating atoms N4, N2O2, N2S2, O4,
and S4. The conjugate p-electron derivative compounds usually
include metal phthalocyanine and porphyrin, as well as their
derivatives.47,48
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The activity of these compounds changes with respect to the
central metal ions in the following order: Fe>Co>Ni>Cu. For a
metal center, the chelating atoms of the macrocyclic ring can also
change the ORR activity. For example, the active sequence of Fe
complexes is as follows: N4>N2O2>N2S2>O4z S4 (inactive);
for Co centers: N2O2>N4>N2S2>O4z S4; for Cu centers:
N4>O4>N2O2>N2S1> S4 (inactive); and for Ni centers:
O4>N2O2>N2S2>N4. With respect to these active sequences,
recent research has mainly focused on Fe and Co centers, and for
macrocyclic rings, on the N4 system. In this section, the discus-
sion will focus on the Fe-N4 and Co-N4 systems.

M-N4 complexes can strongly and irreversibly adsorb on a
graphite electrode surface to form a monolayer or multilayers of
ORR catalysts. This adsorption can create a well-defined elec-
trode surface, and then provide a theoretical treatable situation
for fundamental understanding of the catalyst activity and
mechanism.50e52

For Fe-based N4 catalysts (Fe-N4), the ORR normally takes
a four-electron transfer pathway to produce H2O, as reported
by Zagal et al.50 Shi et al.51 found that oxygen reduction
catalyzed by Fe-tetrakis(4-N-methylpyridyl) porphyrin could
produce a mixture of H2O and H2O2. With respect to the
ligand effect, Shigehara et al.52 found that ligands had a
strong effect on the ORR activity catalyzed by Fe-porphyrins;
both Fe-meso-tetraphenylporphine and Fe-protoporphyrin IX
could catalyze a four-electron oxygen reduction, while Fe-
meso-tetra(3-pyridyl)porphine could only catalyze a two-
electron oxygen reduction.51,52 Nonetheless, in most cases,
Fe-N4 can catalyze four-electron oxygen reduction and the
product is water.

In general, mononuclear Co-N4 complexes can only catalyze
two-electron O2 reduction reaction. Zagal et al.50 studied Co- and
Fe-tetrasulfonate phthalocyanines and found that the Co com-
plex only catalyzed a two-electron oxygen reduction process.
However, bi-nuclear Co-N4 complexes or Co-N4 dimers have
some different behaviors from those of mononuclear Co-N4

complexes. They can catalyze not only two-electron but also four-
electron O2 reduction reactions. A planar bi-cobalt complex such
as (Co2TAPH)4þ, as shown in Figure 4.11(A), can catalyze a four-
electron reduction of O2 in alkaline solutions. This catalytic
activity was found to be due to the interaction between O2 and the
Co metal centers. This interaction could effectively weaken the
OeO bond, rendering it easily being broken. Furthermore, face-
to-face di-Co-N4 complexes also favor a four-electron transfer
pathway, depending on the CoeCo distance in the molecules
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Figure 4.11 (A) Dimetal complex (Co2TAPH)4þ(NO3)4. (TAPH¼ 6,7,8,9,12,19, 20,21,22,25-decahydro-8,8,10,21,21,23,-
hexamethyl-5,26:13,18-bis(azo)-dibez(1,2,6,7,12,13,17,18)oxaazacyclodocosine)17; (B) Face-to-face CoeCo 4-porphyrin.
(Reprinted from Ref. 17, with permission from Elsevier.) (C) Cis and trans Co-O-O-Co facial configuration17; and (D) Co-
corrole compounds for O2 reduction reaction.53
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(Figure 4.11(B)). When the CoeCo distance is around 4 Å, the
OeO bridge between the CoeCo centers can be formed as shown
in Figure 4.11(C), resulting in a four-electron transfer of ORR. If
the CoeCo distance is larger or smaller, only the two-electron
transfer pathway to peroxide is favored. This can be explained
by the formation of a cis or trans configuration (Figure 4.11(C)).
The cis configuration favors the four-electron ORR to H2O, while
the trans configuration does not.54

Recently, Kadish et al.53 synthesized three series of Co corroles
(shown in Figure 4.11(D)) and investigated their catalytic activity
toward the O2 reduction reaction.53 The mixed valent Co(II)/
Co(III) complexes, (PCY)Co2, and the biscorrole complexes,
(BCY)Co2, both contain two Co(III) ions in their air-stable forms.
It was found that all these complexes could catalyze the direct
four-electron pathway for O2 reduction to H2O in aqueous acidic
electrolyte. The most efficient catalysis process was observed
when the complex had an anthracene spacer. The four-electron
transfer pathway was further confirmed by RRDE measurement,
in which only a relatively small amount of hydrogen peroxide was
detected at the ring electrode in the vicinity of E1/2: 0.47 V vs SCE
for (PCA)Co2 and 0.39 V for (BCA)Co2. The cobalt(III) mono-
corrole, (Me4Ph5Cor)Co, could also catalyze ORR at E1/2¼ 0.38 V,
with the final products being an approximate 50% mixture of
H2O2 and H2O.

It has been recognized that the high-temperature pyrolysis of
MeNx/C catalysts in an inert environment can result in heat
annealment and active site formation, leading to catalytic mate-
rials with both higher ORR activity and stability when compared
to their nonpyrolyzed counterparts. This occurrence was
reviewed recently.55,56 Figure 4.12 shows that different pyrolysis
temperatures in inert environments have varying effects on both
ORR activity and stability of the synthesized catalysts. Normally,
MeNx/C catalysts displaying the highest activity toward ORR can
be synthesized at pyrolysis temperatures between 500 and 800 �C
in inert environments (N2 or Ar). In this temperature range, it has
been proposed that a thermal annealment process occurs be-
tween the carbon, nitrogen, and metal groups, creating some
catalytically active sites responsible for the ORR activity observed
through electrochemical measurements. This observed ORR ac-
tivity is commonly attributed to the presence of coordinated
metalenitrogen chelate complexes or their remaining fragments
well dispersed and annealed on the surface of the carbon support
material. As previously discussed, the exact nature of the cata-
lytically active sites formed during pyrolysis is a subject of
extensive debate. At temperatures approaching and exceeding
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800 �C, the metalenitrogen chelate bonds are known to decom-
pose and a reduction in ORR activity was commonly observed.
Various reports have attributed this decrease in ORR activity to
either (1) formation and growth of relatively inert metallic or
metal oxide/carbide particles at these excessive temperatures, or
(2) a decrease in the surface nitrogen content of the pyrolyzed
MeNx/C catalysts.

Figure 4.12 (A) ORR polarization curves obtained at an electrode rotation of 400 rpm in 0.5 M H2SO4 for a pyrolyzed
CoTPTZ/C catalyst and (B) pyrolysis temperature effect on the ORR potential obtained at a current density of
0.5 mA cm�2. (For color version of this figure, the reader is referred to the online version of this book.) Reprinted from
Ref. 57, with permission from Elsevier.
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4.6. Fundamental Understanding of ORR
Mechanisms

To help understand the ORR mechanism, some theoretical
approaches are necessary. The molecular orbital diagram of
oxygen molecule is shown in Figure 4.13.58 According to Hund’s
rule, in the ground state, O2 possesses two unpaired electrons
located in a doubly degenerate p* antibonding orbital. This cor-
responds to a triplet state. The bonding orbitals of oxygen
molecule can be ascribed to the 3sg orbital with two electrons,
the doubly degenerate 1pu and 1pg*orbitals, where the 1pu

orbital has double occupancy while the 1pg* orbital has single
occupancy. The resulting bond order is two. When O2 undergoes
reduction, the electrons added occupy antibonding orbitals,
decreasing the bond order of OeO. This increases the OeO bond
distance and at the same time the vibrational frequency de-
creases. The excess of bonding over nonbonding electrons in the
diagram of Figure 4.13 is four. This explains the high stability of
the O2molecule and its relatively low reactivity, in spite of its high
oxidizing power.59 The plausible 1:1 and 2:1 metal-dioxygen
complex structures are given in Figure 4.14. Geometries 1 and 2
have been shown to give similar bonding patterns: each exhibits
one s and one p interaction. The Griffith’s model60 (1) involves a
side-on interaction of O2 with the metal. The bonding can be
viewed as arising from two contributions: s type of bond formed
by the overlap between amainlyp orbital of oxygen and dz

2 (and s)

Figure 4.13 Molecular orbital diagram of oxygen molecule. Reproduced from Ref. 58.
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orbital on the metal and a p backbond interaction between the
metal dp orbitals and the partially occupied p* antibonding
orbital on O2; The Pauling model61 (2) involves an end-on inter-
action of O2 with themetal, a s-bond is formed by the donation of
electron density from the s-rich orbital of dioxygen to an
acceptor orbital dz

2 on the metal, whereas the p interaction is
produced between the metal d-orbitals (dxz, dyz) and p* orbital of
dioxygen, with charge transfer from the metal to the O2 molecule.
It indicates that the preference of geometries 1 and 2 is deter-
mined by the relative donating abilities of the filled p and s
orbitals of dioxygen molecule, respectively.

In 2:1 complexes of metal-dioxygen, the bonding arises from
the interaction between the d-orbitals on the metal with p* and p
orbitals combination on O2.

62 It means that the singlet or triplet
nature of dioxygen orbitals determines the bridge- or trans mode
of interaction of dioxygen with metal. The bridge interaction was
proposed by Yeager63 and it is likely to occur on noble metals
such as Pt, face-to-face porphyrins64 where O2 is reduced to water
with little or no peroxide formed. A trans configuration is likely to
occur on metal porphyrins, metal phthalocyanines, and dimeric
metal complexes.65,66 Griffith type of interaction could also lead
to the rupture of the OeO bond. Some organometallic com-
plexes67 are known to form adducts with O2 with a side-on
interaction. However, these compounds do not exhibit any cat-
alytic activity for O2 reduction, probably because the interaction
leads to a stable adduct. Depending on the mode of adsorption of
oxygen molecule on metal surface, different mechanistic steps
will occur.22,68e70 The ORR pathways in both acidic and alkaline
medium are given in Table 4.3.

Based on all these points above, various authors proposed
different schemes for the ORR pathway.71e73 Among the schemes
proposed, a modified scheme proposed by Wroblowa et al.73

seems to be the interesting one to describe the complicated re-
action pathway for the reduction of O2 at the metal surface (refer
to Figure 4.15). In this scheme, at high potentials, k1> k2, the
portion of direct reduction of oxygen to water will be more than
the two-electron reduction to peroxide; at intermediate poten-
tials, the decrease in k1/k2 ratio will indicate an increase in the

Figure 4.14 Possible configurations of dioxygen
interaction with a metal in a complex.
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portion of two-electron reduction to peroxide; and at lower
potentials k1/k2 becomes lower than 1. However, if k3 increases, a
further reduction of peroxide to water will happen before it
escapes into solution.

On most of the electrocatalysts, oxygen reduction takes place
by the formation of high-energy intermediate, peroxide, which is
then further reduced to H2O. This is probably a consequence of
the high stability of the OeO bond, which has a dissociation
energy of 494 kJ mol�1. In contrast, the dissociation energy of the
OeO bond in H2O2 is only 146 kJ mol�1.74 In order to
obtain maximum efficiency and to avoid corrosion of carbon
supports and othermaterials by peroxide, it is desired to achieve a

Figure 4.15 Schematic presentation of
ORR pathway suggested by Wroblowa
et al.39

Table 4.3. Mechanistic ORR Pathways in Acidic and
Basic Media

Model of
Interaction

ORR Pathway in
Acid Medium

ORR Pathway in
Alkali Medium

Bridge (or) trans O2 þ 2e� þ 2Hþ/2OHads

2OHads þ 2Hþ þ 2e�/2H2O

Overall direct reaction:
O2 þ 4Hþ þ 4e�/2H2O;
E o
O2=H2O ¼ 1:23 V vs NHE

O2 þ 2e� þ 2H2O/2OHads þ 2OH�

2OHads þ 2e�/2OH�

Overall direct reaction:
O2 þ 2H2Oþ 4e�/4OH�

E o
O2=OH� ¼ 0:401 V vs NHE

End-on O2 þ e� þHþ/HO2;ads

HO2;ads þ e� þHþ/H2O

Overall direct reaction:
O2 þ 2Hþ þ 2e�/H2O2;
E o
O2=H2O ¼ 0:682 V vs NHE
With H2O2 þ 2Hþ þ 2e�/2H2O;
E o
H2O2=H2O ¼ 1:77 V vs NHE

O2 þH2Oþ e�/HO2;ads þ OH�

HO2;ads þ e�/HO�2
Overall direct reaction:
O2 þH2Oþ 2e�/HO�2 þOH�;
E o
O2=HO�2

¼ 0:076 V vs NHE
With HO�2 þH2Oþ 2e�/3OH�;
E o
HO�2 =OH

� ¼ 0:88 V vs NHE
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four-electron reduction. The two-electron reduction is of prac-
tical interest for the production of hydrogen peroxide. Therefore,
exploring suitable electrocatalysts that can promote the direct
four-electron reduction of oxygen molecule is an important task
in both fuel cells and metaleair batteries.

Regarding the theoretical study of ORR on graphene elec-
trode, some modeling and calculation have been carried
out.35,44,46 For example, Yu et al.46 considered the possible re-
action pathways on graphene as illustrated in Figure 4.16. The
free energy profiles are shown in Figure 4.17(A). The first step is
the adsorption of O2 on Site three followed by two paths; O2(ads)

can accept a proton from H2O to form OOH(ads) or directly
dissociate to yield two O(ads), i.e., the associative or dissociative
mechanisms, respectively. The dissociation barrier of O2(ads) in
the presence of water is 1.56 eV, which is remarkably higher than
that of the associative reduction step to form OOH(ads) with an
effective barrier of 0.51 eV, as can be seen from Figure 4.17(A). A
similar result is obtained on S2 (Figure 4.17(B)). It is clear that at
the working temperature of alkaline fuel cell (～350 K), the
barrier of 1.56 eV is too high for O2(ads) dissociation to occur with
a reasonable rate on the N-graphene surface. Therefore, the
more energetically favored associative mechanism should be
dominating in the reduction of O2. The barrier of the O2(ads)

hydrogenation to form OOH(ads) is 0.42 eV from approach (2)
and 0.43 eV from approach (3), which is slightly higher than that
reported previously on Pt(111) (～0.3 eV) in the presence of
water,75 but still moderate for low-temperature reactions.
Following hydrogenation, OOH(ads) may desorb from the surface
to give OOH�, or alternatively the OeO bond of OOH(ads) may
break to yield O(ads) and OH�. Calculation shows that the
OOH(ads) desorption is energetically unfavorable with an energy
loss of 0.22 eV (endothermic), as illustrated in Figure 4.17(A). In
contrast, the OeO bond scission is strongly exothermic with
overall barriers of 0.56 and 0.46 eV. This is in agreement with
experimental results that only traces of peroxide are produced.35

Figure 4.16 Reaction scheme of ORR on N-graphene in alkaline solution, where
presents an associative mechanism and a dissociative mechanism.46
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In the subsequent step, the barrier of hydrogenation of O(ads)

was calculated to be almost the same (～0.55 eV) from all the
approaches. In the last step, the removal of OH(ads) needs to
overcome a barrier of 0.42 eV, giving rise to the overall barrier of
0.78 eV to remove O(ads). Using the kinetic analysis model pro-
posed by Kozuch and Shaik,76,77 the step of the removal of O(ads)

Figure 4.17 (A) Free energy diagram
for O2 reduction on S1 and S2 under
the condition of 0.04 V and pH¼ 14.
The black line indicates the
intermediates and reaction barriers of
associative mechanism. The blue line
indicates the dissociative barrier of O2

and the intermediate. The red line
indicates the formation of OOH�.
(B) Intermediate structures of asso-
ciative mechanism on S1 and S2. From
the left to right: O2(ads), OOH(ads), O(ads),
and OH(ads). The gray, blue, red, and
white spheres represent C, N, O, and
H atoms, respectively.46 (For
interpretation of the references to
color in this figure legend, the reader
is referred to the online version of this
book.)

164 Chapter 4 ELECTROCHEMICAL OXYGEN REDUCTION REACTION



is the rate-determining step. This is similar to previous theo-
retical results on Pt(111), where the rate of OH removal deter-
mined the overall ORR activity.78,79

Regarding the ORR on transition metal macrocyclic com-
pounds, theoretical approaches have predicted that not only the
metal center can affect the ORR catalytic activity but also the
substituents on the macrocyclic rings can also play a role. For
example, Co-phthalocyanine complexes with electron donating
substituents should show improved ORR catalytic activity
because the substituents can increase the binding energy be-
tween O2 and the metal center(s).80 Calculation indicated that the
catalytic activity of the transition metal macrocyclic complexes is
due to the partial electron transition between the filled dxz, dyz,
and empty dz

2 orbitals of the transition metals, and the anti-
bonding p orbitals of O2. Based on molecular orbital theory, Alt
et al.81 explained that in the interaction between O2 and a tran-
sition metal, electron transition occurs first from oxygen into the
empty dz

2 orbital, forming a p-bond, lowering the antibonding p
orbitals and raising the energy of the dxz and dyz orbitals of the
transitionmetals, thus allowing the electron transition from these
filled orbitals to the antibonding p-orbital, and resulting in
enhanced interaction. The order of catalytic ORR activity for both
the tetramethoxyphenylporphyrin and the dihydrodibenzote-
traazaannulene systems is Co> Fe>NizCu. This order can be
well explained in terms of molecular orbital theory.48,81

4.7. Importance of ORR in Fuel Cells
Fuel cells have received much attention as possible econom-

ically viable power sources for many applications. Fuel cells are
electrochemical devices that convert chemical energy into elec-
trical energy directly without going through the routes of thermal
and mechanical energy and thus can be more efficient than other
energy conversion devices. As for the hydrogen/oxygen polymer
electrolyte membrane (PEM) fuel cell, hydrogen gas is oxidized at
the anode, electrons are carried through an electrical circuit
where useful work can be done, and proton (in acidic fuel cells) is
transported through the membrane to the cathode, or hydroxide
ion (in alkaline fuel cells) is transported through themembrane to
the anode. At the cathode, oxygen is reduced to complete the
overall fuel cell reaction. Therefore, in fuel cells, ORR is the re-
action occurring at the cathode. Normally, the ORR kinetics is
much slower than that of anode fuel oxidation. In order to speed
up the ORR kinetics to reach a practical usable level in a fuel cell,
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high-performing cathode ORR catalyst is needed. At the current
stage of technology, platinum (Pt)-based materials are the most
practical catalysts. Because these Pt-based catalysts are too
expensive for making commercially viable fuel cells, extensive
research over the past several decades has focused on developing
alternative catalysts, including nonnoble metal catalysts.47 These
electrocatalysts include noble metals and alloys, carbon mate-
rials, quinone and derivatives, transition metal macrocyclic
compounds, transition metal chalcogenides, and transition metal
carbides.

4.8. Chapter Summary
In the exploring catalysts for fuel cell cathode ORR, besides new

catalyst synthesis, catalyst characterization using electrochemical
measurements such as RDE and RRDE techniques seems neces-
sary in order to validate the catalytic ORR activity of the synthe-
sized catalysts, and the down-selection of new catalyst designs.

In this chapter, the fundamentals of ORR including thermo-
dynamics 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
that have both experimental and theoretical approaches. It is our
belief that these fundamentals of ORR are also necessary in order
to perform the meaningful characterization of catalytic ORR
activity using both RDE and RRDE techniques. It is also our
intention to give useful knowledge and information to the reader
for their continuing journey to the rest of this book.
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5.1. Introduction
For a research on the electrode reaction mechanism and

kinetics, particularly those of oxygen reduction reaction
(ORR) (O2þ 4Hþ þ 4e�/ 2H2O in acidic solution, or
O2þ 2H2Oþ 4e�/ 4OH� in alkaline solution), it is necessary to
design some tools that could control and determine the reactant
transportation near the electrode surface and its effect on the
electron-transfer kinetics. A popular method, called the rotating
disk electrode (RDE) technique has been widely used for this pur-
pose, particularly for the ORR.

As discussed in Chapter 2, for electrolyte solution containing
an excess of supporting electrolyte, the ionic migration term
can be neglected, suggesting that there are only two major
processes left for material transport: diffusion and convection.
If there is no solution convection, the thickness of diffusion
layer near the electrode surface will become thicker and thicker
with prolonging the reaction time, resulting in nonsteady-state
current density. However, if there is a vigorous solution con-
vection such as stirring and electrode rotating, the thickness of
diffusion layer will be fixed, leading to a steady-state current
density. Therefore, the convention controls the thickness of the
diffusion layer and the diffusion controls the transport rate of
the reactant through the diffusion layer. Using RDE apparatus
to precisely control the electrode rotating rate, the quantita-
tively control of diffusion layer thickness can be realized,
resulting in feasible quantitative analysis of the electrode re-
action kinetics. In this chapter, we will give a detailed
description about the RDE theory and its associated measure-
ment procedure.

5.2. Rotating Disk Electrode Theory1,2

The central part of the RDE theory and technique is the
convection of electrolyte solution. Due to the solution con-
vection, the reactant in the solution will move together with
the convection at the same transport rate. Let’s first consider
the situation where the flow of electrolyte solution from the
bottom of the electrode edge upward with a direction
parallel to the electrode surface to see how the diffusione
convection layer can be formed and what is its mathematic
expression.
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5.2.1. DiffusioneConvection Layer Near the
Electrode Surface

Here we still use the electrochemical reaction as used in
Chapter 2:

Oþ ne�4R (5-I)

where n is the electron transfer number of the reaction. Note that
in Chapter 2, we use na rather than n as the electron number. If
Reaction (5-I) is a simple (or elementary) reaction, na equals n,
and if Reaction (5-I) is a complicated reaction, na may not be
equal to n, which may be larger than n in normal. In the elec-
trolyte solution, the concentration of oxidant (O) is CO(x,t), and
the reductant’s concentration is CR(x,t), respectively. For
simplification, let’s consider the situation of oxidant reduction
process. Figure 5.1(A) shows the schematic of the flow of elec-
trolyte solution from the bottom of the electrode edge upward
with a direction parallel to the electrode surface. The flow rate is
marked as yy in the figure. The flow rate distribution is not uni-
form along the x direction, that is, the flow rates closer to the
electrode surface are smaller than those farther from the elec-
trode surface. The flow rate distribution at y direction can be
schematically expressed in Figure 5.1(B). It can be seen that at the
distance of dO, the flow rate reaches a constant (yy). This distance
of dO can be called the thickness of diffusioneconvection layer.
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Figure 5.1 (A) Schematic of the electrolyte solution flow along the electrode surface; (B) the flow rate distribution near
the electrode surface along the direction parallel to the electrode surface.
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Note that this dO (cm) is different from that of diffusion layer
thickness because within the diffusion layer, there is no solution
convection, but within this diffusioneconvection layer, both
diffusion and convection coexist. Based on convection kinetic
theory, this diffusioneconvection layer thickness can be
approximately expressed as Eqn (5.1):

dOzD
1=3
O n1=6y1=2y

�1=2
y (5.1)

where the thickness of diffusioneconvection layer dO has a unit of
cm, DO is the diffusion coefficient of oxidant (cm2 s�1), n is the
kinetic viscosity (cm2 s�1), y is the distance at the vertical direc-
tion in Figure 5.1(A) (cm), and yy is the solution flow rate (cm s�1).
It can be seen that the thickness of diffusioneconvection layer is
the function of both y and yy. The larger they, the thicker the
diffusioneconvection layer would be, which can be seen from
Figure 5.1(A); and the faster the solution flows, the thinner the
diffusioneconvection layer would be.

We assume that the concentration distribution within the
diffusioneconvection layer can be treated in the similar way to
that described in Chapter 2, and then the concentration distri-
bution of the oxidant near the electrode surface can be sche-
matically expressed in Figure 5.2. Thus, the diffusioneconvection
current density (iDC,O) can be expressed in a similar form to those
Eqns (2.57) and (2.58):

iDC;O ¼ nFDO
Co
O � Cs

O

dO
(5.2)

CoO

X

CsO
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Co(x,t)

δδοο
Figure 5.2 Schematic of the concentration distribution of oxidant near the elec-
trode surface.
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When Cs
O reaches to zero, the value of iDC,O will become the

maximum (ID,O), which is called the diffusion-limiting current
density:

IDC;O ¼ nFDO
Co
O

dO
(5.3)

Substituting Eqn (5.1) into Equations (5.2) and (5.3), we can get
Eqns (5.4) and (5.5), respectively:

iDC;O ¼ nFD
2=3
O n�1=6y�1=2y

1=2
y

�
Co
O � Cs

O

�
(5.4)

IDC;O ¼ nFD
2=3
O n�1=6y�1=2y

1=2
y Co

O (5.5)

Here both current densities have a unit of A cm�2 if the con-
centration of oxidant has a unit of mol cm�3. It can be seen that
both Equations (5.4) and (5.5) contain y, suggesting that current
density distribution at a different location over the electrode
surface is not uniform, which is not a desired situation in studying
the reaction kinetics and mechanism. This also suggests that only
stirring a solution or flushing the solution over the electrode
surface is not the favorite way for making steady-state current
density. Furthermore, the current density is also strongly
dependent on the solution flowdthe faster the flow, the larger the
current density would be. Fortunately, the RDE can make a uni-
form thickness of the diffusioneconvection layer over the elec-
trode surface, producing a uniform distribution of the current
density.

5.2.2. Current Densities of Rotating Disk Electrode
Figure 5.3 shows a schematic structure of the RDE. The disk

electrode’s planner surface is made to contact with the electrolyte
solution. An electronic isolator made from isolating material such
as Teflon is used to cover the remaining part of the disk with only
the planner surface exposed. An electrical brush is used to make
the electrical connection between the electrode shaft and the wire
during the electrode rotating. When the electrode is rotating, the
solution will run from the bulk to the surface, and then be flushed
out along the direction parallel to the disk surface, as shown in
Figure 5.3(B). Using these three coordinates r, x, and f; shown in
Figure 5.3 through a complicated mathematic operation, the
solution flow rates near the electrode surface at x and r directions
can be expressed as2,3:

yx ¼ �0:51u3=2n�1=2x2 (5.6)

Chapter 5 ROTATING DISK ELECTRODE METHOD 175



yr ¼ 0:51u3=2n�1=2rx (5.7)

where yz and yz are the solution flow rates at x and r directions
with a unit of cm s�1, respectively, u is the electrode rotation rate
(s�1), n is the kinetic viscosity of the electrolyte solution (cm2 s�1),
x is the distance from the electrode surface (cm), and r is the
distance from the disk center at the direction parallel to the
electrosurface (cm).

In order to get the currentepotential relationship on the RDE,
particularly the expression of limiting current density as the func-
tion of the electrode rotating rate and the reactant concentration,
Fick’s second law has to be used to give the equations of reactant
concentration change with time at the steady-state situation of
diffusioneconvection. When the surface concentration of oxidant
reaches zero during the reaction at the steady-state situation, the
concentrationdistributionwithin the diffusioneconvection layer is
not changingwith time anymore,meaning that the diffusion rate is

Figure 5.3 (A) Schematic of the rotating
disk electrode (RDE); (B) solution flow
pattern near the disk electrode
surface (x is the coordinate direction
perpendicular to the disk electrode
surface, r is the coordinate direction
parallel to the disk surface, and f is the
coordinate direction of the electrode
rotation, respectively).
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equal to the convection rate. In this situation, at three directions
shown in Figure 5.3(B) (r, x, and f), the oxidant concentration

change

��
vCO

vt

�
diffusion

�
with time induced by the diffusion can be

expression as Eqn (5.8); (here the oxidant concentration is simply
expressed as CO, which should be the function of r, x, and f):�

vCO

vt

�
diffusion

¼ DO

�
v2CO

vx2
þ v2CO

vr2
þ 1

r

�
vCO

vr

�
þ 1

r2

�
v2CO

vf2

�	
(5.8)

and the oxidant concentration change
�
vCO

vt

�
with time induced by

the convection
��

vCO

vt

�
convection

�
can be expression as Eqn (5.9):

�
vCO

vt

�
convection

¼ �
�
yr

�
vCO

vr

�
þ yf

r

�
vCO

vf

�
þ yx

�
vCO

vx

�	
(5.9)

At a steady-state situation,
�
vCO

vt

�
diffusion

�
�
vCO

vt

�
convection

¼ 0;
then:

DO

�
v2CO

vx2
þ v2CO

vr2
þ 1

r

�
vCO

vr

�
þ 1

r2

�
v2CO

vf2

�	

¼ yr

�
vCO

vr

�
þ yf

r

�
vCO

vf

�
þ yx

�
vCO

vx

�
(5.10)

Actually, due to the originations of the three coordination
directions located at the disk center, the geometric symmetry
indicates that the oxidant concentration is not a function of f; and

therefore,
�
vCO

vf

�
¼
�
v2CO

vf2

�
¼ 0: In addition, according to Eqn (5.6),

the oxidant concentration is also not a function of r, that is, v
2CO

vr2 ¼
vCO

vr ¼ 0: As a result, Eqn (5.10) can be simplified as Eqn (5.11):

DO
v2CO

vx2
¼ yx

�
vCO

vx

�
(5.11)

Substituting Eqn (5.6) into Eqn (5.11), we can obtain:

v2CO

vx2
¼ � 0:51x2

DOu
�3=2n1=2

�
vCO

vx

�
(5.12)

Note that at x¼N, the oxidant concentration is equal to the bulk
concentration ðCO ¼ Co

OÞ; and when the surface concentration
of oxidant drops to zero ðCs

O ¼ 0 at x ¼ 0Þ; the limiting oxidant
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supply is reached. Resolving Eqn (5.12), the oxidant flow rate at
the electrode surface (x¼ 0) can be obtained:�

vCO

vx

�
x¼0

¼ 1:1193Co
O

 
3DOu

�3=2n1=2

0:51

!�1=3

(5.13)

Combining Eqn (5.13), the limiting current density can be
expressed as:

IDC;O ¼ nFDO

�
vCO

vx

�
x¼0

¼ 0:62nFD
2=3
O n�1=6u1=2Co

O (5.14a)

This is the famous Levich equation. The units of the parameters
are: IDC,O, A cm�2; n, non; F, 96,487 As mol�1; DO, cm2 s�1;
n, cm2 s�1;u, s�1; andCo

O; mol cm�3, respectively. In literature, the
unit of electrode rotating rate (u) is normally taken as revolutions
per minute (rpm). If using rpm as the unit of electrode rotating
rate, Eqn (5.14a) can be alternatively expressed as Eqn (5.15):

IDC;O ¼ 0:201nFD
2=3
O n�1=6u1=2Co

O (5.14b)

Comparing Eqn (5.14a) with (5.3), it can define the thickness of
diffusioneconvection layer for a rotating electrode:

dO ¼ 1:611D
1=3
O n1=6u�1=2 (5.15)

It can be seen that this thickness of the diffusioneconvection
layer is not a function of the location on the electrode surface,
which is different from that of Eqn (5.1), and therefore, the cur-
rent density over the entire RDE surface is uniformly distributed.

The distribution of oxidant near RDE surface is schematically
shown in Figure 5.4.

Regarding the situation where the oxidant surface concen-
tration does not reach to zero, that is, Cs

Os0; the current density
on RDE can be expressed as:

iDC;O ¼ 0:62nFD
2=3
O n�1=6u1=2

�
Co
O � Cs

O

�
(5.16)

Combining Eqn (5.14a) with (5.16), the current density can also
be expressed as:

iDC;O ¼ IDC;O

�
Co
O � Cs

O

Co
O

�
(5.17)

In a similar way, the current density for reductant can also be
expressed as:

iDC;R ¼ Il;R

�
Co
R � Cs

R

Co
R

�
(5.18)
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where IDC,R is the diffusioneconvection limiting current density
of reductant, which can be expressed as:

IDC;R ¼ �0:62nFD
2=3
R n�1=6u1=2Co

R (5.19)

When the electrochemical reaction is a reversible reaction that
proceeds according to Reaction (5-I) from left to right, and at the
beginning of the reaction, there is no reductant in the solution
ðCo

R ¼ 0Þ; the Nernst electrode potential can be expressed as
Eqn (5.20):

E ¼ Eo þ RT

nF
ln

�
DR

DO

�2=3

þ RT

nF
ln

�
iDC;O

IDC;O � iDC;O

�
(5.20)

When iDC;O ¼ 1
2 IDC;O; the electrode potential defined by Eqn

(5.20) will become the half-wave potential: E1=2 ¼ Eoþ
RT
nF ln

�
DR

DO

�2=3
; and then Eqn (5.20) can be rewritten as:

E ¼ E1=2 þ
RT

nF
ln

�
iDC;O

IDC;O � iDC;O

�
(5.21)

This half-wave potential is very useful in evaluating the elec-
trochemical reaction based on the measured currente
potential curves by RDE technique. Note that Eqn (5.21) 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 electro-
chemical reactions.

Co
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Figure 5.4 Schematic of the concentration distribution of oxidant near the RDE
surface.
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5.2.3. KouteckyeLevich Equation
Normally, if the electron transfer kinetics of oxidant reduc-

tion in Reaction (5-I) is very fast so that the diffusione
convection process could not catch up the speed of this
electron-transfer process, the oxidant’s surface concentration is
quickly exhausted to zero, and the obtained Levich plot of IDC,O

vs u1/2 according to Eqn (5.14a) will be a straight line. From the
slope ð¼ 0:62nFD

2=3
O n�1=6Co

OÞ of the straight line, the parameter
either as n, DO, n, or C

o
O can be estimated if the other three are

known.
However, if the electron transfer kinetics of oxidant reduction

in Reaction (5-I) is much slower than that of diffusione
convection process, the oxidant’s surface concentration cannot
be exhausted to zero unless a very larger overpotential is
controlled. In this case, the obtained Levich plot of IDC,O vs u1/2

according to Eqn (5.14a) is not a straight line anymore, and it will
gradually fall off with increasing u1/2, as shown in Figure 5.5(B).
In this case, for a planner smooth disk electrode, we can use the
equation similar to Eqn (2.69) to take care of the effect of a slow
electron-transfer kinetics:

1

iDC;O
¼ 1

ik;O
þ 1

IDC;O
(5.22a)

In order to use the convenient expression of current density at the
disk, fromnow,weexpress thediskcurrentdensities (iDC,Oand IDC,O)
as id,O and Id,O, respectively. The Eqn (5.22a) becomes Eqn (5.22a):

1

id;O
¼ 1

ik;O
þ 1

Id;O
(5.22b)

where in Eqn (5.22b), ik;O ¼ io exp
�
� ð1�aÞnFðE�EeqÞ

RT

�
;

Id;O ¼ nFDO
Co
O

dO
¼ 0:62nFD

2=3
O n�1=6u1=2Co

O: Substituting these two

expressions into Eqn (5.22a), we can obtain:

1

id;O
¼ 1

io exp
�
� ð1�aÞnFðE�EeqÞ

RT

�þ 1

0:62nFD
2=3
O n�1=6u1=2Co

O

¼ 1

io
exp

�ð1� aÞnFðE � EeqÞ
RT

�
þ u�1=2

0:62nFD
2=3
O n�1=6Co

O

(5.23)

This Eqn (5.23) is called the KouteckyeLevich equation. The plot
of 1

id;O
vs u�1=2 based on the experiment data allows the estimation

of iK,O from the interception and 1

0:62nFD
2=3

O
n�1=6Co

O

from the slope.

If the plots can be obtained at different electrode potentials, the
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values of electrode potential can be plotted against ln(ik,O) based
on the equation below:

E ¼ Eeq þ RT

ð1� aÞnF lnðioÞ � RT

ð1� aÞnF ln
�
ik;O
�

(5.24)

From the slope of the E vs ln(ik,O), the electron-transfer number
(n) and coefficient (a) can be obtained, and from the intercept the
exchange current density (io) can be estimated if Eeq is known.

Therefore, using RDE measurements, the kinetic parameters
of electron-transfer kinetics such as the electron-transfer number
(n) and coefficient (a) and the exchange current density (io) can
be estimated. At the same time, the reactant transport parameters
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Figure 5.5 (A) Currentepotential curves at different electrode rotating rates, recorded on a Pt disk electrode
(0.196 cm2) using a potential scan rate of 5 mV s�1 in O2-saturated 0.5 M H2SO4 aqueous solution; (B) the Levich plot;
(C) the KouteckyeLevich plots at different electrode potentials; and (D) plot of E vs ln(ik,O). The measurement was
carried out at 30 �C and 1.0 oxygen pressure.5
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such as the overall electron transfer number (n), reactant diffu-
sion coefficient, and the kinetic viscosity can also be estimated.
Note that n in Eqn (5.24) could be the electron transfer number in
the rate determining step, which is different from the n obtained
from Eqn (5.14a) if Reaction (5-I) is not an element reaction. If
Reaction (5-I) is an element reaction, both electron numbers
should have the same value.

For planner matrix electrode layer, the following equation will
be used:

1

id;O
¼ 1

ik;O
þ 1

Id;O
þ 1

Im;O
(5.25)

where ik;O ¼ io exp
�� ð1�aÞnaFðE�EeqÞ

RT

�
; Id;O ¼ 0:62nFD

2=3
O n�1=6

u1=2Co
O; and Im;O ¼ naFCmDm

dm
: Substituting these three expressions

into Eqn (5.25), we can obtain:

1

id;O
¼ 1

io
exp

�ð1� aÞnaFðE � EeqÞ
RT

�
þ u�1=2

0:62naFD
2=3
O n�1=6Co

O

þ dm

naFCmDm

(5.26)

As an example, Figure 5.5 shows the currentepotential curves at
different electrode rotating rates (A), the corresponding Levich
plot (B) and the KouteckyeLevich plots at different electrode
potentials (C). Note that all the curves are located in the left side
below the potential-axis rather than above the potential-axis. This
is a traditional expression for the oxidant reduction, particularly
for the ORR.

From Figure 5.5(A), it can be seen that at a very narrow
potential range such as 0.85e0.93 V vs RHE as marked in the
figure, the current densities are not dependent on the elec-
trode rotating rate, indicating that, in this potential range, the
current density is almost purely controlled by the electron-
transfer kinetics. In this situation, the electron-transfer rate
at the electrode surface is much smaller than that of the
diffusioneconvection limiting rate (ik;O � Id;O in Eqn (5.22),
then i¼ ik,O), and therefore, the current density is almost
equal to ik,O. The current densities in this narrow potential
range can be used to evaluate the exchange current density
and the electron-transfer coefficient based on Eqn (5.24).
When the potential is more negative than w0.63 V, the
plateau current densities (diffusioneconvection limiting cur-
rent densities) appear, indicating that the reaction is
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controlled by the diffusioneconvection process. At such a
situation of id;O � Id;O in Eqn (5.22), then id,O¼ Id,O. This
limiting current density is increased with increasing the
rotating rate of the electrode, as indicated by Eqn (5.14a).

From Figure 5.5(B), it can be seen that the Levich plot is
not a straight line, which falls off with increasing the elec-
trode rotating rate. This is because at high rotating rate
the diffusioneconvection rate becomes higher (or the
diffusioneconvection layer becomes thinner), leading to a
difficulty for the electron-transfer rate at the electrode surface
in catching up the diffusioneconvection rate. As a result, the
surface concentration of the oxidant will not be exhausted to
zero, and then no limiting current density can be reached.

From Figure 5.5(C), for KouteckyeLevich plots at different
electrode potentials, all lines are almost parallel to each other,
suggesting that they all have the similar values of

0:62nFD
2=3
O n�1=6Co

O; from which if DO, n, and Co
O are known, the

electron-transfernumber,n, canbeobtained.Theobtainedaverage
value of 0:62nFD

2=3
O n�1=6Co

O fromFigure 5.5(C) is 1.3� 10�4 A s�3/2.
If we take the values of DO, n, and Co

O as 1.9� 10�5 cm2 s�1,
0.01 cm2 s�1, and 1.2� 10�6 mol cm�3 at 30 �C, the calculated
overall electron-transfer number is around 3.8, indicating that the
ORR on Pt electrode is not a direct 4-electron transfer process from
O2 toH2O. Someportion of the electron-transfer process is through
a 2-electron transfer pathway fromO2 toH2O2. InChapter 6,wewill
discuss how to measure the produced portion of H2O2 using
rotating ring-disk electrode technique.

Furthermore, the KouteckyeLevich intercepts at different
electrode potentials can be used to obtain the exchange current
density and the electron transfer coefficient according to
Eqn (5.24). Note that when u�1/2/ 0, or u/N, the diffusione
convection rate reaches an unlimited one , or the thickness of
diffusioneconvection layer is reduced to zero. In such a situation,
the only limitation for the reaction is the electron-transfer process
at the electrode surface. Figure 5.5(D) shows theplot ofE vs ln(ik,O),
from which the obtained io¼ 1.2� 10�5 A cm�2, and (1� a)
n¼ 0.38 for oxygen reduction at the conditions marked in
Figure 5.5. Note that in this (1� a)n, n is different from that of the
overall ORR reaction, and it is the electron transfer number in the
rate-determining step. ForORR, thisnhasbeen recognized tohave
a value of 2.0,4 therefore, a¼ 0.81.

In Chapter 7, we will give more examples to illustrate
how these kinetic parameters can be estimated based on the
RDE data.
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5.3. Experimental Measurements of Rotating
Disk Electrode

For electrochemical measurements using RDE technique,
several steps are necessary, including fabricating the RDE in-
strument, electrochemical cell, electrode/electrolyte preparation,
data collection and analysis. The following subsections will give
some detailed description.

5.3.1. Rotating Disk Electrode Apparatus
As discussed above, the RDE is a convective electrode system

for which the diffusioneconvection equation can be derived and
used for measuring the steady-state electrochemical reaction.
The RDE includes a conductive disk embedded into an inert
insulating material, as shown in Figure 5.3(A) The planner disk,
like any working electrode, is generally made by glassy carbon
(GC), graphite carbon, or noble metal such as Pt or Au. In prin-
ciple, any conductive material can be used as the electrode for
special needs. To fabricate a qualified RDE, some special atten-
tion has to be paid to ensure an exact insulating mantle and disk
in order to prevent the disk edge from electrolyte leakage. The
shaft is attached to a motor directly by a chuck or by a flexible
rotating shaft or pulley arrangement and is rotated at a rotation
rate (rpm). Actually, several kinds of RDE have been commer-
cially available. Figure 5.6 shows three commercially available
RDEs with glassy carbon, gold, and platinum disks, respectively.

Platinum RDEGold RDEGlassy carbon RDE

Figure 5.6 Three different rotating disk electrodes (Pine) with glassy carbon,
gold, and platinum disks (from left to right), respectively. (http://www.pineinst.
com/echem/viewproduct.asp?ID¼45655).

184 Chapter 5 ROTATING DISK ELECTRODE METHOD

http://www.pineinst.com/echem/viewproduct.asp?ID&equals;45655
http://www.pineinst.com/echem/viewproduct.asp?ID&equals;45655
http://www.pineinst.com/echem/viewproduct.asp?ID&equals;45655


Currently, these three kinds of electrodes shown in Figure 5.6
are the most commonly used RDEs in the electrochemical mea-
surements. For evaluating the activity of the ORR catalysts, the
glass carbon or gold electrode is normally employed as the cur-
rent collector on which the catalyst layer is coated. This is
because both of these electrode materials are electrochemically
ORR-inert over the range of electrode potentials. However, for
stability evaluation of the ORR catalysts, it is better to use the gold
disk electrode because GC could be oxidized at a high potential
with a long period of test.

The motor (or rotator) with a rotation rate control box is also
commercially available, such as from Pine company as shown in
Figure 5.7. Thismotor can precisely control the electrode’s rotating
rate normally from 100 to 4900 rpm. During the electrode rotating,
the electrolyte solution will be sent to the electrode surface, and
then thrown out from electrode surface, as shown in Figure 5.3(B).

5.3.2. Electrochemical Cells for RDE
Measurements

For evaluating catalyst performance in an ORR using RDE
technique, the normally employed electrochemical cell is the
conventional three-electrode cell, as shown in Figure 5.8. For RDE
electrochemical cell, in which the working electrode is rotating at
a high rotation rate, in order to avoid the turbulent flow inside the
electrolyte solution, the electrolyte container should be a
cylinder-type with the RDE located in the middle. In addition, for
the same purpose, the volume of electrolyte solution should also

Figure 5.7 Pine electrode rotator and its associated rotation-rate control box. (http://www.pineinst.com/echem/
imagebrowser.asp?productID¼47123&imageID¼839).
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be large enough. To reduce the solution iR drop between the
working electrode surface and the tip of the reference electrode,
the tip should be placed as close to the electrode surface as
possible, but without blocking the solution flow when the elec-
trode is rotating.

In the cell shown in Figure 5.8, there are three electrodes: (1)
the catalyst-coated disk-working electrode made of either GC or
other stable metal materials such as Au, (2) the counterelectrode
(e.g., Pt foil or net. For non-noble metal catalysts, the normally
used counterelectrode is made of carbon or Ti material to avoid
possible Pt contamination), and (3) the reference electrode such
as a normal hydrogen electrode (NHE), reversible hydrogen
electrode (RHE), or saturated calomel electrode (SCE). Note that
the NHE uses a large surface Pt-black as the metal electrode and
1.0 M Hþ aqueous solution (such as 0.5 M H2SO4) as the elec-
trolyte. Its electrode potential is defined as zero at 1.0 atm
hydrogen gas, and any temperature.

The gas inlet and gas outlet shown in Figure 5.8 are used for
gas (pure oxygen, nitrogen, or argon) purging. For measuring
catalyst surface-cyclic voltammograms, pure N2 or Ar gas will be
used to de-aerate the electrolyte solution for 30e60 min. For an

Heating/cooling liquid inlet

Heating/cooling liquid outlet

Gas inlet

Gas outlet

Counter electrode port

Working electrode port

Thermometer port

Reference electrode port

Electrolyte container

Figure 5.8 Schematic of the three-electrode cell for RDE measurement from Pine Instrument. (http://www.pineinst.
com/echem/viewproduct.asp?ID¼45706).
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ORR measurement, either pure oxygen or air is used to purge the
electrolyte solution to make oxygen dissolved in the solution. In
addition, there is a thermometer port to monitor the temperature
of the electrolyte solution. Both the heating/cooling liquid inlet
and outlet are used for controlling the cell’s temperature at the
desired level.

5.3.3. Working Electrode Preparation
5.3.3.1 Smooth Surface RDE

For preparing smooth surface RDE, the GC (or Pt, or Au) disk is
polished with the 1, 0.3, and 0.05 mm g-Al2O3 in succession until
the mirror surface is formed. Then this electrode surface is
washed using pure acetone and DI water under the ultra-
sonication for at least three times, and put into the electro-
chemical cell for measurements.

5.3.3.2 Smooth Surface RDE Adsorbed by Monolayer of Catalyst
The catalysts used for adsorption on the electrode surface are

normally the organic molecules or metal-macrocyclic complexes
with conjugated benzenoid structures, which can irreversibly
adsorb on the electrode surface. In order to facilitate the irre-
versible adsorption, the commonly used electrode material is
graphite carbon such as highly ordered pyrolytic graphite. Due to
the similarity of the highly conjugated benzenoid surface struc-
ture of graphite electrode to those organic molecules and metal-
macrocyclic complexes, the attachments between the catalyst
and the electrode surface are very strong.

In this RDE preparation, the electrode material is highly or-
dered pyrolytic graphite with either basal or edge plane exposed
to the electrolyte. Before adsorbing the catalyst onto the electrode
surface, the graphite disk is polished with the 1 mm, 0.3 mm, and
then 0.05 mm g-Al2O3 to form a mirror surface. This mirror elec-
trode surface is washed using pure acetone and DI water under
the ultrasonication for at least three times, and put into the so-
lution containing dissolved catalyst for a period from several
seconds to several minutes to achieve the electrode surface
adsorbed by the catalyst. Finally, the electrode is taken out of the
soaking solution, washed using DI water, and then put into the
electrochemical cell for measurements.

5.3.3.3 Catalyst Layer-Coated RDE
For catalyst layer-coated RDE, there are two major steps: one

is to prepare the catalyst ink, and the other is to coat the catalyst
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layer onto the RDE surface. For catalyst ink preparation, a small
amount of the catalyst powder such as the commercially available
catalyst such as 20 wt% platinum supported on Vulcan XC-72
(E-TEK) (20 wt%Pt/C) or the non-noble metal catalyst is mixed
ultrasonically with deionized water first and then added some
alcohol or isopropanol (w1.0 ml alcohol with 5 mg catalyst) to
form a well-mixed aqueous catalyst ink suspension. For coating
catalyst layer onto the electrode surface, a small amount of
catalyst ink is pipetted and coated onto a disk electrode surface
such as GC or gold electrode surface with a geometric area of
0.2e0.5 cm2. The coated electrode is then left in air to dry. Nor-
mally the total catalyst loading on the electrode can be adjusted
to be 0.02e0.2 mg cm�2. After the catalyst is dry, a small drop of
diluted ionomer solution such as Nafion� ionomer solution is
pipetted onto the catalyst-coated electrode surface to prevent the
catalyst from falling off from the surface. Both catalyst and ion-
omer loadings on the electrode surface can be calculated ac-
cording to the contents of the catalyst in the catalyst ink and the
ionomer in the ionomer solution, the amount of the volumes of
catalyst and ionomer solution pipetted, and the area of the
electrode surface. Note that before the catalyst layer coating,
the electrode surface must be polished and cleaned according to
the procedure described above. As an example, the catalyst layer
coating procedure on a GC can be summarized as in Figure 5.9.

Figure 5.9 Schematic procedure for a catalyst layer coating onto the glassy
carbon disk electrode surface.6
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5.3.4. Measurement for Electrochemical Activity of
the Catalysts

The electrochemical activity of the catalyst is normally
measured in the electrolyte solution saturated with inert gas such
as pure N2 or Ar and the electrode is at static state (not rotated).
The purpose is to obtain information about the redox activity of
the catalyst itself or some information about the catalyst surface
behavior, from which the catalyst electrochemical active surface
area (for Pt-based catalysts) or the concentration of catalyst active
center (for non-noble metal catalysts) an be obtained. To give
some basic sense about these measurements, we will give two
examples as follows.

5.3.4.1 Pt Catalyst-Coated Electrode Surface to Obtain the
Electrochemical Pt-Surface Area (EPSA)

Here, we use the Pt Catalyst (Pt/C)-coated GC or gold elec-
trode and the acidic electrolyte to illustrate how to obtain the
EPSA. The electrode coated with Pt/C catalyst is immersed into
the three-electrode cell containing the deaerated (high-purity N2

or Ar bubbling for 30 min) 0.5 M H2SO4 electrolyte, a platinum
net as the counter electrode, and a reversible hydrogen Electrode
(RHE) as the reference electrode. Before taking the data, the
electrode is cycled for more than 20 times between 0.05 and
0.12 V using cyclic voltammetric method at a potential scan rate
of 100 mV s�1 for removing the possible surface contaminant.
The electrochemical measurements should be conducted in a
thermostated situation such as at 20e30 �C. After this cycling, the
cyclic voltammograms (CVs) can be recorded from which the
EPSA can bemeasured, as shown in Figure 5.10 (This figure serves
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Figure 5.10 Cyclic voltammogram of Pt/C-
coated glassy carbon or gold electrode in N2-
or Ar-saturated aqueous electrolyte solution.
Potential scan rate: 50 mV s�1, and electrolyte
solution temperature: 25 �C. The shadow in the
curve stands for H desorption.7
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as a schematic illustration without detailed number label and
experiment conditions marked). The EPSA is evaluated based on
the electric charge of the hydrogen desorption or the average of
hydrogen desorption/desorption, QH. It is commonly recognized
that the standard charge quantity ðQo

HÞ of monolayer hydrogen
desorption on a smooth polycrystalline platinum is 0.21 mC cm�2

at 25 �C.2,3 The EPSA of the catalyst layer is measured by
hydrogen adsorptionedesorption coulometry between 0.05 and
0.4 V vs RHE, as shown in Figure 5.10. The equation for calcu-
lating the EPSA can be expressed as:

EPSA ¼ QH

mPtQ
o
H

(5.27)

where EPSA has a unit of square meter per gram of catalyst
(m2 g�1), QH is the charge of adsorptionedesorption area (mC),
Qo

H is the charge related to monolayer hydrogen adsorption on Pt
with a value of 0.21 mC cm�2, and mPt is the mass of Pt in the
catalyst layer (g). The typical EPSA values for carbon-supported
Pt-based catalysts range from 50 to 100 m2 g�1 depending on
the type of the catalysts and the preparation of the catalyst layer.
The magnitude of EPSA is an indication of the Pt-active site
density that is available for reactant reaction such as oxygen
reduction or hydrogen oxidation. The larger the EPSA value, the
more active the catalyst layer should be. Note that this EPSA is
only meaningful for pure Pt catalysts. For other catalysts such as
Pt alloys, one needs to be careful when using the hydrogen
adsorption/desorption method to calculate the EPSA.

The other way to obtain the EPSA is to use the CO-stripping
charge quantity on a Pt surface. The data obtained by
CO-stripping experiment can be used to confirm the data ob-
tained by hydrogen adsorption/desorption method. For example,
Figure 5.11 shows the CO-stripping CVs recorded in CO-saturated
0.1 M HClO4 solution.8 In the measurement, the electrolyte so-
lution was first purged with nitrogen gas for at least 30 min before
preconditioning the working electrode. The Pt/C catalyst-coated
working electrode was preconditioned by cyclic voltammetry in a
potential range of 0.0e1.4 V vs RHE at a potential scan rate of
100 mV s�1 for 20 cycles. After preconditioning, CO was absorbed
by purging the solution with CO gas, while holding the working
electrode potential at 0.05 V vs RHE. After that, the purging gas
was switched to nitrogen for 30 min to remove CO traces from the
solution by keeping the potential at the same value. Then, the
potential was scanned in the range of 0.05e1.2 V at a rate of
20 mV s�1. Figure 5.11 shows a typical example of a CO-stripping
CVs. Based on the charge of the CO peak and subtracting the
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background charge arising from double layer charging and oxide
formation, the EPSA was then calculated using the procedure
reported by Vidakovic et al.9 The obtained EPSA was 77 m2 g�1,
which is consistent with the value obtained from the H2

adsorption/desorption peaks in the following scans (75 m2 g�1).

5.3.4.2 Non-Noble Metal Catalyst-Coated Electrode Surface to
Obtain the Active Center Density

For non-noble metal catalyst layer-coated electrode surface,
the charges under the surface redox waves can be used to
calculate the active center density. Figure 5.12 shows an example
of carbon supported Fe-N catalyst-coated GC electrode.11

In Figure 5.12, the CV was recorded with an electrode material
(heat-treated Fe-TPTZ supported on carbon, abbreviated as
Fe-NX/C) having a loading of 150 mg cm�2 in a N2-purged 0.5 M
H2SO4 solution. Both the background current and the redox
current from Fe-NX/C can be seen, from which the charge
quantity only from Fe-NX/C catalyst can be obtained. The anodic
and cathodic peaks at 0.67 V (vs RHE) from the Fe(II)-Nx/Fe(III)-Nx

center have almost the same charge quantities. If the charge
quantity can be expressed as QFe�NX

; the active center density can
be calculated according to the following equation:

CFe�NX
¼ QFe�NX

nmFe�NX
F

(5.28)

Figure 5.11 CO-stripping voltammograms on 47 wt% Pt/C catalyst-coated glassy
carbon electrode, recorded in N2-saturated 0.1 M HClO4. Potential scan rate:
20 mV s�1; Pt/C catalyst loading: 48 mg cm�2.10
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where CFe�NX
is the catalyst active center density with a unit of

mol g�1, QFe�NX
has a unit of C cm�2, n is the electron transfer

number of the corresponding redox process, mFe�NX
is the cata-

lyst loading (g cm�2), and F is the Faraday’s constant
(96,487 C mol�1).

5.3.5. Recording ORR Cyclic Voltammograms
For catalyst activity toward the ORR, the first step is normally

to put the catalyzed electrode into the O2- or air-saturated elec-
trolyte solution to record the cyclic votammograms. For example,
Figure 5.13 shows the cyclic voltammograms recorded on a GC
disk electrode (0.28 cm2) coated with Co-N-S/C catalyst layer in
N2-saturated and O2-saturated 0.1 M KOH solutions, respec-
tively.12 It can be seen that in the presence of O2, a large reduction
wave appears with an onset potential close to that of surface
Wave I/I0 in the presence of O2, suggesting that the surface redox
process expressed by Wave I/I0 is probably responsible for the
ORR catalytic activity. However, there is no significant ORR
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Figure 5.12 Cyclic voltammograms of Fe-N/C with 5 wt% coated on a glassy carbon electrode surface, recorded in a
N2-purged 0.5 M H2SO4 solution. Fe-N/C loading: 150 mg cm�2; potential scan rate: 50 mV s�1.11
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current near both Waves II/II
0
and III/III

0
, suggesting that these

two waves may not be ORR active.

5.3.6. Recording ORR CurrentePotential Curves
Using RDE Technique

To study the ORR kinetics catalyzed by the catalyst or catalyst
layer-coated electrode, the RDE currentepotential curves are
normally recorded at different electrode rotating rates when the
electrolyte solution is saturated with O2 or air. In order to obtain
the steady-state curves, the controlled potential scan rate is
normally slow such as less than 10 mV s�1. In order to maintain
the O2 concentration inside the electrolyte solution, O2 or air
bubbling is maintained over the electrolyte solution during the
data collection. The currentepotential curves such as those
shown in Figure 5.5(A) can be obtained and used to obtain the
information about the ORR kinetics, as we discussed previously.
In Figure 5.5, the catalyst is the Pt-based catalyst. Here, we pre-
sent another example for non-noble metal catalyst to show how
can the KouteckyeLevick theory be used in evaluate the ORR
parameters catalyzed by non-noble metal catalyst.

5.3.7. Analysis of ORR CurrentePotential Data
As discussed in Figure 5.5, KouteckyeLevich theory can be

used to analyze the currentepotential curves, and the equations
used for this analysis are Equations (5.23) and (5.24). To obtain
the ORR exchange current density (io), the electron-transfer
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Figure 5.13 Cyclic voltammograms recorded on
a glassy carbon (GC) disk electrode (0.28 cm2)
coated with Co-N-S/C catalyst in N2-saturated
and O2-saturated 0.1 M KOH solutions, respec-
tively. The catalyst was obtained by heat treating
Co(II)-Pyridine/C precursor at 800 �C. Potential
scan rate: 25 mV s�1, and catalyst loading:
7.06� 10�5 g cm�2.12
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coefficient (a), and the overall electron transfer number (n), the
plots of the reciprocal of RDE current density (1/id,O) vs the
reciprocal of square root of rotation rate (u�1/2) can be drawn at
different electrode potentials (as shown in Figure 5.14(B) and
Figure 5.15 at four typical electrode potentials such as �0.10,
�0.15, �0.20, and �0.30 V vs SHE). Both the slopes and the

(A)

(B)

ω
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–1.0

–1.5

–2.0

–2.5
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–3.5

–4.0

–4.5

Experimental data
Theoretical curve n = 4
Theoretical curve n = 2

–1/2 –1/2–1

–1
–1

–2
–2

Figure 5.14 (A) Currentepotential
curves for ORR on a Fe-N/C-coated
glassy carbon electrode. Recorded
in 0.5 M H2SO4 solution at various
electrode rotating rates as marked.
Potential scan rate: 5 mV s�1. Fe-N/C
catalyst loading: 0.10 mg cm�2; and (B)
KouteckyeLevich plots for the ORR on a
Fe-N/C coated glassy carbon electrode.
The current data were taken at 0.1 V (vs RHE)
from (A).13
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intercepts of these straight lines can be used to calculate the io, a,
and n.

In Chapter 7, we will present other typical ORR examples
measured by both RDE and RRDE techniques and their associ-
ated data analysis.

5.3.8. Cautions When Using RDE Technique2
When using RDE technique for electrochemical measure-

ments, several cautions should be paid attention, including the iR
drop between the RDE surface and the reference electrode tip,
and the limitations of electrode rotating rate.

5.3.8.1 iR Drop between the RDE Surface and the Reference
Electrode Tip

When the current (i) passes though the RDE surface, there
will be a current distribution between the working electrode
surface and the counter electrode surface, as schematically
shown in Figure 5.16. Due to the electrolyte resistance (R),
there will be an iR drop between the RDE surface and the
reference electrode tip, which will cause an inconsistency
between the controlled electrode potential (Econtrol vs Refer-
ence electrode) and the actual electrode potential (E vs refer-
ence electrode):

E ¼ Econtrol � iR (5.29)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 0.02 0.04 0.06 0.08
–1/2 / rpm–1/2

(i d
)–1

   (
m

A
 c

m–2
)–1

– 0.10  V

– 0.15  V
– 0.20  V
– 0.30  V

ω

Figure 5.15 KouteckyeLevich plots at different electrode potentials. The currente
potential curves recorded on the Co-N-S/C catalyst-coated GC disk electrode
(0.28 cm2) at different electrode rotation rates in O2-saturated 3.0 M KOH solution.
Potential scan rate: 25 mV s�1, and catalyst loading: 7.06� 10�5 g cm�2.12
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where “�” is used to take care of the current direction. This iR can
definitely cause a measurement error. Therefore, in the experi-
ments, this iR drop should be reduced or illuminated as much as
possible. However, if the electrolyte solution resistance or the
current density, or the distance between the RDE surface and the
reference tip, or the current density is very small, the value of iR
may be too small to affect the measurement accuracy. It is really
dependent on the allowed error tolerance of the measurement. It
is worthwhile to note that for a RDE measurement, if the refer-
ence tip is too close toward the electrode surface, it may change
the pattern of the electrolyte convection when the electrode is
rotated, leading to even larger error. It is better to compensate
this iR drop according to the solution resistance and the current
passed for a more accurate measurement. Some commercially
available potentiostats have such an iR drop compensating
function.

5.3.8.2 Limits of the Electrode Rotation Rate
As we discussed above, the RDE theory is based on the con-

vection kinetics of the electrolyte solution. If the electrode
rotating rate is too small, meaning that the solution flow rate is
too slow, it will be difficult to establish the meaningful dif-
fusioneconvection layer near the electrode surface. In order to
makemeaningful measurement, there is a rough formula that can
be used to obtain the limit of electrode rotating rate (ulow):

ulow >
10n

r2
(5.30)

Figure 5.16 Schematic of the three-electrode system for RDE measurement,
demonstrating the effect of the iR drop on the controlled electrode potential.
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where n is the kinetic viscosity of the solution (cm2 s�1), and r is
the radius of RDE (cm). For example, if n is 0.01 cm2 s�1, and r is
0.25 cm, the ulow> 1.6 s or >9.7 rpm.

Regarding the high end limit of the rotation rate, the major
consideration is the turbulent flow of the electrolyte solution,
which could make the RDE theory discussed above invalid. As
we know, the RDE theory is based on the diffusioneconvection
kinetics of the pure solution laminar flow rather than turbulent
flow. If the rate of electrode rotation is too high, the turbulent
flow would happen, leading to error in data analysis using RDE
theory. There is a parameter called Reynolds number (Re), which
determines when the turbulent can happen. If this Re is larger
than 2� 105, the turbulent will happen. The upper limit of the
electrode rotating rate is also dependent on the kinetic viscosity
of the solution (n) and the radii of the RDE (r). According to this
Reynolds number, the upper limit of the rotating rate (uhigh) can
be expressed as14:

uhigh < 2� 105
n

r2
(5.31)

For example, if kinetic viscosity of the electrolyte solution is
0.01 cm2 s�1, and the RDE radius is 0.25 cm, the
uhigh< 3.2� 104 s�1, or uhigh< 3.06� 105 rpm. Therefore, the
theoretically predicted range of electrode rotating rate is:
9.7 rpm<u< 3.06� 105 rpm. However, in practical RDE mea-
surements, for safe, the normally employed RDE rotation rate
range is about 100 rpm<u< 10,000 rpm.

In addition, at a very low rate of electrode rotation, the time to
establish the steady-state must be very long, requiring a very low
potential scan rate.

5.4. Chapter Summary
RDE is a commonlyused technique for investigating theORR in

terms of both the electron transfer process on electrode surface
and diffusioneconvection kinetics near the electrode. To make
appropriate usage in the ORR study, fundamental understanding
of both the electron transfer process on electrode surface and
diffusioneconvection kinetics near the electrode is necessary. In
this chapter, two kinds of RDE are presented, one is the smooth
electrode surface, and the other is the catalyst layer-coated elec-
trode. Based on the electrochemical reaction (Oþ ne�4 R), the
RDE theory, particularly those of the diffusioneconvection ki-
netics, and its coupling with the electron-transfer process are
presented. The famous KouteckyeLevich equation and its
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associated data analysis are deeply discussed. Using this
KouteckyeLevich equation and based on the experiment data, the
kinetic parameters such as exchange current density, electro-
transfer coefficient and the overall electron transfer number can
be obtained. For measurements using RDE technique, the appa-
ratus of RDE and its associated devices such as rotator and elec-
trochemical cell are described to give the readers the basic sense
about this technique. Themeasurement procedure including RDE
preparation, catalyst layer fabrication, currentepotential curve
recording, the data analysis, as well as the cautions in RDE mea-
surements have also been discussed in this chapter.

We wish that the RDE knowledge and information can be
useful to the reader for their continuing journey to the rest part of
this book.
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6.1. Introduction
In Chapter 5, we presented rotating disk electrode (RDE)

technique in terms of both fundamentals and applications in
catalyst evaluation for oxygen reduction reaction (ORR) kinetics.
In order to further understand the ORR mechanism, another
commonly used technique called rotating ring-disk electrode
(RRDE) method has been demonstrated to be a powerful tool,
particularly in detecting the intermediate such as peroxide pro-
duced during the ORR.

In an RRDE, there are two electrodes: one is the disk electrode
located in center, and the other is the ring electrode surrounding
the disk electrode. During themeasurement, both the ring and disk
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electrodes rotate at the same rate. Both hydrodynamic RDE and
RRDE have advantages of larger mass transport rates at the elec-
trode surface than the rates at stationary electrodes, which thus
facilitates the study of charge-transfer kinetics even in the pres-
ence ofmass transport limitation. Furthermore, the hydrodynamic
equations and the diffusion-convective equation of an RDE or
RRDE system can be rigorously solved for the steady state.
Therefore, such hydrodynamic electrode systems provide a uni-
form, reproducible, controllable, and calculable mass transport of
electrochemically active species toward/from an electrode surface.
In addition, the steady-state can be attained rather quickly for such
systems, and thusmeasurements can bemadewith high precision.

The difference between an RRDE and an RDE is the addition of
the second working electrode in the form of a ring around the
central disk-working electrode. As the disk and the ring electrodes
are electrically isolated, both the disk and ring electrodes of an
RRDE function as the separate two hydrodynamic electrodes.
RRDE experiments are useful in studying multielectron pro-
cesses, the kinetics of a slow electron transfer, adsorption/
desorption steps, and electrochemical reaction mechanisms,
particularly for ORR.

In this chapter, both the fundamentals and applications of
RRDE in studying electrochemical reaction kinetics such as the
ORR mechanism will be presented in a detailed level.

6.2. Theory of Rotating Ring-Disk Electrode
Technique1

A RRDE consists of a central disk electrode, and a thin insu-
lating barrier and a ring electrode, both of which are sequentially
surrounding the disk electrode in the shape of concentric circle,
as shown in Figure 6.1. On the RRDE, the radius of the disk, r1,
and the inner radius, r2, and the outer radius, r3, of the ring are the
key parameters of an RRDE.

Just like an RDE described in Chapter 5, the whole RRDE
system is set into rotation during the experiment. As a result, the
spinning RRDE drags the electrolyte solution to its surface and,
because of a centrifugal force, flings the solution outwards from
the center in a radial direction. The electrolyte solution at the
RRDE surface is replenished by a flow normal to the surface. In
this way, the solution is flowing in a laminar manner across the
electrode surface. The convection velocity of the solution is
increasing with increasing the electrode rotation rate, and as a
result, the diffusion layer, which is built up near the disk/ring
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electrode surface due to the electrochemical reaction, becomes
thinner with increasing the diffusioneconvection rate. It means
that the diffusioneconvection rate of reactant can be regulated by
controlling the electrode rotation rate.

Due to the defined hydrodynamic conditions, the diffusione
convection process near the disk/ring electrode surface can be
calculated based on the experiment conditions and the measured
data, providing the information of the electrode kinetics as a func-
tion of the applied potential, whichhas beendescribed inChapter 5.

As the disk electrode is independent of the ring electrode, here
we give the discussion about the electrochemical reaction
occurring on the disk and the ring electrodes, respectively.

6.2.1. Electrochemical Reaction on the Disk
Electrode

Let’s recall the discussion in Chapter 5 for the RDE theory.
Considering an electrode reaction:

Oþ ne�4R (6-I)

where O represents the oxidant, R represents the reductant, and n
is the electron-transfer number. If the laminar flow condition is

Disk electrode 

Insulating ring 

Ring electrode 

1r
2r

3r

Disk electrode 

Insulating ring Ring electrode 

Figure 6.1 Schematic of a rotating ring-disk electrode. (For color version of this
figure, the reader is referred to the online version of this book.)
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fulfilled, the diffusioneconvection limiting current density at the
disk electrode of RRDE induced by the forward reaction in
Reaction (6-I) can be described by the Levich equation (for
detailed description, please see Chapter 5):

Id;O ¼ 0:62nFD
2=3
O n�1=6u1=2Co

O (6.1)

where Id,O is the diffusioneconvection limiting current density
of oxidant reduction (A cm�2); F is the Faraday’s constant
(96,487 A s mol�1); DO is the diffusion coefficient of oxidant
(cm2 s�1); n is the solution kinetic viscosity (cm2 s�1); u is the
electrode angular rotation rate (rad s�1); and Co

O is the bulk
concentration of the oxidant (mol cm�3), respectively. Note this u
has a unit of revolutions per minute (rpm), and Eqn (6.1) will
become Eqn (6.2)

�
rad s�1 ¼ 2p

60 rpm
�
:

Id;O ¼ 0:201nFD
2=3
O n�1=6u1=2Co

O (6.2)

For nonlimiting diffusion conditions, the disk electrode cur-
rent density would be:

id;O ¼ 0:201nFD
2=3
O n�1=6u1=2

�
Co
O � Cs

O

�
(6.3)

where, Cs
O is the disk surface concentration of the oxidant

(mol cm�3). For planner smooth disk electrode, the kouteckye
Levich equation can be expressed as:

1

id;O
¼ 1

ik;O
þ 1

Id;O
(6.4)

where ik;O ¼ io exp
�
� ð1�aÞnFðE�EeqÞ

RT

�
, Id;O ¼ 0:201nFD

2=3
O n�1=6

u1=2Co
O. Substituting these two expressions into Eqn (6.4), we can

obtain:

1

id;O
¼ 1

io
exp

�ð1� aÞnFðE � EeqÞ
RT

�
þ u�1=2

0:201nFD
2=3
O n�1=6Co

O

(6.5)

where ik,O is the electron-transfer kinetic current density
(A cm�2), io is the exchange current density of Reaction (6-I)
(A cm�2), a is the electron-transfer coefficient in the rate deter-
mining step, E is the electrode potential (V), Eeq is the equilibrium
electrode potential of Reaction (6-I), R is the universal gas con-
stant (8.314 J mol�1 K�1), and T is the absolute temperature (K).

The plot of 1
id;O

vs u�1=2 based on the experiment data allows the

estimation of ik,O from the interception and 1

0:201nFD
2=3

O
n�1=6Co

O

from

the slope. If the plots can be obtained at different electrode
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potentials, the values of electrode potential can be plotted against
ln(ik,O) based on the equation below:

E ¼ Eeq þ RT

ð1� aÞnF lnðioÞ � RT

ð1� aÞnF ln
�
ik;O
�

(6.6)

From the slope of the E vs ln(ik,O), the electron-transfer
number (n) and coefficient (a) can be obtained, and from the
intercept the exchange current density (io) can be estimated if
Eeq is known.

Therefore, using RDE measurements, the kinetic parameters
of electron-transfer kinetics such as the electron-transfer number
(n) and coefficient (a) and the exchange current density (io) can
be estimated. At the same time, the reactant transport parameters
such as the overall electron-transfer number (n for the complex
reaction), reactant diffusion coefficient, the kinetic viscosity can
also be estimated.

For a planner matrix electrode layer, the following equation
could be used:

1

id;O
¼ 1

ik;O
þ 1

Id;O
þ 1

Im;O
(6.7)

where Im;O ¼ nFCmDm

dm
(see Chapter 2), which is the diffusion

limiting current density of oxidant within the equivalent ionomer
layer in the electrode layer. Substituting the Im,O, ik,O, and Id,O
expressions into Eqn (6.7), we can obtain:

1

id;O
¼ 1

io
exp

�ð1� aÞnFðE � EeqÞ
RT

�
þ u�1=2

0:201nFD
2=3
O n�1=6Co

O

þ dm

nFCmDm
(6.8)

6.2.2. Electrochemical Reaction on the Ring
Electrode

As shown in Figure 6.1, the ring electrode can be treated in the
similar way to that of RDE. Then, we can set the three directions’
coordinates as r, x, and f, shown in Figure 5.3(B). Then, we have
the Eqn (6.9) at the steady-state reaction:

DO

�
v2CO

vx2
þ v2CO

vr2
þ 1

r

�
vCO

vr

�
þ 1

r2

�
v2CO

vf2

�	

¼ yr

�
vCO

vr

�
þ yf

r

�
vCO

vf

�
þ yx

�
vCO

vx

�
(6.9)
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As the originations of the three-coordination direction is
located at the disk center, the geometric symmetry indicates
that the oxidant concentration is not a function of f, and

therefore,
�
vCO

vf

�
¼
�
v2CO

vf2

�
¼ 0. In addition, the term of v2CO

vr2 þ 1
r

vCO

vr � v2CO

v2x
. As a result, Eqn (6.9) can be simplified as Eqn (6.10):

DO
v2CO

vx2
¼ yx

�
vCO

vx

�
þ yr

�
vCO

vr

�
(6.10)

There is one more term in this equation
�
yr

�
vCO

vr

��
when

compared to that for disk electrode in Chapter 5 (Eqn (5.11)). This
is because the distribution of oxidant concentration along the r

coordinate is not uniform. This yr

�
vCO

vr

�
term cannot be elimi-

nated from Eqn (6.9). Substituting Eqns (5.6) and (5.7) into Eqn
(6.10), we can obtain:

v2CO

vx2
¼ � 0:51x2

DOu
�3=2n1=2

�
vCO

vx

�
þ 0:51rx

DOu
�3=2n1=2

�
vCO

vr

�
(6.11)

Rearranging Eqn (6.11), we can obtain:�
vCO

vx

�
¼ r

x

�
vCO

vr

�
�DOu

�3=2n1=2

0:51x2
v2CO

vx2
(6.11a)

Note that at x¼N, the oxidant concentration is equal to the
bulk concentration ðCO ¼ Co

OÞ, and when the surface concen-

tration of oxidant drops to zero (Cs
O ¼ 0 at x ¼ 0 in the surface

range of r2� r� r3), the limiting oxidant supply is reached.

Resolving Eqn (6.11a), the oxidant flow rate
�
vCO

vx

�
x¼0

at the

electrode surface (x¼ 0) can be obtained, from which the ring-
limiting current can be derived as described in the following.

In order to obtain the limiting current at the ring electrode, we
can divide the ring thickness (r3� r2) as shown in Figure 6.1 into
numerous rings with a thickness of dr, then the small ring’s area
can be expressed as p(rþ dr)2�pr2z 2pr(dr). Then, the ring-
limiting current at the small ring (dIr,O) can be expressed as
Eqn (6.12):

dIr;O ¼ nFDOð2prðdrÞÞ
�
vCO

vx

�
x¼0

(6.12)

Then, the ring limiting current (note here is not current den-
sity) can be expressed by integrating all small currents:
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Ir;O ¼ Pr3
r2

�
dIR;O

� ¼ nFDO2p
Pr3
r2

�vCO

vx

�
x¼0

rdr

¼ nFDO2p

Zr3
r2

�
vCO

vx

�
x¼0

rdr

¼ nFDO2p

Zr3
r2

"
r

x

�
vCO

vr

�
�DOu

�3=2n1=2

0:51x2

�
v2CO

vx2

�
x¼0

#
rdr

(6.13)

Solving Eqn (6.13), the ring-limiting current can be obtained1:

Ir;O ¼ 0:62nFp
�
r33 � r32

�2=3
D

2=3
O n�1=6u1=2Co

O (6.14)

Then, in nonlimiting situation, the ring current can be ex-
pressed as:

ir;O ¼ 0:62nFp
�
r33 � r32

�2=3
D

2=3
O n�1=6u1=2

�
Co
O � Cs

O

�
(6.15)

where iR,O has a unit of A rather than A cm�2.

6.3. RRDE Collection Efficiency
The major advantage of RRDE is its usage in analyzing the

reaction mechanism in which ring is used as a detector for disk
reaction products or intermediates from which the insight of the
mechanism can be obtained. The typical example is its usage in
studying the ORR. The ORR happens on the disk electrode,
producing intermediate such as peroxide, which can be thrown
away from the disk electrode surface; one portion of the peroxide
will be thrown into the bulk solution, the second portion will
reach the ring electrode surface and be electrochemically
oxidized or reduced, and the third portion will be chemically
decomposed. The portion reacted on the ring electrode will give
the ring current from which the quantity of peroxide can be
detected. For the purpose of investigating the reaction mecha-
nism, the material of disk electrode may not be necessary the
samematerial of the ring, and also the disk and ring potential can
be controlled individually at different values according to the
targeted reactants.

In order to quantitatively measure the amount of the disk re-
action products or intermediates reaching the ring electrode, an
important parameter of the ring electrode, called the collection
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efficiency, has to be known. To give an expression about the
collection efficiency, let us consider the following reactions on an
RRDE:

Oþ ne�/R (6-II)

R/Oþ ne� (6-III)

As shown in Figure 6.2, when the disk electrode is
controlled at a potential (Ed) to make Reaction (6-II) happen
on the disk electrode to produce R, a fraction of R (xR) will be
thrown onto the ring electrode, where Reaction (6-III) can
happen at a limiting mass-transport rate if the ring is
controlled at a sufficiently positive potential (Er) that any R
reaching the ring electrode is oxidized immediately. From both
the disk and ring currents, the collection efficiency of the ring
can be defined. The quantity of R (xR) detected by the ring
electrode is strongly dependent on the electrode rotating rate.
However, due to the limited ring area, it is impossible to detect
all R coming from the disk reaction. In other words, it is
impossible for the ring to collect all R produced at disk elec-
trode. Normally, for the commercially available RRDE, the
collection efficiency is in the range of 20e40% depending on
the relative geometric sizes of the ring and disk electrodes. In
addition, the collection efficiency is also dependent on the
thickness of the isolator ring between the ring and disk elec-
trodes ((r2� r1) in Figure 6.2).

Therefore, the collection efficiency measures what the per-
centage of the R produced at the disk electrode can be detected

Ring electrodeDisk electrode

Rota�ng ring-disk electrode
O

+ne–

xR
–ne–

O

O

R

r3

r2

r1

yR

(1 – x – y)R

Figure 6.2 Schematic of reaction
(OD neL/ R/ OD neL) on the
rotating ring-disk electrode. xR is the
portion electrochemically reacted on the
ring electrode, yR is the portion thrown
into the bulk solution, and (1� x� y)R is
the portion chemically decomposed. (For
color version of this figure, the reader is
referred to the online version of this
book.)
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on the ring electrode, which can be obtained if both the disk
current (id) for O reduction and the ring limiting current (Ir,R) for
R oxidation are measured. By convention, when the reaction is a
steady-state process, and the ring electrode current for R
oxidation reaches limiting current (Ir,R), and R is stable in the
solution without chemical decomposition, the collection effi-
ciency (N) is defined as:

N ¼




Ir;Rid





 (6.16)

Because the RRDE itself is a universal tool for the study of any
electrochemical reaction rather than a specific tool only for a
specific reaction, its collection efficiency should be its intrinsic
property and independent of the reaction studied. Therefore, this
collection efficiency should be only the function of the geometric
sizes of the disk and ring electrodes such as r1, r2, and r3 in
Figure 6.2. To obtain the relationship between the collection ef-
ficiency (N) and the RRDE geometric size (r1, r2, and r3), that is,
(N¼ f(r1,r2,r3)), we still need to get the expressions of id and Ir,R in
Eqn (6.15).

To obtain the expression of the ring-limiting current induced
by the oxidation of R (Reaction (6-III)), concentration distribu-
tion of R (CR) near the ring surface must be known. According to
Eqn (6.11a), the similar equation for R can be written as:�

vCR

vx

�
¼ r

x

�
vCR

vr

�
�DRu

�3=2n1=2

0:51x2
v2CR

vx2
(6.17)

To solve this equation, we have to set up four boundary
conditions:
1. First, we assume that there is no R in the electrolyte solution at

the beginning of the reaction, and thus the bulk concentration
of R is equal to zero, that is:

CR ¼ 0 at x ¼ N (6.18)

2. Under steady-state conditions, the rate of charge-transfer
process at the disk electrode is equal to the rate of removal
of R from the disk surface (According to the definition of N,
there is no further reaction of R at the disk electrode and
chemical decomposition of R in the electrolyte solution).
Therefore, the mass balance on disk electrode surface (x¼ 0)
can be expressed as:

id
nF

¼ 0:62pr21D
2=3
R n�1=6u1=2Cs

R at 0 � r � r1 (6.19)
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where Cs
R is the disk surface concentration of R, and pr21 is the

surface area of the disk electrode.
3. On the surface of isolator ring of the RRDE, there is no current

flowing and thus the flux of R is zero, that is:

�
vCR

vx

�
x¼0

¼ 0 at r1 < r < r2 (6.20)

4. On the ring electrode surface, the concentration of R is equal
to zero under limiting ring current conditions, that is:

CR ¼ 0ðx ¼ 0Þ at r2 � r � r3 (6.21)

Using these four boundary conditions, and resolving
Eqn (6.17), we can obtain2:

�
vCR

vx

�
x¼0

¼ 0:4id
nF

r21r2
r3

�
1� 3

4

�
r1
r2

�3	1=3
h
1� �r2r �3i1=3h1� 3

4

�
r1
r

�3i (6.22)

The ring limiting current can be expressed as:

Ir;R ¼ 2pnF

Zr3
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�
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rdr
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(6.23)

Rearranging Eqn (6.23), we can get:

Ir;R
id

¼ 0:8p

Zr3
r2

0
B@r21r2

r3

�
1� 3

4

�
r1
r2

�3	1=3
h
1� �r2r �3i1=3h1� 3

4

�
r1
r

�3i
1
CArdr (6.24)

Equation (6.24) shows that the collection efficiency is only the
function of RRDE geometric size such as r1, r2, and r3. It is
nothing related to the reaction’s parameters such as the elec-
trode rotating rate (u), and solution viscosity (n), reactant and
product diffusion coefficients (DO and DR), as well as the
electron-transfer number (n).
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A result of Eqn (6.24) for collection efficiency has been sum-
marized by Bard and Faulkner1:

N ¼ 1� F

 
r32 � r31
r33 � r32

!
þ
 
r33 � r32

r31

!2=3"
1� F

 �
r2
r1

�3

� 1

!#

�
�
r3
r1

�2
(
1� F

" 
r32 � r31
r33 � r32

!�
r3
r1

�3
#)

(6.25)

If b1 ¼ r32�r31
r33�r32

, and b2 ¼
�
r32�r31
r33�r32

��
r3
r1

�3
, F
�
r32�r31
r33�r32

�
¼ Fðb1Þ and

F

��
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��
r3
r1

�3	 ¼ Fðb2Þ in Eqn (6.25) can be expressed as

Eqns (6.26) and (6.27), respectively:
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Equation (6.25) shows that when the area of ring electrode
increases ((r3� r2) increases), the collection efficiency will
increase; and when the area of isolator ring is increased ((r2� r1)
increases), the collection efficiency will decrease.

According to Eqn (6.25), the collection efficiency can be
calculated if r1, r2, and r3 are known. Table 6.1 lists the calculated
collection efficiencies of commercially available RRDEs from Pine
Instruments.

Besides the calculation using Eqn (6.25), this collection
efficiency can also be experimentally measured using a simple
reaction such as [Fe(III)(CN)6]

3� þ e�4[Fe(II)(CN)6]
4�. The

detailed calibration of the RRDE collection efficiency will be given
in the following section.

It is also worthwhile to note that the expression of the
collection efficiency is derived based on the reaction with a
simple mechanism as expressed by Reactions (6-II) and (6-III)
(Oþ ne�/ R/Oþ ne�). However, for a complicated reaction
such as ORR, this collection efficiency is also very useful,
from which the quantitative estimation of the intermediates
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can be made, providing an insight into the reaction mecha-
nism. This will be discussed in a late section of this chapter.

6.4. RRDE Instrumentation
In Chapter 5, the instrumentation of RDE technique

including electrode design and electrochemical cell construc-
tion have been presented, which are also applicable to RRDE
technique.

Regarding RRDE technique, a variety of RRDEs with dif-
ferent materials, configuration, and size can be constructed for
targeted researches. Due to the relative stability of platinum,
gold, and glassy carbon (GC), they are commonly used as the
disk or ring electrode materials. Figure 6.3 shows several
commercially available RRDEs from ALS. However, different
combinations between the disk and ring materials are not
limited to those three shown in Figure 6.3. For example, in
total, there are nine different combinations among three ma-
terials of Pt, Au, and GC for a ring-disk electrode arrangement.
For special researches, some in-house RRDEs can also be
constructed using different materials from those three and the
geometric sizes in Figure 6.3 by the researchers to fit the re-
quirements of their study.

Table 6.1. RRDE Geometric Parameters and Their
Corresponding Collection Efficiencies (Commercially

Available RRDEs from Pine Instruments)3

Metric Radii Metric Areas (cm2)

Collection
Efficiency
(%)

Disk Ring Ring

Disk Ring
Outer
Radius

Inner
Radius

Outer
Radius

E6 series 2.50 3.25 3.75 0.1963 0.1100 25.6%
E6HT series 2.75 3.25 4.25 0.2376 0.2356 38.3%
E7R8 series 2.29 2.47 2.69 0.1640 0.0364 21.8%
E7R9 series 2.81 3.13 3.96 0.2472 0.1859 37.0%
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It has been recognized that the RRDE is an important tool for
characterizing the fundamental properties of ORR electro-
catalysts. For example, in a proton exchange membrane fuel cell,
ORR at the cathode is often enhanced by an electrocatalyst. When
an ORR is catalyzed by an electrocatalyst, either a noble metal
catalyst or a non-noble metal catalyst, a by-product, or inter-
mediate such as peroxide may be produced. To detect how much
peroxide is produced, an RRDE collection experiment can be
used to probe the peroxide-generating tendencies of an electro-
catalyst. For evaluating the activity of ORR electrocatalysts, GC or
gold material is normally used as the disk electrode substrate on
which the catalyst layer is fabricated. This is because they do not
have a significant ORR catalytic activity and also have reasonable
affinity to the catalyst layer. For detecting the ORR intermediates,
Pt is commonly used as the ring material.

The insulating gap, made from solvent-resistant organic ma-
terials such as PTFE or PEEK, between the disk and ring electrodes
is desirable to be designed small to increase the collection effi-
ciency, which usually ranges from 0.1 to 0.5 mm. This is because
the narrow insulating gap could reduce the “transit time” neces-
sary for an intermediate species generated at the disk electrode to
successfully reach the ring electrode and to be detected, which is
especially important for “short-lives” (unstable) intermediate
products.

In order to maintain a uniform and controllable hydrody-
namic condition, the RRDE surface must be retained quite plain
and regular. Great cautions for electrode polishing are necessary.
The electrode polishing must be operated on a very flat surface,
such as a glass plate. During polishing, the electrode surface must
be kept as parallel to the surface of the glass plate as possible,
which is especially important for ensuring that the surrounding
plastic is not worn unevenly.

GC disk-Pt ring Pt disk-Pt ring Au disk-Pt ring

Rota�ng ring-disk electrodes

Figure 6.3 Commercially available rotating ring-disk electrode from ALS. Here GC
represents the glassy carbon.4 (For color version of this figure, the reader is
referred to the online version of this book.)
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The used RRDE electrode usually needs to be repolished after
each experiment to refresh the electrode surface. For this pur-
pose, the polish can be performed using more coarse than fine
alumina polishing powders. Many electrode surfaces only need a
single polishing step with about 50 nm alumina powder to
physically remove the contaminants. All polishing steps require
extensive rinsing of the electrode before moving onto the next
stage. Without extensive rinsing, the contaminated materials
from the previous polishing step will interfere the progression
toward a finely polished surface.

Electric connection between a rotating disk and ring parts of an
RRDE and external circuit is performed through carbon brushes
contacting a stainless steel rotation shaft. One end of the rotation
shaft is fixed to a DC servo motor to achieve rotation, while the
other end of the rotation shaft consists of a disk tip and a ring tip,
which are electrically insulated by an organic resin. An RRDE
electrodeheadcanbe fabricatedonor removed fromthis endof the
rotation shaft easily by twisting with fingers. The disk tip contacts
with the disk electrode, so the disk current goes through the shaft
center and flows to the top of the shaft. The ring tip contacts with
the ring electrode and the ring current flows to the middle of the
shaft. By using two pairs of the carbon brushes contacting to the
upper and middle parts of the shaft, the ring and disk currents can
flow to the external circuit respectively during electrode rotation.

In order to obtain the mass transport rate in good reproduc-
ibility, it is very important to keep the electrode rotating in a
stable speed during the measurement, which requires high
rotation accuracy of the motor and its associated controller.

As discussed in Chapter 5, all quantitative hydrodynamic
equations are derived based on the laminar flow kinetics of the
electrolyte solution, and therefore, the maintenance of laminar
flow conditions near the RRDE surface in the measurements is
necessary. In addition, the electrode rotation rate should be
modulated at a proper range. Commonly, a rotation rate higher
than 100 rpm is necessary to eliminate the impact of natural
convection. However, if the rate is too high, the turbulent flowmay
occur, causing significant measurement error. Furthermore, if the
rotation rate is too high, the noise may be caused, and the service
life of RRDE electrode, motor and carbon brushes may be short-
ened. Normally the high end of electrode rotation rate is controlled
at below 5000 rpm although theoretically it allows to be as high as
10,000 rpm without producing turbulent flow conditions.

In order to maintain a certain atmosphere in the electrolytic
cell, a gas purge equipment should be provided. For example,
inert gas such as nitrogen or argon gas can be bubbled in the
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solution for 10e30 min before the experiment to expel the dis-
solved oxygen in the solution. If the oxygen-reduction reaction is
the research target, oxygen gas should be purged in the solution
to obtain an oxygen-saturated solution.

Regarding the control of electrode potential, a bi-potentiostat is
normally used to control the disk and ring electrodes at indepen-
dent electrode potentials. This bi-potentiostat can give the sepa-
rate control and adjustment of the disk electrode potential, Ed, and
the ring electrode potential, Er, with a common reference electrode
and counter electrode. This means that the bi-potentiostat has
four electrode connectorsdthe first one is connected to the disk
electrode, the second to the ring electrode, the third to the refer-
ence electrode, and the fourth to the counter electrode. Figure 6.4
shows the electrical connection of the disk electrode, the ring
electrode, the reference electrode, and the counterelectrode with
the corresponding leads of the bi-potentiostat.

In Figure 6.4, the disk and ring electrode potentials can be
independently controlled to linearly sweep or be constant adopt-
ing linear sweep voltammetry or chronoamperometry. The most
frequently used is the method that the disk potential is scanned
linearly and the ring electrode is fixed at a constant potential.

6.5. RRDE Measurements
For RRDE measurement, the first step is to calibrate its

collection efficiency. As mentioned previously, the collection

Reference electrode

Ring electrode

Disk electrode

Counter electrode

Bi-potentiostat

Computer

O2 or N2 saturated electrolyte
solution

Figure 6.4 Connection of the
electrodes with the bi-potentio-
stat. (For color version of this
figure, the reader is referred to
the online version of this book.).
Modified from Ref. 5.
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efficiency is one of the most important parameters in measure-
ment and data analysis. Although the collection efficiency can be
calculated according to Eqn (6.25) based on the geometric sizes of
the radius of the disk electrode, the thicknesses of the ring elec-
trode, and the isolating ring, the actual electrode surface of an
RRDE may be somewhat uneven, and sometimes the real
collection efficiency is hardly to be coinciding with the theoretical
calculation value. To calibrate the collection efficiency, in gen-
eral, reversible and simple systems such as [Fe(CN)6]

4�/
[Fe(CN)6]

3�, hydroquinone/benzoquinone, ferrocene0/þ, Br�/
Br3

� and so on can be used for RRDE electrode collection effi-
ciency measurement.

As an example, let’s take the well-known reversible reaction of
ferricyanide/ferrocyanide on an RRDE with Pt as ring and Pt as
disk electrodes:�

FeðIIIÞðCNÞ6

3� þ e�4

�
FeðIIÞðCNÞ6


4�
Eo ¼ 0:361 V vs SHEð25 �C; 1:0 atmÞ (6-IV)

Due to the high reversibility of this Reaction (6-IV), when
the electrode potential is more negative than 0.361 V (vs
SHE), the forward 1-electron-transfer reaction will happen
from [Fe(III)(CN)6]

3� to [Fe(II)(CN)6]
4�, when the potential is

more positive than this value, the backward reaction from
[Fe(II)(CN)6]

4� to [Fe(III)(CN)6]
3� will happen.

At the beginning of the reaction, the electrolyte solution con-
tains only [Fe(III)(CN)6]

3�. Initially, both the ring and the disk
electrodes are held at a more positive potential than 0.361 V vs
SHE (Eo), for instance, 0.2 V more positive than Eo, at which no
reaction occurs. Then, the potential of the disk electrode is slowly
swept (w50 mV s�1) towardmore negative potentials till a limiting
disk current ðId;½FeðIIIÞðCNÞ�3�Þ can be observed, which corresponds

to the reduction of ferricyanide to ferrocyanide at the disk surface,
as shown in Figure 6.5. As ferricyanide is reduced at the disk
electrode, the ferrocyanide generated by this process is radially
swept outward away from the disk electrode and toward the ring
electrode. The ring electrode is held constant at 0.2 V more posi-
tive than Eo throughout the experiment. Then, some (but not all)
of the ferrocyanide generated at the Pt-disk travels close enough to
the ring electrode where it is oxidized back to ferricyanide. Thus, a
ring current ð�Ir;½FeðIIÞðCNÞ�4�Þ can be observed at the ring electrode

due to the oxidation of ferrocyanide to ferricyanide at the ring.
Generally, due to the limited ring electrode surface, only a fraction
of the [Fe(II)(CN)6]

4� can react on the ring electrode unless the

214 Chapter 6 ROTATING RING-DISK ELECTRODE METHOD



ring area is large enough. In other words, only a fraction of the
produced [Fe(II)(CN)6]

4� can be collected on the ring electrode.
Then the RRDE’s collection efficiency (N) can be experimentally
calculated using Eqn (6.28):

N ¼






Ir;½FeðIIÞðCNÞ�4�

�Id;½FeðIIIÞðCNÞ�3�






 (6.28)

Because this N is measured by an experiment, it is called the
empirical collection efficiency. From the limiting disk and ring
currents marked beside each curve in Figure 6.5, the calculated
empirical collectionefficiencies for theRRDEusedat threedifferent
rotating rates are all 25%, indicating that the RRDE used has a
collection efficiency of 25%. Note that this percentage of collection
efficiency is mole percentage rather than weight percentage.

6.6. RRDE Data Analysis for ORR
ORR is probably one of the most widely studied processes due

to its important applications. In literature, the ORR mechanisms
have been proposed and extensively studied using RRDE tech-
nique.7e9 Here, we take the RRDE measurements of ORR as ex-
amples to illustrate the RRDE data analysis methods.

Figure 6.5 Currentepotential curves
recorded on an RRDE electrode in
O2-free 1.0 M KNO3þ 0.01 M
[Fe(III)(CN)6]3� aqueous solution
with a disk potential scan rate of
50 mV s�1, where Eo is 0.361 vs
SHE.6 (For color version of this
figure, the reader is referred to the
online version of this book.)
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6.6.1. Proposed ORR Mechanisms and Their
Analysis Based on the RRDE Data

Generally to say, ORR has a rather complex mechanism,
usually containing a series of electrochemical and/or chemical
steps. The ORR mechanism is strongly dependent on many
specific operating conditions, such as electrocatalyst materials,
solution composition, pH, and applied potential range, etc. In
general, there are two distinct parallel reaction pathways that
may occur simultaneously when oxygen is reduced. The first
one is a direct 4-electron-transfer pathway from O2 to H2O
(acidic solution) or OH� (basic solution); and the other one is to
reduce oxygen to H2O2 (acidic solution) or HO2

� (basic solution)
with receipt of two electrons and then H2O2 or HO2

� may be
further reduced with receipt of another two electrons to pro-
duce H2O or OH�; or H2O2 or HO2

� is decomposed chemically.
In practical applications such as in fuel cells, the direct
4-electron-transfer pathway (from O2 to H2O or OH�) is desir-
able because the formation of H2O2 can reduce the number of
electrons transferred per oxygen molecule reacted. Further-
more, H2O2 is also believed to be responsible for the degrada-
tion of electrode performance over time, through its attack
upon the carbon support, the catalyst and the membrane.
Therefore, the determination of the detailed reaction mecha-
nism of oxygen reduction and the role of H2O2 in oxygen
reduction is of great importance in both the fundamental
understanding and applications.

To study the ORR mechanism, RRDE technique has been
recognized as one of the most useful techniques. If hydrogen
peroxide is formed during an ORR at the disk electrode with a
given potential, it will be carried by the forced convection to the
ring electrode. If the potential of the ring electrode is kept high
enough, all H2O2, which is transported to the ring surface, will be
oxidized immediately.

Assuming that the intermediate H2O2 is stable without
chemical decomposition such as disproportionation, the ORR at
and near RRDE surface can be schematically represented by
Figure 6.69,10:

For the convenience of mathematical treatment below, we
may express O2 as A and H2O2 or HO2

� as B. In Figure 6.6, the
diffusioneconvection constants for O2 can be expressed as BA ¼
0:201D

2=3
A n�1=6 and for H2O2 or HO2

� as BB ¼ 0:201D
2=3
B n�1=6,

respectively, and k1, k2, and k3 are the reaction rate constants
for their corresponding reactions, all of which are the function
of electrode potential. If all the reactions are at the steady states
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on the disk electrode, O2 mass balance can be expressed as
Eqn (6.29):

BAu
1=2
�
Co
A � Cs

A

� ¼ ðk1 þ k2ÞCs
A (6.29)

and for H2O2,

k2C
s
A ¼ BBu

1=2Cs
B þ k3C

s
B (6.30)

or

Cs
A

Cs
B

¼ BBu
1=2 þ k3
k2

(6.30a)

The total current of the disk electrode (Id) can be expressed as:

Id ¼ 4Fpr21k1C
s
A þ 2Fpr21k2C

s
A þ 2Fpr21k3C

s
B (6.31)

Note that Id inEqn (6.31) isnotnecessarily the limitingcurrent. If
at the beginning of the reaction there is no H2O2 in the solution,
which means the bulk concentration of H2O2 is zero, the diffusion
current for H2O2 removal from the disk electrode should be
expressed as:

Id;B ¼ 2Fpr21BBu
1=2Cs

B (6.32)

According to the definition of collection efficiency (N), the
current at the ring electrode (Ir) can be expressed as:

Ir ¼ Id;BN ¼ 2Fpr21BBu
1=2Cs

BN (6.33)

Combining Eqns (6.36), (6.31) and (6.33), the following equa-
tion can be obtained:

Id
Ir

¼ 1

N

�
1þ 2k1

k2

�
þ 2k3
BBN

�
1þ k1

k2

�
u�1=2 (6.34)

Based on this Eqn (6.34), we can discuss three situations as
follows:
1. If k3 is much small, the produced H2O2 or HO2

� cannot be
further reduced to H2O or OH� on the disk electrode. Based

Figure 6.6 Schematic of the processes of
oxygen reduction reaction on RRDE
(Mechanism 1).10
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on Eqn (6.34), the slope will be equal to zero, leading to a
rotating rate independent plot of Id

Ir
vs u�1=2. As an example,

Figure 6.7(A) shows the experiment data recorded at different
potentials in O2-saturated 0.5 M H2SO4 solution. The potential
dependent horizontal lines can be observed, indicating that
k3/ 0 according to Eqn (6.34). However, the intercept of the
line is dependent on the electrode potential, from which the
potential dependences of k1

k2
can be obtained.

2. If the plot of Id
Ir
vs u�1=2 can give a straight line showing both

slope of 2k3
BH2O2

N

�
1þ k1

k2

�
and intercept of 1

N

�
1þ 2k1

k2

�
, from

both of which k3 can be obtained. Figure 6.7(B) shows an
example measured in O2-saturated 0.1 M KOH aqueous solu-
tion. It can be seen that both the slope and intercept are
dependent on the electrode potential, from which the poten-

tial dependences of k3 and
k1
k2

can be obtained.

Figure 6.7 (A) Electrode potential-dependent plots of IdIr vs u
�1=2 recorded on an RRDE with a rhodium disk electrode

and a platinum ring electrode (the collection efficiency: 38%) in O2-saturated 0.5 M H2SO4 aqueous solution; (B) the
same condition as (A) except the electrolyte solution is O2-saturated 0.1 M KOH aqueous solution.7
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3. If the ORR is a dominating 2-electron-transfer process from O2

to H2O2 or HO2
�, meaning that k2[k1, according to

Eqn (6.34), the obtained intercept from the plot of Id
Ir
vs u�1=2

at any electrode potential would be close to a single value of 1
N.

4. If the ORR is a direct 4-electron-transfer process from O2 to
H2O or OH�, k1[k2, meaning that Eqn (6.34) is not
applicable anymore because Ir/ 0. In this case, the limiting
current at the disk electrode would be:

Id;A ¼ 4Fpr21BAu
1=2Co

A (6.35)

At any situations, the transported O2 from the bulk solution to
the disk surface should be equal to that consumed by the elec-
trochemical Reactions of 4-electron-transfer reduction and
2-electron-transfer reduction:

BAu
1=2
�
Co
A � Cs

A

� ¼ ðk1 þ k2ÞCs
A (6.36)

Combining Eqns (6.35) and (6.36), we can get:

Id;A ¼ 4Fpr21

�
k1 þ k2 þ BAu

1=2
�
Cs
A (6.37)

Combining Eqns (6.30a), (6.33), (6.34) and (6.37), Eqn (6.38)
can be obtained:

Id;A � Id
Ir

¼ 1

N

�
1þ 2k3

k2

BA

BB

�
þ 2BA

k2N
u1=2 (6.38)

For a mixed 2-electron and 4-electron-transfer process, the Id
and Ir can be measured and can be calculated using Eqn (6.35) at

different electrode rotating rates. Then the plot of
Id;A�Id

Ir
vs u�1=2

will give a slope of 2BA

k2N
, fromwhich k2 can be obtained. Substituting

this k2 into the intercept
�
1
N

�
1þ 2k1

k2

��
obtained by Eqn (6.34), the

k1 can be calculated. In this way, all three reaction-rate constants
k1, k2, and k3 can be obtained. Note again that all of these three
constants are the functions of the disk electrode potential.

Note that if Id[Ir, the surface concentration of O2 ðCs
AÞ can be

simplified as:

Cs
A ¼ Co

A

�
1� Id

Id;A

�
(6.39)

Combining Eqns (6.30) and (6.39), the following Equation can
be obtained9:

Id;A
Id;A � Id

¼ 1þ k1 þ k2
BA

u�1=2 (6.40)

According Eqn (6.40), plot of
Id;A

Id;A�Id
vs u�1=2 will give a straight

line with a slope of k1þk2
BA

, from which k1þ k2 can be obtained.
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In the situation where the formed H2O2 or HO2
� on the disk

electrode surface is disproportionated with a reaction rate con-
stant of k4, and the reaction from O2 to H2O2 or HO2

� is reversible
with a backward reaction rate constant of k02, the similar analysis
as for that shown in Figure 6.6 can be carried out. Themechanism
is schematically shown in Figure 6.8. The obtained relationships
between Id

Ir
and u�1/2 are as follows:

Id
Ir

¼ 1

N

�
1þ 2k1

k2

�
þ 1

BBN

��
1þ 2k1

k2

��
k02 þ k3 þ k4

�
þ k3 � k02

	
u�1=2

(6.41)

Id;A � Id
Ir

¼ 1

N

�
1þ 2

k02 þ k3 þ k4
k2

BA

BB

�
þ 2BA

k2N
u1=2 (6.42)

Using experiment data and plotting Id
Ir
and

Id;A�Id
Ir

against u�1/2

straight lines, the obtained slopes and intercepts can be used to
obtained the all values of k1, k2, k

0
2, k3, and k4.

In the situation where the formed H2O2 or HO2
� on the disk

electrode surface is adsorbed on the disk electrode, and the re-
action from O2 to H2O2 or HO2

� is reversible with a backward
reaction rate constant of k02, the similar analysis as for that shown
in Figure 6.6 can be carried out. The reaction mechanism is
schematically shown in Figure 6.9, where two reaction rate con-
stants, k5 and k05, can be used to describe the adsorption and
desorption of H2O2 or HO2

�.
The obtained relationships between Id

Ir
andu�1/2 are as follows11:

Id
Ir

¼ 1

N

�
1þ 2k1

k2
þ 2k1
k2k5

�
k02 þ k3 þ k4

�þ 2k3 þ k4
k5

�

þ k05
BBN

�
2k1
k2k5

�
k02 þ k3 þ k4

�þ 2k3 þ k4
k5

�
u�1=2 (6.43)

Figure 6.8 Schematic of the processes of
oxygen-reduction reaction on RRDE
(Mechanism 2).10
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Id;A � Id
Ir

¼ 1

N

�
1þ 2

BA

BB

k05
k5

k02 þ k3 þ k4
k2

�

þ 2BA

k2N

�
1þ k02 þ k3 þ k4

k5

�
u1=2

(6.44)

Unfortunately, there are six reaction rate constants in Eqns

(6.43) and (6.44), and using experimental data and plotting Id
Ir
and

Id;A�Id
Ir

against u�1/2 straight lines cannot resolve all of these con-

stants. More additional experiments are needed in order to obtain
all of these parameters.

6.6.2. ORR Apparent Electron-Transfer Number
and the Formed Percentage of Peroxide
Measured by RRDE Technique

Due to the production of H2O2 or HO2
� through a 2-electron-

transfer pathway, the overall electron-transfer number of the ORR
process is always less than 4. This electron-transfer number is
normally called the apparent number of electrons transferred per
O2 molecule. Actually, this apparent number of electron transfer
can be measured by the RRDE technique, from which the per-
centage of H2O2 formation in the ORR can also be calculated.
Generally to say, the apparent number of electron transfer and
the percentage of peroxide produced in the ORR process are two
important pieces of information in evaluating the ORR catalyst’s
catalytic activity.

As discussed in Chapter 5 for RDE technique, this apparent
electron-transfer number of ORR or the overall ORR electron-
transfer number can be obtained using the slope of the

O2 (bulk)
Diffusion

O2 (disk surface) H2O or OH–

H2O2 or HO2
– (near disk surface)

Into bulk O2

+2e–, k2 

+4e–, k1 

–2H+ – 2e−, ring surface

–2e–, k2 

k5 K5

H2O2 or HO2
– (adsorbed on disk surface)

k4

Dispropor�ona�on

′

′ +2e–, k3 

Figure 6.9 Schematic of the processes
of oxygen reduction reaction on RRDE
(Mechanism 3).10
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KouteckyeLevich plot, measured at different electrode rotating
rates, if the O2 concentration, the O2 diffusion coefficient, and
the solution kinetic viscosity are known. Here, we give the
expression of apparent electron-transfer number of ORR as
functions of both disk and ring currents, measured using the
RRDE technique.

To express the relationship among the apparent electron
number (n), the disk current (Id), and the ring current (Ir), we
use the ORR mechanism shown in Figure 6.6 for our analysis.
Based on Eqn (6.29), the disk current can be expressed as
Eqn (6.45):

Id ¼ nFpr21BAu
1=2
�
Co
A � Cs

A

� ¼ nFpr21ðk1 þ k2ÞCs
A

0
4

n
Id ¼ 4FAk1C

s
A þ 4FAk2C

s
A

(6.45)

According toFigure6.6, thediskcurrent canalsobeexpressedas:

Id ¼ 4Fpr21k1C
s
A þ 2Fpr21k2C

s
A þ 2Fpr21k3C

s
B (6.46)

and the limiting current at the ring electrode (Ir) can be
expressed as:

Ir ¼ 2Fpr21BBu
1=2Cs

BN

0Cs
B ¼ Ir

N

1

2Fpr21BBu
1=2

(6.47)

Combining Eqns (6.45)e(6.47), the following equation can be
obtained:

4Id
n

¼ Id � Irk3

BBu
1=2N

þ 2FAk2C
s
A (6.48)

According to Eqns (6.30a) and (6.47), Cs
A can be expressed as:

Cs
A ¼ Cs

B

k3 þ BBu
1=2

k2
¼ Ir

N

1

2Fpr21BBu
1=2

k3 þ BBu
1=2

k2
(6.49)

Substituting Eqn (6.49) into Eqn (6.48), the expression of
apparent electron-transfer number of ORR can be obtained:

n ¼ 4IdN

IdN þ Ir
(6.50)

When the ORR is a total 4-electron-transfer process, Ir¼ 0,
Eqn (6.50) indicates that the apparent number is 4, and when the
ORR is a pure 2-electron-transfer process, Ir¼ IdN, Eqn (6.50) will
give an apparent number of 2.

222 Chapter 6 ROTATING RING-DISK ELECTRODE METHOD



Regarding the percentage of H2O2 or HO2
� produced in the

ORR (%H2O2), we can use the mass flows to make calculation
based on the mechanism shown in Figure 6.6:

%H2O2 ¼ 100
total mole of proxide produced

total mole of oxygen reacted

¼ 100
k2C

s
A � k3C

s
B

k1C
s
A þ k2C

s
A

¼ 100
2Fpr21k2C

s
A � 2Fpr21k3C

s
B

2

n

�
nFpr21k1C

s
A þ nFpr21k2C

s
A

�
(6.51)

Substituting Eqns (6.49) and (6.50) into Eqn (6.51), we can
obtain:

%H2O2 ¼ 100
nIr
2IdN

¼ 100
2Ir

IdN þ Ir
¼ 100

4� n

2
(6.52)

With the known value of N and experimental results of disk
current, Id, and ring current, Ir, Eqns (6.41) and (6.52) are often
used to calculate the apparent number of electrons transferred
per O2 molecule, n, and the percentage of peroxide formation, %
H2O2 to determine the ORR mechanism.

As an example, Figure 6.10 shows the ORR currentepotential
curves at the disk electrode and their corresponding currents at
the ring electrode, recorded at different electrode rotating rates,
where the horizontal abscissa is the disk potential, and the upper
vertical ordinate is the ring current and the lower vertical ordinate
is the disk current.12

The curves presented in Figure 6.10 can provide much elec-
trochemical information about the mechanism of the disk reac-
tion. First of all, it can be seen that these four catalysts all have
catalytic ORR activities. However, their ORR activities are dif-
ferent, which can be seen from their diffusion limiting currents
and the onset potentials. The electrocatalytic capability of Ag-
W2C/C catalyst is comparable to that of Pt/C catalyst, and much
superior to the other two catalysts.

Secondly, the ORR mechanism at these catalysts can be
deduced from the ring-response current curves. In Figure 6.10(A),
the kinetic region of the ring curve is the same as the disk curve
and the ring current increases synchronically. This suggests that
the reduction of oxygen on W2C/C is via a two-step pathway (the
formation of intermediate of HO2

�, which was oxidized immedi-
ately at the ring electrode). In contrast, for other catalysts, the
current at the ring electrode is hardly observed in the kinetic re-
gion. This suggests the catalyzed ORR having no formation of
HO2

�, indicating that the ORR is a four-electron reduction
mechanism. Using the disk and ring current data presented in
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Figure 6.10 Currentepotential curves at the disk electrode (below the x-axis in each figure) and the current at the ring
electrode (Pt) (above the x-axis in each figure), recorded in O2-saturated 1.0 mol dm�3 KOH aqueous solution at
different electrode-rotating rates. Disk electrode surface coated with a layer of (A) W2C/C, (B) Ag/C, (C) Ag-W2C/C, or
(D) Pt/C. Potential scan rate: 5 mV s�1, ring potential fixed at 0.474 V vs Hg/HgO, and ring collection efficiency: 20%. The
insets present the KouteckyeLevich plots of the disk electrode at different potentials.12 (For color version of this figure,
the reader is referred to the online version of this book.)
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Figure 6.10, and according to the discussion on Figures 6.6, 6.8
and 6.9 and their associated theory, the reaction kinetic con-
stants, the apparent electron-transfer number, as well as the
percentage of peroxide produced can be determined.

Actually, the disk curves in Figure 6.10 can be transformed into
KouteckyeLevich plots at different potentials. The plots show a
linear dependence at all potentials, as inserted in each figure. The
linearity and the parallelism of these plots are usually taken to
indicate first-order kinetics with respect to oxygen. The
KouteckyeLevich slope in the insets for W2C/C is very close to
the theoretical value of two-electron reaction, and other three are
close to that of four-electron reaction, indicating that W2C/C can
only catalyze a 2-electron-transfer ORR from O2 to peroxide, and
Ag/C, Ag-W2C/C, and Pt/C can catalyze a 4-electron-transfer ORR
from O2 to OH�.

Figure 6.11 presents the RRDE experimental results of ORR at
various modified GC electrodes.13 At the bare GC-disk electrode
(Figure 6.11a), there are two reduction waves in the O2-saturated
solution, both of which are ascribed to 2-electron reduction of
O2 to HO2

�. The first is mediated by the active native

Figure 6.11 RRDE voltammograms with a rotation rate of 400 rpm at the bare glassy
carbon (GC) (a and a0), Co(OH)2/GC (b and b0), graphene/GC (c and c0), NaNO3-treated
graphene/GC (d and d0), and Co(OH)2/graphene/GC (e and e0) disk electrodes and Pt
ring electrode in N2- (a0, b0, c0, d0, and e0) and O2-saturated (a, b, c, d, and e) 0.1 M
KOH aqueous solutions. Potential scan rate: 10 mV s�1.13

Chapter 6 ROTATING RING-DISK ELECTRODE METHOD 225



surface quinone-like groups with superoxide anion (O2
��) as the

intermediate, while the second is a direct 2-electron reduction at
the GC surface. When the GC electrode surface was electro-
deposited by a layer of Co(OH)2, a larger disk current for O2

reduction and a smaller ring current for HO2
� oxidation without

obvious potential shifts could be observed as shown in
Figure 6.11b, confirming that Co(OH)2 possesses a good cata-
lytic activity for the disproportionation of O2

�� (provides addi-
tional O2 leading to the enlarged disk current) and HO2

�

(consumes HO2
� causing the reduced ring current).

Two reduction waves can also be observed at the graphene/
GC disk electrode (Figure 6.11c). However, this modification of
graphene can lead to a significant increase in disk current and
also a 130 mV positive shift of the half-wave potential, indicating
the better catalytic capability of graphene for O2 reduction to
HO2

�, possibly due to the excellent redox-mediated effect of
quinone-like groups on graphene surfaces. Furthermore, very
different from bare GC electrode, the second reduction process
on the graphene/GC disk electrode is attributed to the reduction
of HO2

�, which is supported by the decrease in ring current with
increasing disk overpotential.

After electrochemical treatment in 20 mM NaNO3 solution,
the second reduction process on graphene-modified GC elec-
trode almost disappears as shown in Figure 6.11d, indicating the
enhanced disproportionation of HO2

� induced by activated gra-
phene. The disproportionation of HO2

� provides additional O2 for
the first reduction step, and decreases the amount of HO2

� for
further reduction at the second step. Consequently, the current
interval between these two stages is much smaller than that at the
graphene/GC disk electrode. The deposited Co(OH)2 can further
enhance the disproportionation of HO2

�, and as a result, only one
reduction step is observed at the Co(OH)2/graphene/GC disk
electrode, as seen in Figure 6.11e. In comparison with bare GC
electrode, the half-wave potential for O2 reduction at the
Co(OH)2/graphene/GC electrode is shifted c. 190 mV in the
positive direction, and also the reduction current increases
obviously. These results demonstrate that the graphenee
Co(OH)2 composite possesses an enhanced catalytic activity
toward ORR.

On the basis of RRDE voltammograms, Eqns (6.50) and (6.52)
can be used to calculate the apparent number of electrons
transferred (n) and percentage of HO2

� (%HO2
�) for ORR, as

shown in Figure 6.12. It can be seen from Figure 6.12(A) that the
value of n at the bare GC electrode remains at around 2 in the
potential window employed (Curve a), and the introduction of
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Co(OH)2 results in its increase to greater than 3 (Curve b), which
is in accordance with the consumption of HO2

� in the dispro-
portionation mentioned above. For the graphene/GC electrode
(Curve c), the n value is close to 2 at low overpotentials
(E>�0.4 V) and gradually increases (n> 3 at �0.9 V), suggesting
HO2

� produced reduces to OH� at more negative potentials. The
electrochemical activation of the graphene/GC electrode in
20 mMNaNO3 causes a higher n value, and the value can reach to
3 at �0.6 V (Curve d), which confirms that the activated graphene
does catalyze the disproportionation of HO2

� effectively. The
value of n at the Co(OH)2/graphene/GC reaches 3.5 at quite low
overpotentials due to the synergistic effect of activated graphene
and Co(OH)2 (Curve e), indicating the prepared graphenee
Co(OH)2 composite has high catalytic activity toward the
reduction of O2 to OH�.

As shown in Figure 6.12(B), the value of %HO2
� at the bare GC

and Co(OH)2/GC electrodes changes minimally with potential
(Curves a and b), and the introduction of Co(OH)2 induces a
decrease of the value from greater than 90% to c. 45%. Different
from the bare GC electrode, the %HO2

� value at the graphene/GC
electrode is dependent on potential (Curve c), in which it is higher
than 80% at potentials for the first reduction step and drops to c.
40% at potentials more negative than �0.9 V. This difference is
attributed to the occurrence of HO2

� reduction rather than the
direct 2-electron reduction of O2 at the second step at the gra-
phene/GC electrode. After electrochemical treatment in 20 mM
NaNO3, the value of %HO2

� decreases obviously (Curve d), and
further precipitation of Co(OH)2 results in a value of c. 20%
(Curve e), which is in accordance with the prediction on the

Figure 6.12 Dependence of n (A) and %HO2
� (B) on electrode potential at the bare GC (a), Co(OH)2/GC (b), graphene/GC

(c), NaNO3-treated graphene/GC (d), and Co(OH)2/graphene/GC (e) disk electrodes. Experiment conditions are the same
as that in Figure 6.11.13
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catalytic activity of activated graphene and Co(OH)2 toward HO2
�

disproportionation.

6.7. Chapter Summary
RRDE is a commonly used technique for investigating ORR in

terms of both the electron-transfer process on an electrode sur-
face, diffusioneconvection kinetics near the electrode, and the
ORR mechanism, particularly the detection of intermediate such
as peroxide. To make appropriate usage in an ORR study, fun-
damental understanding of both the RRDE fundamentals and
practical usage is necessary. In this chapter, one of most impor-
tant parameters of RRDE, the collection efficiency, is extensively
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 measure-
ment procedure including RRDE preparation, currentepotential
curve recording, and the data analysis are also discussed in this
chapter.

We wish the RRDE knowledge and information can be useful
to the readers for their study.
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7.1. Introduction
As we discussed previously, the oxygen reduction reaction

(ORR) is considered one of the most important reactions in several
electrochemical energy devices such as fuel cells and metal-air
batteries. However, ORR continues to be a challenge because of
its complex kinetics and the need for better electrocatalysts.
Recently, a great dealof researcheshas focusedon thedevelopment
of ORR catalysts in order to improve the performance of fuel cells.
Themostnotableefforts are to further improveboth theactivity and
the stability of the existing Pt-based ORR catalysts, and at the same
time to develop non-noble metal electrocatalysts. In these ap-
proaches, both rotating disk electrode (RDE) and rotating ring-disk
electrode (RRDE)methods have been recognized as the commonly
employedmethods in evaluating the catalysts’ activity and stability
as well as performance optimization. Using RDE and RRDE tech-
niques, the ORR has been studied on planar Pt, carbon electrode,
monolayer metal catalyst, Pt-based catalyst and non-noble metal-
based catalysts. To givemoredetailed information, this chapterwill
reviewon the applicationsofRDEandRRDE techniques in theORR
research and its associated catalyst evaluation.

7.2. RDE/RRDE Study for ORR on Pt-based
Electrode Surfaces

Pt-based rotating electrode surfaces include pure Pt and Pt-
alloy surfaces. This kind of electrode surfaces are the mostly
used electrode surfaces for ORR by RDE/RRDE techniques in
literature. In this section, we will give some typical examples in
the following subsections.

7.2.1. Oxygen Reduction Reaction on Crystal
Pt-Facet Electrode Surfaces

Platinum is still the most widely used ORR electrocatalyst due
to both their relatively high catalytic activity and stability when
compared to other catalyst materials. Normally, Pt crystal has
three interesting facets, namely Pt(111), Pt(110), and Pt(100),
respectively. Both the density functional theory (DFT) and RRDE
experiments have confirmed that these three facets have different
ORR activities.

Figure 7.1 shows the patterns of RRDEmeasurements recorded
on different facets of platinum low-index single crystal (expressed
as Pt(hlk)) inO2-saturated 0.1 MKOHaqueous solution. The insets
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Figure 7.1 (A) Disk and ring currents during oxygen reduction on (A) Pt(111), (B) Pt(100), and (C) Pt(110) facets,
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Reprinted with permission from Ref. 2.
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in each figure show the surface cyclic voltammogram (CV) of the
corresponding Pt facet, recorded in the same electrolyte solution
but saturated by inert gas such as argon. For Pt(111) facet shown in
Figure 7.1(A), in the potential region between 0.8 and 0.925 V, the
corresponding ring currents are insignificant, implying that the
oxygen reductionproceeds almost entirely through the 4-electron-
transfer pathway. However, the activity of Pt(111) for O2 reduction
becomes suppressed when potential is more native than 0.2 V,
which parallels with the onset of hydrogen adsorption on Pt(111).
Then the formation of peroxide can be seen from the increase of
ring current, and then the ORR starts to convert from a 4-electron-
transfer pathway to a 2-electron-transfer one. In the potential
rangeof adouble layer,well-defineddiffusion limitingcurrents can
be observed, indicating that the O2 reduction is purely controlled
by a mass transport. For Pt(100) facet shown in Figure 7.1(B), the
potential region for combined kinetic-diffusion control for O2

reduction is markedly, and the true diffusion limiting currents for
O2 reduction can only observed in a very narrow potential range.
The polarization curves for ORR on Pt(110) facet as shown in
Figure 7.1(C) exhibit a quite similar behavior to those reported in
the literature for polycrystalline platinum electrodes.1 Kouteck-
yeLevich (KeL) plots at various potentials display intercepts cor-
responding to the kinetic currents, ikdat the same potential (e.g.,
0.8 V), ik(111)> ik(110)> ik(100), giving the order of absolute ki-
netic activity of the three surfaces. The slope of the straight lines
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(¼ ð0:201nFD2=3
O2

n�1=6CO2
Þ�1) allows one to assess the number of

apparent or overall electron-transfer number involved in the ORR.
Theexperimental valueof this slope, 4.00� 10�2(�1%) mA rpm�1/2

agrees well with the theoretical value, 3.99� 10�2 mA rpm1/2, for a
4e� reduction. On Pt(111) surface, a single linear Tafel slope
(z75 mV decade�1) is obtained in the entire potential region,
which appears to be related to the potential-dependent surface
charge of adsorbedOH (QOH ( ¼ current � time ¼ it) vsE) shown in
Figure 7.1(A) (a). However, onPt(100) or Pt(110), there are twoTafel
slopes: one is 86 or 89 mV decade�1, and the other is 167 or
265 mV decade�1. The transition in the Tafel slopes onboth Pt(110)
and Pt(100) appears to be related to the change in QOH.

In ORR, due to the oxygen atoms competing with species in a
solution for adsorption sites, some adsorbed anions such as OH�,
HSO4

�, SO4
2�, Cl�, H2PO4

�, or Br� are detrimental for the kinetics of
O2 reduction. Therefore, the ORR activity of Pt(hlk) facets are
strongly dependent on the relative adsorption strengthens of O2

and electrolyte anion, which have been extensively studied using
both the DFT theoretical analysis and experimental observation
in literature.3e18 Normally, the combination of surface CVs with
the ORR currentepotential curves measured by RRDE can give
some useful information about the correlation between the sur-
face adsorption and the ORR activity of Pt facets.

For example, in acidic solution, bisulfate adsorption onto
Pt(hkl) surfaces could inhibit the reduction of molecular O2, most
likely by blocking the initial adsorption of O2. But it did not affect
the pathway of the reaction, since no H2O2 is detected on the ring
electrode for any of the surfaces in the kinetically controlled po-
tential region, as reviewed by Markovic et al.19 Regarding the ORR
activity sequence of Pt(hlk) facets in H2SO4 solution, activity order
of Pt(110)> Pt(100)> Pt(111) was observed. However, this ORR
activity order is also dependent on the type of acid used.20 Another
example is the relation between Pt(hkl) and Cl� in acidic solution.
It was found that the ORR activity in a solution containing Cl� was
several orders of magnitude lower than in 0.05 M H2SO4, which
was due to the strong adsorption of Cl� on Pt(111), which blocked
the adsorption of O2.

19 This result indicates that the Pt(111)-Clad
system has the same effect on the ORR as bisulfate anions.

7.2.2. Oxygen Reduction Reaction on
Polycrystalline Pt Surface

Since polycrystalline Pt electrodes show the ideal ORR activity
and proceed mainly via the 4-electron step,21 they are the
most commonly used and practical electrode surfaces for ORR in
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RDE/RRDE measurements. Actually, the polycrystalline Pt sur-
face is composed of many Pt facets, and therefore, its ORR activity
should be different from those of individual Pt facets, and be
considered all the contributions from different facets.21 Figure 7.2
shows the CV of a polycrystalline Pt surface on which the
hydrogen adsorption/desorption peaks at the lower potential
range and the Pt oxidation and its reduction waves at the higher
potential range can be observed. Normally, only a bare Pt surface
has a high ORR activity, while that portion of surface covered by
Pt oxides such as PtO should have low/non-ORR activity.
Therefore, when the bare Pt surface is covered by a layer of Pt
oxide, the ORR activity will be significantly reduced or eliminated
due to the surface blocking effect. In Figure 7.2(A), when the
electrode potential is positively scanned, starting from 0.7 V, the
Pt surface starts to be oxidized, forming a Pt oxide-covered sur-
face, and when the potential is negatively scanned back from
1.2 V, starting from 1.05 V, the Pt oxide starts to be reduced back
to a bare Pt surface. The RDE measurement for an ORR activity
can be used to support this point. As shown in Figure 7.2(B), when
electrode potential is negatively scanned from 1.2 V where the
surface is probably totally coved by Pt oxide, there is no signifi-
cant ORR current can be observed. However, when the potential
is near the onset potential of the Pt oxide reduction to form a bare
Pt surface in Figure 7.2(A), an ORR current appears, probably
indicating that only the bare surface Pt is more active for the ORR.
While the potential is positively scanned back, there is a delay of
the ORR current due to the delayed conversion of the bare Pt
surface to the Pt oxide-covered surface.

In measuring the ORR activity, obviously, the ORR cur-
rentepotential curve (IeV curve) obtained by scanning the po-
tential at the direction from negative to positive will give larger
value than that obtained by scanning the potential at the direc-
tion from positive to negative. In estimating the ORR activity of Pt
surface, particularly the ORR activity of the Pt catalyst, the RDE
IeV curve is normally recorded by scanning the electrode
potential at the direction from negative to positive.

7.2.3. Oxygen Reduction Reaction on Pt
Monolayer Coated on Other Metal Electrode
Surfaces

A Pt monolayer on other metal surface such as Pd(111) could
be prepared by the galvanic displacement and the ORR activity on
such a Pt monolayer was studied using RDE/RRDE techniques.3

The RRDE results revealed that no peroxide could be detected at
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the ring electrode in the kinetic region in 0.1 M HClO4 solution.
Also, the ORR activity of the Pt/Pd(111) surface is larger than that
of Pt(111). The mechanism of the enhanced ORR activity for Pt
monolayer catalyst is widely accepted to be the reduced Pt-OH
coverage by the lateral repulsion between the OH adsorbed on
Pt and the OH or O adsorbed on the neighboring metal atom.1

According to DFT calculations, the experimentally measured
electrocatalytic ORR activity of Pt monolayers showed a volcano-
type dependence on the center of their d-bands. While a higher
lying d band center tends to facilitate OeO bond breaking, a
lower lying one tends to facilitate bond formation (e.g., hydrogen
addition).

The ORR catalytic activity of the electrochemically con-
structed Pt monolayer on the Au(111) was also investigated using
the RRDE technique,4 as shown in Figure 7.3. Two Tafel slopes
could be obtained on Pt(111) surface to be �51 mV decade�1 in
the potential range of 0.89e0.93 V and�101 mV decade�1 in the
potential range of 0.76e0.83 V, respectively. The Tafel slope of
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Figure 7.3 Linear sweep voltammetry for ORR of Pt/Au(111) (red line) and Pt(111)
(blue line) electrodes measured in oxygen-saturated 0.1 M HClO4 at a scan rate of
10 mV s�1 with a rotation rate of 1600 rpm. Inset: diffusion-corrected Tafel plot
of the Pt(111) electrode obtained with a rotation rate of 1600 rpm. (For interpretation
of the references to color in this figure legend, the reader is referred to the online
version of this book.) Reprinted with permission from 4.
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Pt/Au(111) was different from that of Pt(111), because the
coverage of the adsorbed oxygen species in these potential ranges
should be different from each other on the Pt/Au(111) surface.
Thus, it was believed that the change in the Tafel slope was re-
flected by potential-dependent changes in coverage of adsorbed
OH on the Pt surfaces. The reason that the ORR catalytic activity
of the Pt monolayer on the Au(111) is different from Pt was as-
cribable to an electronic effect from the underlying Au. The un-
derlying noble Au is expected to shift the d-band center of the Pt
overlayer to a higher state. The shift of the d-band center to a
higher state should lower the 5d vacancy in the PtML, thus leading
to a contracted 2p-electron donation from the oxygen molecule
to Pt. As a result, oxygen adsorption on the surface decreased,
lowering the kinetic of oxygen reduction.5

The electrocatalytic ORR activity of platinum monolayers sup-
ported onAu(111), Rh(111), Pd(111), Ru(0001), and Ir(111) surfaces
in a 0.1 M HClO4 were also studied,6 as shown in Figure 7.4(A).
There was a volcano-type dependence of monolayer catalytic ac-
tivity on the substrate, and the most active was PtML/Pd(111), as
shown in Figure 7.4(B). The weighted center of the d-band (εd) was
believed to play a decisive role in determining a surface reactivity.
The positions of the εd of the Pt monolayers depend both on the
strain (geometric effects) and on the electronic interactionbetween
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Figure 7.4 (A) Polarization curves for O2 reduction on platinum monolayers (PtML) on Ru(0001), Ir(111), Rh(111), Au(111),
and Pd(111) surfaces in O2-saturated 0.1 M HClO4 solution on a disk electrode. The rotation rate is 1600 rpm, and the
sweep rate is 20 mV s�1 (50 mV s�1 for Pt(111)); j¼ current density, RHE¼ reversible hydrogen electrode. (Reprinted
with permission from Ref. 6); (B) kinetic currents (jK; square symbols) at 0.8 V for O2 reduction on the platinum
monolayers supported on different single-crystal surfaces in O2-saturated 0.1 M HClO4 solution and calculated binding
energies of atomic oxygen (BEO; filled circles) as functions of calculated d-band center (εd� εF; relative to the Fermi
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(5) Pt(111), (6) PtML/Pd(111). Reprinted with permission from Ref. 22.
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the Pt monolayer and its substrate (ligand effect).23 PtML/Au(111)
lies at the high εd end of the plot and binds oxygen much more
strongly than Pt(111), whereas PtML/Ru(0001), PtML/Rh(111), and
PtML/Ir(111) lie at the other end and bind oxygen considerably less
strongly than Pt(111). The superior ORR catalytic activity of PtML/
Pd(111) was probably associated with a reduced OH coverage,
which proved that OH hydrogenation rates enhance for PtML/
Pd(111) in view of DFT again.

7.3. RDE/RRDE Study for ORR on
Carbon-Based Electrode Surfaces

The most commonly used carbon electrode materials for ORR
are pyrolytic graphite (PG)24 and glassy carbon (GC).23 Normally,
the solution pH has a strong effect on the ORR activity. For
example, the ORR activity in alkaline solution is much higher
than that in acidic solution. For both bare PG and GC electrodes,
the ORR activity in acidic solution is insignificant. This may be
the reason why they can be used as the electrode substrates on
which the catalyst is coated for evaluating the catalyst’s ORR
activity in acidic solutions.

The ORR behaviors observed by RRDE technique on these bare
carbon surfaces in alkaline solution are slightly different although
there are two distinguishable waves on their currentepotential
curves, as shown in Figure 7.5(A and B), respectively.

Regarding the PG electrode, Figure 7.5(A) shows the RRDE
curves that display two waves. However, using the slopes
KoucteckyeLevich plot at different potential from �0.2e0.8 V vs
1.0 M NaOH//Hg/HgO, the electron-transfer numbers were
calculated, which were close to 2 in the entire potential range,
indicating the ORR on PG surface was a 2-electron-transfer
process from O2 to HO2

� in an alkaline solution. The feature of
two waves was believed to be caused by the change of surface
active sites. However, when the electrode was oxidized at 2 V in
the same solution for several minutes to produce some surface
active sites such as quinine-like groups, the second wave at
more negative potential range became a 4-electron-transfer
process from O2 to OH�. In addition, after this oxidation
treatment, the ORR activity was enhanced significantly, which
can be seen from the onset potential of the ORR cur-
rentepotential curves in Figure 7.5(B) when compared to that in
Figure 7.5(A). Therefore, the oxidation treatment of the elec-
trode surface is effective in improving the ORR activity of the
carbon electrode surface.
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An ORR mechanism was proposed as shown in Figure 7.5(C),
based on which and the approach discussed in Chapter 6 of this
book, the relationships of N ID

IR
vs u�1/2 and N IL�ID

IR
vs u�1/2 were

formulated and the corresponding plots, as examples, are shown
in Figure 7.6 (note that the expression of current densities in this
figure are different from the expressions we used in Chapter 6).
From the slopes and the intercepts of the plots in Figure 7.6, the
ORR constants can be obtained. For example, the obtained values
for k2 at different potentials were in the range of 1.0� 10�1 to
1.1� 10�2 cm s�1 when potential was changed from 0.2 to 0.7 V.

Regarding the bare GC electrode, Figure 7.7 shows the RRDE
currentepotential curves. There are also two waves. From the
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Figure 7.5 (A) Oxygen reduction and hydrogen peroxide oxidation on a bare pyrolytic graphite disk-Pt ring electrode;
(B) Oxygen reduction and hydrogen peroxide oxidation on an oxidized pyrolytic graphite disk-Pt ring electrode in
O2-saturated 0.1 M KOH; and (C) Proposed ORR mechanism. Potential scan rate: 5 mV s�1, ring potential: 1.34 V vs 1 M
NaOH//Hg/HgO. Reprinted with permission from Ref. 24.
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slopes and intercepts of KeL plots, the electron-transfer number
and the electrode kinetic constant can be estimated. The
obtained electron-transfer number was 2 in the entire potential
range, indicating that the ORR process on a GC surface is similar
to that on a PG surface. A similar reaction mechanism was also
proposed, as shown in Figure 7.7(C). Based on this mechanism
and the data shown in Figure 7.7(A and B), the similar approach
as that in Figure 7.6 was also carried out to estimate the reaction
kinetics constants. Therefore, the ORR on both bare PG and GC
electrodes is a 2-electron-transfer process from O2 to peroxide in
basic solution.

It is worthwhile to note that the ORR activity on carbon-based
electrode surface is strongly dependent on the pretreatment such
as polishing, dipping a carbon electrode into chromic acid,
exposing to radio frequency plasma in oxygen atmosphere, and

Figure 7.6 (A) N ID
IR
vs u�1/2 plots obtained from

theRRDEdataof Figure 7.5(A), (B)N IL�ID
IR

vsu�1/2

plots obtained from Figure 7.6(B). Reprinted with
permission from Ref. 24.
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anodizing in an electrolyte solution.8 It was reported that the
pretreatment can create the oxygen-containing functional groups
such as quinine on the carbon surface, which might serve as
mediators to affect the ORR activity.25,26 At the same time, the
oxidized carbon surfaces could also catalyze the further reduction
of hydrogen peroxide in alkaline solutions.

In general, the ORRmechanism on carbon electrode surface in
basic solution can be expressed as follows27:

O2 þ e�/O�
2 ðadsÞ (7-I)

followed by a disproportionation:

2O�
2 ðadsÞ þH2O/HO�

2 þO2 þOH� (7-II)

or an electrochemical reduction:

HO2ðadsÞ þ e�/þHO�
2 (7-III)

Besides, the GC and PG electrode materials, other carbon materials,
have also been used as the electrode substrates, including high-
oriented pyrolytic graphite (HOPG)12 and carbon nanotubes
(CNTs).28e30

Figure 7.7 (A) Oxygen reduction on a bare GC disk electrode, and (B) peroxide oxidation on an Au ring electrode of
RRDE at different electrode rotating rates in O2-saturated 0.1 M KOH; potential scan rate: 10 mV s�1, ring potential:
0.05 V vs SCE; and (C) proposed ORR mechanism.23
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The ORR activity of undoped and/or nitrogen-doped single-
walled CNTs in acidic solution by RDE technique are as shown in
Figure 7.8.29 It seems that nitrogen-doped CNTs have a relatively
good electrocatalytic activity and also a long-term stability to-
ward the ORR. Using the slopes of the KeL plots at different
electrode potentials, the overall electron-transfer number for the
ORR were calculated to be in the range of 3.5e3.9, indicating that
the ORR on nitrogen-doped CNTs is dominated by a 4-electron-
transfer process from O2 to H2O.

N-doped graphene was also studied as the ORR electrode
material.30,31 Poly (diallyldimethylammonium chloride) PDDA,
as nitrogen source, was introduced into a graphene material. It
was observed that PDDA as a p-type dopant could cause the
partial electron transfer from the electron-rich graphene sub-
strate to the positively charged Nþ centers of PDDA.31 Thus,
carbon atoms in the graphene sheets with the adsorbed PDDA
could create somewhat delocalized positive charges on the

Figure 7.8 (A) Cyclic voltammograms of the nitrogen-doped CNTs (NCNTs) in N2-
and O2-saturated 0.5 M H2SO4 solutions; (B) rotating-disk-electrode (RDE) linear
sweep voltammograms of the NCNTs and undoped CNTs in O2-saturated 0.5 M
H2SO4 at a scan rate of 10 mV s�1; (C) RDE curves of the NCNT in O2-saturated
0.5 M H2SO4 with different rotating rates of 100, 400, 900, and 1600 rpm at a potential
scan rate of 10 mV s�1 (the inset showing the KouteckyeLevich plots of the NCNT
derived from RDE measurements); and (D) electrochemical stability measurements
of the NCNT by using continuous cyclic voltammetry in O2-saturated 0.5 M H2SO4 at
a scan rate of 50 mV s�1. Reprinted with permission from Ref. 29.
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conjugated carbon surface of graphene. The ORR results revealed
that the electron-transfer number (3.5e4) at the PDDA-graphene
electrode was always higher than that on the pure graphene
electrode. Furthermore, the amount of hydrogen peroxide ions
generated on the PDDA-graphene electrode was significantly less
than that on the pure graphene, indicating that PDDA-graphene is
a more efficient ORR electrocatalyst. It was also found that the
bonding state of the N atom has a significant effect on the selec-
tivity and catalytic activity for ORR. And the electrocatalytic activity
of the catalyst was also found to be dependent on the graphitic N
content, which determined the limiting current density, while the
pyridinic N content improved the onset potential for ORR32 and
pyridinic N species, might convert the ORR reaction mechanism
from a 2-electron-dominated process to a 4-electron-dominated
process. Thus, pyridinic N at the carbon edge plane helps the
reduction of oxygen. This is due to pyridinic N, which possesses
one lone pair of electrons in addition to the electron donated to the
conjugated p bond, facilitates reductive O2 adsorption.

Boron atoms, with a strong electron-withdrawing capability,
are also doped into graphene frameworks forming boron-doped
graphene. Due to its particular structure and unique electronic
properties, the resultant B-doped graphene exhibits a Pt-like
electrocatalytic activity toward ORR in alkaline electrolytes.9,33e35

7.4. Oxygen Reduction Reaction on
Monolayer Substances-Modified
Carbon Electrode Surfaces

As mentioned above, the pretreatment of the carbon electrode
surface can significantly affect its ORR activity, and even alter the
ORR mechanism. Actually, the carbon surface can also be
modified by somemonolayer substances such as anthraquinones
(AQ), and transition metal macrocycle complexes. Due to the
conjugate structures of these molecules, they can irreversibly
adsorb on the carbon surface to formmonolayers that could serve
as an electrocatalyst for ORR. This kind of electrode structure can
be used to evaluate the electrocatalyst’s ORR activity, particularly
in acidic solution.

7.4.1. ORR on Anthraquinone-Modified Carbon
Electrodes

It has been proposed that quinone groups (Q) on the carbon
surface are responsible for the enhanced activity toward
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2-electron-transfer ORR since the presence of semiquinone rad-
icals Q$� can promote the first step of 1-electron transfer to form
superoxide, which is considered the rate-determining step. The
electrochemicalechemical (EC) mechanism can be expressed as
follows27:

Qþ e�/Q� (7-IV)

Q� þO2/O�
2 ðadsÞ þQ (7-V)

Reaction (7-V) has been proposed as the rate-determining step.
After the formation of O�

2 ðadsÞ, it will go further reactions as
expressed as Reactions (7-II) and (7-III).

The surface CV of anthraquinone- or its derivative-adsorbed
electrode shows a reversible 2-electron-transfer redox couple.
For example, Figure 7.9(A) shows the surface CV of anthraquinone-
carboxlyic-allyl ester (ACAE) adsorbed on a basal plane graphite
electrode surface.36 The pH dependent of the peak potentials gives
a slope of 57 mV pH�1, suggesting that the redox process involves
two electrons and two protons. The surface reaction reactions on
the electrode surface can be assigned as Reaction (7-VI):

When the ACAE-coated RDE was exposed to O2-saturated solu-
tion, some strong ORR activity was observed as shown in
Figure 7.9(B). The slope of KeL plot indicates a 2-electron-
transfer ORR (Figure 7.9(C)), confirming that ACAE can catalyze a
2-electron-transfer ORR process to produce H2O2. The intercept
can give a kinetic current of ðikÞO2

with a unit of A, which was
expressed as:

ðikÞO2
¼ nFAkO2

GACAECO2
(7.2)

where n is the electron-transfer number (¼2), F is the Faraday’s
constant (96,487 C mol�1),A is the electrode surface area (cm2), kO2

is the kinetic constant of ORR (mol�1 cm3 s�1),GACAE is the surface
concentration of ACAE (mol cm�2), and CO2

is the concentration of
the dissolved oxygen (mol cm�2). From the experimental data and
Eqn (7.1), the catalyzed ORR kinetic constant was obtained.

In literature, different anthraquinones were employed as ORR
catalysts, as listed in Ref. 12 together with their redox potentials of

+ 2H  +  2e
+ -

O

O O

O

O

O

OH

OH

(7-VI)
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the surface quinone/hydroquinone couple (Ef) and the ORR peak
potentials (Ep) on high-orientated pyrilytic graphite electrode
surface. It can be seen that AQ derivatives, electron-withdrawing
substituents (halogens and substituted sulphonyl groups), can
shift the redox potential to more positive values. Therefore, the
redox potentials are strongly dependent on anthraquinone’s
structures.

9,10-phenanthrenequinone (PQ)37 has the most positive Ep,
suggesting that it probably has the best ORR activity when

0.0 –0.2 –0.4

4 μA 40 μA

+

E/V (vs SCE)

0.00
0.000

0.002

n = 2

0.004

0.006

0.008

0.010

0.012

0.014

0.016

0.02 0.04 0.06

ω–1/2 / (rpm)–1/2

i d–1
 / 

μA
–1

0.08 0.10 0.12

–0.6 –0.8 –0.1

+
+
+
+
+
+

E/V(vs SCE)
–0.3 –0.5

ω = 1600

900

400

250

150

100

(A) (B)

(C)

Figure 7.9 (A) Cyclic voltammo-
gram of the basal plane graphite
(BPG) coated by anthraquinone-
carboxlyic-allyl ester (ACAE with
a loading of 8.9� 10�10 mol cm�2)
in N2-saturated 0.1 M
Na2SO4þ 0.1 M CH3COOH/
CH3COONa (pH¼ 5.8). Potential
scan rate: 100 mV s�1. (B) ORR
currentepotential curves of ACAE
(1.0� 10�10 mol cm�2)-coated
BPG electrode recorded in O2-
saturated 0.1 M Na2SO4þ 0.1 M
CH3COOH/CH3COONa (pH¼ 5.6)
at different electrode rotating
rates as marked beside the
curves. (C) KouteckyeLevich plot
at electrode potential of�0.4 V vs
SCE, data from (B). Reprinted with
permission from Ref. 36.
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compared to others. A GC electrode was modified by PQ was
studied by Vaik et al. using RRDE technique.12 The GC was
modified by adsorption, covalent binding, and electrochemical
reduction of appropriate diazonium salts. The half-wave po-
tential for the PQ-modified GC electrode was more positive
than that of the bare GC, implying that its ORR catalytic
activity was enhanced. It was revealed that the reactive inter-
mediate semiquinone radical anion was important for
enhancing the ORR activity. It was found that the ORR rate of
was dependent on the surface concentration of the quinone
radical anion.

7.4.2. ORR on Metal Macrocycle Complex-Coated
Carbon Electrodes

Monolayers of transition metal (e.g., Fe, Co) macrocyclic
compounds (e.g., porphyrins, phthalocyanines, tetraazannu-
lenes), strongly adsorbed on the graphite electrode surface, have
been studied for ORR catalysts for many years.38 These electro-
catalysts’ coated graphite surfaces are capable of selectively
catalyzing the 2-electron or 4-electron-transfer reduction of ox-
ygen to produce H2O2 or water. However, compared to Pt-based
catalysts, both their ORR activity and stability are insufficient. In
the effort to overcome the challenges of activity and stability as
well as to obtain the fundamental understanding of oxygen
reduction electrocatalysis, RDE and RRDE are the mostly
commonly used techniques for evaluation. Among the metal
macrocyclic complexes, such as metal porphyrins have been
chosen as the typical systems for reaction mechanism
exploration.39e45

For example, three iron porphyrin complexes’ adsorbed
graphite electrode surface were studied by Anson’s group using
both RDE and RRDE techniques.39 The ORR activities of these
three complexes were compared using their Levich plots and their
KeL plots, as shown in Figure 7.10. From Figure 7.10(A and B), it
can be seen that the ORR activity is in the order of iron(III) pro-
toporphyrin IX (FePPIX)> iron(III) meso-tetraphenylporphine
(FeTPP)> iron(III) meso-tetra(3-pyridy1)porphine (FeTPyP),
which can be seen from the intercepts of their KeL plots. Although
all three complexes could catalyze ORR through the pathways
dominated by the 4-electron-transfer process because the KeL
plots of three complexes are all closely parallel to that theoretically
calculated, the ring currents in RRDE test displayed in
Figure 7.10(C) shows that there are still a considerable amount of
H2O2 produced during the catalyzed ORR.
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Figure 7.10 (A) Levick plots and (B) KouteckyeLevich plots of the limiting current for ORR at rotating graphite disk-
electrode coated with three iron porphyrin catalysts, measured in O2-saturated 0.1 M HClO4þ 0.1 M NaClO4 so-
lution. The dashed line gives the calculated response for 4-electron, mass transfer-limiting reduction; and
(C) currentepotential curves during ORR at a rotated graphite disk-Pt ring electrode. The graphite disk (0.34 cm2)
was coated with 6� 10�8 mol cm�2 of (a) FeTPP, (b) FePPIX, and (c) FeTPyP. Ring electrode potential: 1.2 V.
Potential scan rate: 10 mV s�1. Rotation rate: 100 rpm. Electrolyte is the same as (A) and (B). Reprinted with
permission from Ref. 39.
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The temperature dependence of the catalyst activity of an iron
fluoro-porphyrin-coated graphite electrode was studied by RDE
coupled with the surface cyclic voltammetry.46 The purpose was
to investigate the surface adsorption and reaction, O2 reduction
catalysis kinetics, and especially the temperature effect on the
catalyst activity. Figure 7.11(A) shows the surface CVs of
5,10,15,20-Tetrakis(pentafluorophenyl)-21H,23H-porphine iron
(III) chloride (abbreviated as FeIIITPFPP)-coated graphite elec-
trode, recorded in a pHw 1.0 Ar-saturated solution at different
potential scan rates. The 1-electron reversible redox peak of
approximately 0.35 V can be seen, which has a peak current
increased linearly with increasing the potential scan rate, indi-
cating the electrochemical behavior of this peak follows the
feature of a reversible redox reaction of an adsorbed species on
the electrode surface.

Regarding the catalyzed ORR catalyzed by FeIIITPFPP,
Figure 7.12(A) shows the CVs recorded at different conditions.
The bare graphite electrode does not show ORR activity in the
presence of oxygen (a). If the surface was coated with FeIIITPFPP,
a large oxygen reduction current onset from 0.45 V (vs NHE) can
be observed as in (b), indicating that FeIIITPFPP has strong
electrocatalytic activity toward oxygen reduction. The CV for the
FeIIITPFPP-adsorbed electrode in the absence of oxygen is shown
in (c) where a redox wave near 0.35 V with an onset potential of
w0.45 V can be observed. The oxygen reduction onset potential
(b) of 0.45 V is consistent with the onset potential of the surface
couple of FeIIITPFPP/FeIITPFPP, suggesting that the oxygen
reduction is catalyzed by surface-adsorbed FeIITPFPP. The CV of
H2O2 reduction on the same electrode coated with FeIIITPFPP
also shows the reduction wave with an onset potential near the
potential of O2 reduction, suggesting that FeIITPFPP is not
only active toward O2 reduction, but also catalyzes the reduction
of H2O2.

ORR kinetics evaluated by RDE experiments at different tem-
peratures was also carried out. The currentepotential curves at
different rotating rates were recorded using a rotating disk-
graphite electrode coated with FeIIITPFPP, as shown in
Figure 7.12(B). The reciprocal of the limiting current (peak cur-
rent in Figure 7.12(B)) was plotted against the reciprocal of the
square root of the rotation rate as in Figure 7.12(C), together with
a calculated plot according to the Levich theory for a 4-electron
O2 reduction process. The experimental line is approximately
parallel to the calculated line, indicating that the catalyzed O2

reduction is a 4-electron process, producing water.
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Figure 7.11 (A) Cyclic voltammograms of FeIIITPFPP adsorbed on a graphite electrode at room temperature. Ar-
saturated solution containing 0.5 M H2SO4 as a supporting electrolyte. Potential scan rates as marked beside each
traces; (B) pH dependence of formal potential Ef for the FeIIITPFPP adsorbed on a graphite electrode at 35 °C. Potential
scan rate: 300 mV s�1. Reprinted with permission from Ref. 46.
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Figure 7.12 (A) Cyclic voltammetry of FeIIITPFPP adsorbed on a graphite electrode: (a) background current at the bare
graphite electrode in an air-saturated solution; (b) after FeIIITPFPP was adsorbed on the electrode in the solution of (a);
(c) after FeIIITPFPP was adsorbed on the electrode in an argon-saturated solution; (d) after FeIIITPFPP was adsorbed on
the electrode in 0.28 mM H2O2 solution. Supporting electrolyte: 1 M H2SO4. Potential scan rate: 300 mV s�1; (B) cur-
rentepotential curves for FeIIITPFPP adsorbed on a rotating graphite disk electrode with different rotating rates as
marked on each trace. Recorded in O2-saturated 0.5 M H2SO4 solution at 55 °C; (C) KouteckyeLevich plot, data from (B),
the solid line is calculated according to the Levich theory for a 4-electron O2 reduction process. The solid line with
points on it is experimental. Reprinted with permission from Ref. 46.
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The intercept of the KeL plot can give a kinetic current, which
can be expressed as the same form as that of Eqn (7.1):

ðikÞO2
¼ nFAkO2

GFeIIITPFPPCO2
(7.2)

The obtained kinetic constants are summarized in Table 7.1.
The temperature effect on the catalyzed ORR was also studied

using RDE at several temperatures listed in Table 7.2. Based on
the Arrhenius theory, the reaction rate can be expressed as a
function of reaction temperature:

ln
�
kO2

� ¼ lnðkAO2
Þ � Ea

RT
(7.3)
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Figure 7.12 (continued).

Table 7.1. Summary of Kinetic Parameters for O2
Reduction Catalyzed by FeIIITPFPP

T (K) 293 308 328 343

kO2
mol�1 cm3 s�1 pH¼ 0 2.7� 108 3.5� 108 3.8� 108 5.0� 108

pH¼ 5.0 1.1� 108 1.7� 108 2.8� 108 3.8� 108

Reprinted with permission from Ref. 46.
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where kAO2
is the absolute reaction rate constant at Ea¼ 0, Ea is the

reaction activation energy. Figure 7.13 shows the plots of lnðkO2
Þ

vs 1/T at pHw 0.0 and pH¼ 5.0, respectively, from which kAO2
and

Ea can be estimated as listed in Table 7.2.
Based on the experiments, the mechanism of oxygen reduc-

tion catalyzed by ironeporphyrin complexes was proposed as
follows:

In acidic solutions (pH< 2.7):

�
FeIIITPFPP

�þ þ e�4
�
FeIITPFPP

�
(7-VII)

�
FeIITPFPP

�þO2/
�
O2 � FeIITPFPP

�
(7-VIII)

�
O2 � FeIITPFPP

�þ 4Hþ þ 3e�/
�
FeIIITPFPP

�þ þ 2H2O (7-IX)

In solutions with pH> 2.7:�
HO� FeIIITPFPP

�þHþ þ e�4
�
FeIITPFPP

�þH2O (7-X)

�
FeIITPFPP

�þO2/
�
O2 � FeIITPFPP

�
(7-XI)

�
O2Fe

IITPFPP
�þ 3Hþ þ 3e�4

�
HO� FeIIITPFPP

�þH2O

(7-XII)

Normally, Fe-based macrocycle catalyst such as FeIIITPFPP could
catalyze the ORR with a 4-electron-transfer pathway from O2 to
H2O, while those of Co-based could only catalyze the process
with a 2-electron-transfer pathway to produce peroxide. For
example, a monolayer of cobalt(II) 1,2,3,4, 8,9,10,11, 15,16,17,18,
22,23,24,25-hexadecafluoro-29H,31H-phthalocyanine (abbrevi-
ated as CoIIHFPC) was coated on a graphite electrode by spon-
taneously adsorption displayed a strong electrocatalytic activity

Table 7.2. FeIITPFPP Electrocatalyzed O2 Reduction
Arrhenius Activation Energies and Absolute

Reduction Rates at Two pH Levels
Solution pH 0.0 5.0

Ea, KJ mol
�1 9.9 21.3

kAO2
mol�1 cm3 s�1 1.6� 1010 6.4� 1011

Reprinted with permission from Ref. 46.
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toward O2 reduction. The kinetics of catalyzed ORR at different
temperatures from 20 to 70 �C was measured by both cyclic
voltammetry and RDE techniques.47 Figure 7.14(A) shows the
currentepotential curves at different electrode rotating rates. The
corresponding KeL plot shown in Figure 7.14(B) shows that this
CoIIHFPC could only catalyze a 2-electron-transfer ORR process
from O2 to H2O2.

7.5. RDE/RRDE Study for ORR on the Surfaces
of Supported Pt Particle- and Pt Alloy
Particle-Based Catalyst Layer

One of the most practical applications of RDE/RRDE tech-
niques is the evaluation of ORR electrocatalysts in terms of both
their activity and stability for fuel cells or metal-air batteries. In
order to increase the catalyst surface area and the catalyst utili-
zation, all catalysts developed are normally supported on
conductive support particles such as active carbon. In the

18.4

18.6

18.8

19.0

19.2

19.4

19.6

19.8

20.0

20.2

0.0028 0.0029 0.0030 0.0031 0.0032 0.0033 0.0034 0.0035

1/T, K-1

Ln
(K

O
2)

pH ~ 0

pH = 5.0

Figure 7.13 Arrhenius plots of O2-reduction rate constant vs the reciprocal of temperature at two pH levels. Reprinted
with permission from Ref. 46.
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Figure 7.14 (A) Currentepotential curves for CoIIHFPC adsorbed on a rotating graphite disk electrode at different rates
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evaluation, the catalyst-based catalyst layers will be coated onto
the disk electrode substrates such as GC and gold, and then
put into the N2- or O2-saturated electrolyte solution for
measurement.

7.5.1. ORR on the Surfaces of Pt-Based
Catalyst Layer

Pt particles supported on high surface-area carbon substrates
to form supported catalyst (abbreviated as Pt/C) is the most
widely used ORR catalyst at the current state of technology. The
surface characteristics of Pt particles supported on carbon are
similar to that of Pt polycrystalline electrode surface, which can
be observed by their surface CVs. However, the ORR activity of
Pt/C is different from what can be observed for polycrystalline Pt
surface.21 This difference is possibly due to some differences in
the superficial structure, or a too strong adsorption of oxygenated
species on very small particles. In addition, the ORR activity of
carbon-supported Pt particles might also be affected by the
electronic properties of Pt atoms from carbon.

Therefore, Pt-based catalysts are the most popular systems
studied by RDE/RRDE techniques.48 Figure 7.15 shows the
RRDE curves on a GC disk electrode coated with a catalyst layer
containing 20 wt% Pt/C catalyst and Nafion� ionomer, recor-
ded at different electrode rotating rates in O2-saturated 0.5 M
H2SO4 solution. Their experiment results showed that the
equivalent thickness of Nafion� ionomer (w0.1 mm) did not
have a significant effect on the KeL plots, suggesting that its
effect on the ORR kinetics could be negligible. From the ring
currents, the percentages of H2O2 produced during the ORR
catalyzed by Pt/C catalyst in the potential range of 0.2e1.0 V vs
RHE were calculated, which were all within 1%, suggesting the
catalyzed ORR was dominated by a 4-electron-transfer process
to produce water.

7.5.2. ORR on the Surfaces of Pt Alloy-Based
Catalyst Layer

It has been recognized that Pt-alloy catalyst-based catalyst
layers can give better ORR activities than that of pure Pt-based
catalyst layer. This may be due to the interaction between the
Pt and alloy atom, altering the electron energy levels in the alloy,
favoring the ORR process. However, the alloy’s composition plays
a major role in ORR activity of a Pt alloy.
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For example, Table 7.3 shows the comparison of half-wave
potential, and the number of electrons transferred for the O2

reduction in acidic solution at AuePt/C bimetallic nanoparticles
of various compositions, measured by RDE technique. It can be
clearly seen that a 4-electron-transfer pathway is mainly opera-
tive for ORR and the half-wave potential for ORR on bimetallic
AuePt/C (20%:20%) ise100 mV less negative when compared with
that of Pt/C (home-made and E-Tek). AuePt/C (30:10) shows a
negative shift in a half-wave potential in comparison with both
Pt/C samples, indicating that the catalytic activity decreases with
increasing Au content. It is believed that an optimum content of
Au will contribute to a reduction in the Pt-OH formation that is
known to “poison” the catalyst for ORR.

It is worthwhile to point out that during the last decade,
carbon-supported Au@Pt coreeshell nanostructured catalysts
were explored and synthesized to improve the ORR performance
of the electrocatalyst.50 The results showed that the limiting

Figure 7.15 Currentepotential curves on (A)
glassy carbon disk for O2 reduction and (B) Pt
ring electrode for H2O2 oxidation obtained in an
RRDE study. The disk electrode was coated by
Pt/Vulcan with a Pt loading of 0.014 mg cm�2.
T¼ 60 °C; O2-saturated 0.5 M H2SO4; scan
rate¼ 5 mV s�1; Ring potential¼ 1.2 V. Reprin-
ted with permission from Ref. 48.
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current density exhibited a maximum value for the Au@Pt/C with
Au:Pt at atomic ratios of 2:4 catalyst.

In addition to PteAu/C catalysts, several other Pt-based alloy
catalysts, such as PtCo/C, PtNi/C, PtV/C, and PtPd/C were also
reported, and the mechanism of enhancing ORR activity was
investigated using both RDE and RRDE techniques. The mecha-
nism of ORR improvement by alloying is ascribed to: (1) increase
in the catalyst surface roughness,15 (2) decrease in the coverage of
surface oxides and an enrichment of the Pt-active sites of the
catalyst surface,51 (3) increase in the d-orbital vacancy, which
strengthened the PteO2

� interaction,52 and (4) decrease in the
PtePt distance and the PtePt coordination numbers.53 Table 7.4
lists the properties of PtCo/C and PtNi/C catalysts and their ORR
performance parameters measured by RDE techniques for
comparison.

The RDE/RRDE curves of ORR catalyzed by PtNi/C catalysts
are shown in Figure 7.16.55 It can be seen that the catalytic ORR
activities of all PtNi/C catalysts are higher than that of pure Pt/C.
The amounts of hydrogen peroxide production on all PtNi/C
catalysts are roughly similar to or lower than that on Pt/C. Be-
sides, it is worth noting that the open-circuit potentials of PtNi/C
catalysts in oxygen-saturated solution are about 30 mV higher
than that of Pt/C catalyst, suggesting that the oxygen adsorption
on the PtNi surface is more favored than that on a pure Pt surface.

Table 7.3. Comparison of ORR Half-Wave Potential
in Acidic Solution, B Values, and the Overall Number

of Electrons Transferred at AuePt/C Bimetallic
Nanoparticles With Various Compositions

Composition
(atomic wt%)

Half-Wave Potential of O2

Reduction (mV) vs 0.5 M MSE
(0.5 M H2SO4) B (mA cmL2 rpmL1/2) n

0 Au:40Pt 96 0.130 3.96
10 Au:30Pt 98 0.124 3.76
20 Au:20Pt 200 0.127 3.92
30 Au:10Pt 50 0.114 3.47
E-tek-40 (Pt/C) 100 0.128 3.99

Reprinted with permission from Ref. 49.
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Pt-based trimetallic catalysts have also explored for ORR. For
example, Ir, as the thirdmetal, was added into PtCo alloy.56 By the
addition of Ir, a factor of 3e5 for the PtIrCo/C catalysts toward
ORR in comparison with Pt/C catalysts was achieved. There is a
clear trend that the mass activity increases with increasing Co%
and decreasing Pt%. Since the fcc-type lattice constant for
Pt25Ir20Co55/C (0.385 nm) is smaller than both those of
Pt65Ir11Co24/C and Pt40Ir28Co32/C (0.389 nm), the specific activity
of Pt25Ir20Co55/C is expected to be enhanced. Moreover, when Pt
and Ir atoms are mixed on the surface of the catalyst, the OH
adsorbed on Ir at low potentials has a repulsion effect on the
OH and oxide formation on Pt, resulting in a higher ORR kinetics.
It was also observed that the Pt65Ir11Co24/C catalyst had also a
comparable durability to that of commercial catalysts upon the
severe potential cycling (Figure 7.17).

Table 7.4. Summary of the Electrocatalytic Data for
PtCo/C and PtNi/C Catalystsa. ECA: Electrochemical
Surface Area, MA: ORR Mass Activity, and SA: ORR

Specific Activity

Catalysts

Particle
Size on
Carbon
(nm)

Metal
Loading
(% wt)

Lattice
Parameter
(nm)

ECA
(m2 gptL1)

MA
(A mgptL1)

SA
(mA cmL2)

Pt/C_Etek 2.5� 0.5 20 e 91 0.22 0.24
Pt/C 7.1� 1.6 23 0.3947 55 0.11 0.20

(A) PtCo/C

Pt73Co27/C 2.8� 0.4 37 0.3910 73 0.33 0.45
Pt75Co25/C 4.6� 0.6 40 0.3904 58 0.15 0.26
Pt70Co30/C 7.0� 0.7 36 0.3874 38 0.12 0.32
Pt52Co48/C 3.9� 0.7 24 0.3844 44 0.25 0.57

(B) PtNi/C

Pt71Ni29/C 6.6� 1.0 45 0.3920 27 0.17 0.62
Pt78Ni22/C 2.7� 1.0 38 0.3895 55 0.07 0.13
Pt64Ni36/C 8.7� 0.8 24 0.3890 24 0.14 0.57
Pt56Ni44/C 6.1� 0.8 44 0.3817 25 0.17 0.69
aCatalysts: 15 mg, electrode: 0.196 cm2, electrolyte: 0.5 M H2SO4, scan rate: 5 mV s�1, rotating speed: 2000 rpm.
Reprinted with permission from Ref. 54.
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Pt3Co was exclusively under investigation due to its high
specific activity, which was generally more than 100% higher
than pure Pt.57,58 But the Pt3Co catalyst still needs more im-
provements to solve the problem of Co dissolution, which leads
to reduced ORR activity. For Pt-alloy catalysts, the dissolution of
the alloyedmetals has been recognized as themajor drawback of
the Pt-alloy catalysts, particularly the catalysts of PtNi, PtCo,
PtCu, and PtFe.

Furthermore, the corrosion of carbon support is also a chal-
lenge. The harsh condition at the cathode ORR includes oxida-
tive oxygen, hot water, acidic environment, as well as high
electrode potentials. These conditions are favorable to the
oxidation of carbon support, especially in temperature range of
95e200 �C. To address the carbon support degradation issue,
alternative supports are being developed with the objectives to
increase both the support durability and the catalyst activity
through improving the catalystesupport interaction. Titanium

Figure 7.16 Currentepotential curves (bottom) of the carbon-supported nanosized
Pt and PtNi alloy catalysts coated on a glassy carbon disk electrode in O2-satu-
rated 0.5 M HClO4 solution (scan rate of 5 mV s�1, and rotating speed of 2000 rpm);
and the corresponding ring currents (Pt at 1.2 V vs RHE) data for the hydrogen
peroxide production (upper) on Pt/C, Pt Ni(2:1)/C and Pt Ni(1:1)/C systems. Reprinted
with permission from Ref. 55.
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dioxide-carbon composite materials have been extensively
investigated as a promising catalyst support candidate due to
their high stability and low solubility.58e61 For example,
conductive NbO2 and magneli phase titanium oxide (suboxides)
materials, such as TinO2n�1 (4< n <10) were explored as po-
tential fuel cell catalyst supports, as shown in Figure 7.18
recorded using RDE technique at different electrode rotating
rates. For stability test, after the 1000 cycles of potential cycling,
the ORR current was reduced significantly, indicating the cata-
lyst activity has decreased. The mass activity of Pt/NbO2 catalyst
dropped significantly, from 3.0 to 1.3 mA mgPt�1 after durability
testing, and corresponded to a loss of 57% of ORR mass activity.
Similarly, ORR activity of Pt/Ti4O7 catalysts also drastically
drops 86% loss of ORR mass activity.61 It is due to part of the
NbO2 nanofiber surface has been oxidized into more insulating
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Figure 7.17 RDE testing results of Pt3Co/C, Pt3Cr/C, and Pt3Co0.5Cr0.5/C catalysts. (A) before and (B) after 900 °C
annealing. The results of Pt/C catalyst were included for comparison. (C) RDE testing results of the Pt3Co0.5Cr0.5/C-900
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Electrolyte solution: Reprinted with permission from Ref. 56.
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Nb2O5 even before subjecting to electrochemical potential
cycling for Pt/NbO2 catalyst. Additionally, thin TiO2 layers
formed due to durability tests for Pt/Ti4O7 catalysts. The effect of
Nb2O5 and thin TiO2 layers on electrical conductivity would be
significant, which could limit the electron transport and create a
poor electrical communication between the Pt catalyst particles
with the nanofiber support, leading to a lower mass activity.
Regarding the performance improvement of metal oxide or
carbon-metal oxide-supported Pt catalysts, alloying Pt with a
second metal or even third and fourth metals can further
improve ORR activity. As support, carbon-Nb0.07Ti0.93O2 (car-
bon-Nb0.07Ti0.93O2) composite was prepared for PtePd alloy.60

Figure 7.18 ORR curves on 20-wt% Pt/NbO2 and 20-wt% Pt/Ti4O7 nanofiber catalysts coated on a glassy carbon
electrode (0.196 cm2), measured in O2-saturated 0.1 M HClO4 solution (30 °C). (A) Pt/NbO2, before durability test of
cyclic voltammetric cycling for 2000 cycles in N2-saturated 0.1 M HClO4 solution, (B) Pt/NbO2, after durability test, (C)
Pt/Ti4O7, before durability test, (D) Pt/Ti4 O7, after durability test. Potential scan rate: 5 mV s�1. Reprinted with
permission from Ref. 61.
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The formed C67wt%-(Nb0.07Ti0.93O2)33wt% composite support
showed a high surface area of 176 m2 g�1 and a similar porosity to
that of carbon. The formed Pt0.55Pd0.45/C67wt%-(Nb0.07Ti0.93O2)33wt

% catalyst showed a uniform distribution on the support, its cat-
alytic activity toward ORR was much higher than other composi-
tion catalysts. It might be due to the electronic effect of the PtePd
alloying, and favorable adsorption and dissociation of O2 on the
PtePd clusters. However, it is the most important that the inter-
action between PtePd alloy and C67wt%-(Nb0.07Ti0.93O2)33wt% can
be prevented Pd from electrochemical dissolution and enhanced
the catalysts durability. Table 7.5 shows the measured ORR ac-
tivities and stabilities for several PtePd alloy catalyst supported on
different carbon-Nb0.07Ti0.93O2 hybrid materials. It can be seen
that the best ORR mass activity of 157 mAmgPt�1, which is much
higher than the commercially available Pt/C catalyst.

Other non-carbon supports such as TiN, WC, and TiC have
also been explored as the Pt catalyst supports to form Pt or Pt-
alloy catalysts in the effort to improve the support’s electric
conductivity and durability.63 For example, tungsten carbide
(WC) appears to be attractive. The experiment results showed
that WC showed a high stability and good electronic
conductivity.

Table 7.5. Summary of ORR Mass Activities of
Various Catalyst Prepared Using USP Synthesized
Supports. Activity of Commercial Pt/C Catalyst is

Also Given for Comparison

Catayst

ORR Mass Activity @ 0.9 V (mA
mgPtL1)

Initial % Loss after Durability

48 wt%Pt/C (TKK) 110 33.0
20 wt%Pt/25 wt% (Nb0.07Ti0.93O2)-75 wt% C (600 �C) 129 39.0
20 wt%Pt62Pd38/TKK-E 132 40.0
20 wt%Pt0.62Pd0.38/25 wt% (Nb0.07Ti0.93O2)-75 wt% C (600 �C) 157 51.0
20 wt%Pt0.62Pd0.38/25 wt% (Nb0.07Ti0.93O2)-75 wt% C (700 �C) 155 52.0
20 wt%Pt0.62Pd0.38/25 wt% (Nb0.07Ti0.93O2)-75 wt% C (800 �C) 157 49.0

Reprinted with permission from Ref. 62.
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7.6. RDE/RRDE Study for ORR on the Surfaces
of Non-Noble Metal Catalyst Layer

As a solution to provide a long-term solution to Pt cost and
scarcity, a variety of non-noble metal-based catalysts has been
explored as promising cathode catalysts for fuel cells.38 These
ORR catalysts include heat-treated metal-nitrogen-carbon com-
plexes (M-Nx/C, M¼ Fe or Co),64 carbon-supported chalcogen-
ides, and carbon-supported metal oxides. These catalysts have
been synthesized and showed considerable ORR activity and
stability when compared to those of Pt/C catalyst. In the explo-
ration, RDE/RRDE techniques are the most commonly employed
tools in evaluating the catalysts’ activity and stability toward ORR
and its associated mechanism.

For example, a heat-treated cobalt tripyridyl triazine (Co-
TPTZ) electrocatalysts was synthesized and tested in acidic me-
dium for ORR using both RDE and RRDE techniques.65 In this
work, one of the Co-N/C catalysts developed with a Co loading of
5 wt% obtained via 700 �C heat-treatment was chosen for kinetic
ORR investigation. Figure 7.19(A) shows the currentepotential
curves collected on a Co-N/C-coated GC electrode at different
rotating rates from 100 to 1600 rpm in an O2-saturated acidic so-
lution. It can be seen that there is no well-defined limiting cur-
rents, indicating the ORR kinetics catalyzed by Co-N/C catalyst is
not fast enough to fully exhaust the surface O2 concentration.

The disk current density (id) for the ORR in the potential range
of 0.7e0.8 V vs RHE in Figure 7.19(A) is almost independent of the
electrode rotation rate, suggesting that the current densities in this
narrow potential (or low overpotential) range are purely electro-
chemical kinetic current densities. The disk current density be-
tween 0.7 and 0.8 V, which is the pure kinetic current density, can
be plotted as a function of electrode potential, as shown in
Figure 7.19(B). From the Tafel slope and the intercept can be
separately obtained, and two important ORR kinetic parameters
(the electron-transfer coefficient, and the exchange current den-
sity, io). From the value of io, which is a kinetic rate constant (or
electron-transfer rate constant) in the rate-determining step
(RDS), ke can be obtained using the relationship io ¼ nFkeCO2

(where the value ofn is obtained by averaging the values for overall
electron-transfer number at different electrode potentials), which
is about 8.6� 10�10 A cm�2 as listed in Table 7.6.

Figure 7.19(A) also shows that when the potential is less than
0.7 V, the current density becomes dependent on the electrode
rotation rate, suggesting that the current densities in the potential
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range <0.7 V are affected by both the electrochemical kinetic
current and O2 diffusion. The KeL plots at different electrode
potentials can be drawn, for example as shown in Figure 7.19(C),
from the intercepts of which the kinetic current densities can be
estimated as a function of electrode potential.

The kinetic current densities were believed to have two major
contributors: (1) the chemical reaction between O2 and the
catalyst active site to form an adduct prior to the electron-transfer
reaction, and (2) the electron-transfer reaction in the RDS.
Therefore, the ORR kinetic current density (ik) may be expressed
as a function of electrode potential (E), as in Eqn (7.4):

1

ik
¼ 1

nFkcCO2

þ 1

nFkeCO2
exp

�
� anaF

RT ðE � EoÞ
� (7.4)
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Figure 7.19 (A) Currentepotential curves for the ORR on a glassy carbon electrode coated with Co-N/C. Recorded in a
0.5 M H2SO4 solution at various electrode rotation rates, as marked. Potential scan rate: 5 mV s�1; Co-N/C loading in the
catalyst coating: 0.10 mg cm�2; (B) KouteckyeLevich plots for the ORR on a Co-N/C-coated glassy carbon electrode,
data from (A); and (C) Tafel plot, data from (A). Reprinted with permission from Ref. 65.
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where kc is the chemical reaction rate between O2 and the active
site on the electrode surface before electron transfer, ke is the
electron-transfer rate in the RDS of the overall ORR, and a, na, E,
Eo, R, T, n, F, and CO2

have their usual meanings. Based on the
known values of n, F, ke, a, na, and CO2

, and the values of ik in
Table (7.6), according to Eqn (7.4), a plot of 1

ik
vs

1
nFkeCO2

expð�anaF
RT

ðE�EoÞÞ can give the intercept
�

1
nFkcCO2

�
, from which

the chemical reaction rate kc can be roughly estimated, as listed
in Table 7.7 with the values for exchange current density and the
kinetic reaction constants.

To obtain the overall ORR electron-transfer numbers, the
RRDE measurements were also carried out in this work. The
obtained overall electron numbers and the percentages of H2O2

production are shown as a function of electrode potential in
Figure 7.20(A) and (B), respectively. It can be seen that the ORR
electron-transfer number varies in the range of 3.6e3.8,

Table 7.6. ORR Kinetic Current Densities and Overall
Electron Transfer Numbers. Obtained Based on the
Data in Figure 7.19, Collected on a Co-N/C Coated
Glassy Carbon Electrode Rotating at Various Rotation

Rates. Electrolyte: O2-Saturated 0.5 M H2SO4
Solution; Co Loading in the Coating Layer:

5 mg$cmL2; Temperature: 25 °C
Electrode Potential,
E(V vs. RHE)

Kinetic Current Density,
ik (mA cm–2)

Overall Electron
Number, n

0.10 5.1 3.4
0.20 4.0 3.3
0.30 3.4 3.2
0.40 2.2 3.1
0.50 1.2 3.1
0.55 0.74 3.1
0.60 0.42 3.2
0.65 0.21 3.5
0.70 0.086 3.7

Reprinted with permission from Ref. 65.

Chapter 7 APPLICATIONS OF RDE AND RRDE METHODS IN OXYGEN REDUCTION REACTION 267



Table 7.7. Electron-Transfer Coefficiency a
(Assuming the Electron-Transfer Number na in ORR
Rate-Determining Step is 1), the Exchange Current
Density io, the Electron-Transfer Rate Constant ke,

and the Chemical Reaction Rate Constant kc

Electron-Transfer
Coefficiency a

Exchange Current
Density
i o (mA cmL2)

Electron-Transfer
Rate Constant in
RDS ke (cm sL1)

Chemical Reaction
Rate Constant kc
(cm sL1)

0.277 8.18 � 10�4 2.26� 10�6 1.30� 10�2

Reprinted with permission from Ref. 65.
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Figure 7.20 (A) Electron-transfer numbers
for the ORR catalyzed by 5 wt% Co-N/C
catalyst obtained after heat treating 5 wt
% Co-TPTZ/C at 700 °C; (B) the corre-
sponding %H2O2 produced. Data ob-
tained using rotating ring (Pt)-disk
electrode (glassy carbon coated by Co-
N/C) in an O2-saturated 0.5 M H2SO4 so-
lution; Co-N/C catalyst loading in the disk
coating: 0.1 mg cm�2. Reprinted with
permission from Ref. 65.
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suggesting that the dominant reaction pathway is a 4-electron-
transfer process from O2 to H2O, with 5e20% H2O2 production.

As discussed above, the ORR mechanism catalyzed by the Co-
N/C catalyst was a mixed process of 2- and 4-electron-transfer
pathways, dominated by the 4-electron pathway. An ORR
mechanism was proposed in this work as follows:

CoðIIÞ �N=CþO2/O2 � CoðIIÞ �N=C (7-XIII)

O2 � CoðIIÞ �N=Cþ e�/O�
2 � CoðIIÞ �N=C ðRDSÞ (7-XIV)

O�
2 � CoðIIÞ �N=Cþ e� þ 2Hþ/H2O2 � CoðIIÞ �N=C (7-XV)

xðH2O2 � CoðIIÞ �N=CÞ þ 2xe� þ 2xHþ/xCoðIIÞ �N=C

þ 2xðH2OÞ
(7-XVI)

ð1� xÞðH2O2 � CoðIIÞ �N=CÞ/ð1� xÞCoðIIÞ �N=C

þ ð1� xÞH2O2
(7-XVII)

In this mechanism, Reaction (7-XIII) is the chemical reaction
discussed above. Reaction (7-XIV) is the ORR RDS on the Co-N/C
catalyst surface. Reaction (7-XV) is peroxide formation. This H2O2

will go two ways: (1) further 2-electron reduction to H2O through
Reaction (7-XVI), or (2) chemical desorption through Reaction
(7-XVII) to form free H2O2, and then entrance into the bulk so-
lution, which can be detected by the ring electrode. The relative
proportions of Reactions (7-XVI) and (7-XVII) determine the
overall electron number and the amount of H2O2 produced. In
Reaction (7-XVI), an x is used to express the proportion that is a
4-electron-transfer process, and in Reaction (7-XVII), (1e x) to
express the proportion of 2-electron process. It can be seen that
when x¼ 1, the mechanism will be a completely 4-electron-
transfer pathway, and when x¼ 0, the mechanism will be a
completely 2-electron pathway. If x is in between, the ORR will be
a mixture of 2- and 4-electron-transfer pathways.

In basic solution, some carbon-supported metal oxides, such
as Ti4O7/C, La0.6Ca0.4CoO3/C, Carbon-La0.6Ca0.4CoO3/C, MnOx/C,
and Me-MnOx/C (Me¼Ni, Mg), have been explored for ORR
catalysts, evaluated by RDE/RRDE techniques.66,67

For example, carbon-supported magneli phase Ti4O7 was
synthesized and characterized for ORR catalysts, and evaluated
cyclic voltammetry (CV), RDE, and RRDE techniques in electro-
lyte solutions containing various concentrations of KOH. The
electrochemical stability of the catalyst was also evaluated by
cyclic voltammetry scans and chronopotentiometric tests.
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To obtain the kinetic information in 1, 4, and 6 M KOH solu-
tions, Figure 7.21 a shows the typical RRDE disk and ring currents
in 6 M KOH, collected at rotation rates from 400 to 2500 rpm. The
ORR on the Ti4O7 electrode was under kinetic control in the po-
tential range of c. e0.05 to �0.15 V, under combined kinetic-
diffusion control from c. e0.15 to �0.20 V, and reached the
limiting current at higher overpotentials (>�0.20 V). Using KeL
plots shown in Figure 7.21(B), several ORR kinetic parameters can
be obtained, from which the effect of KOH concentration on the
ORR catalytic activity of Ti4O7/C can be understood. From
the ring currents, the overall electron-transfer numbers and the
percentages of H2O2 production at different potentials were also
obtained, as plotted in Figure 7.22.

From Figure 7.22, it can be seen that the overall ORR electron-
transfer numbers catalyzed by Ti4O7 in these KOH solutions are in

Figure 7.21 (A) Rotating ring-disk
currentepotential curves at different electrode
rotation rates as marked in the figure. Disk
currents were recorded on Ti4O7/C-coated
glassy carbon disk electrode in potential range
0.0 to �0.50 V vs Hg/HgO, and ring currents
were recorded on platinum ring electrode with
fixed potential of þ0.5 V in O2-saturated 6 M
KOH solution. Potential scan rate: 5 mV s�1.
Ti4O7 loading on disk electrode: 0.73 mg cm�2;
(B) KouteckyeLevich plots for ORR on Ti4O7

electrode at �0.40 V vs Hg/HgO in 1 M (solid
black line), 4 M (solid red line), and 6 M KOH
(solid blue line) solutions; theoretical plots for
2- and 4-electron-transfer process are also
displayed as dashed lines for comparison. (For
interpretation of the references to color in this
figure legend, the reader is referred to the on-
line version of this book.) Reprinted with permis-
sion from Ref. 66.
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the range of 2.3e2.9, with the corresponding percentages of H2O2

being 35e72%, suggesting that the ORR on Ti4O7 is a mixed
process of 2- and 4-electron-transfer pathways. It can also been
seen that the higher the KOH concentration, the greater the
amount of H2O2 detected (or the lower the overall electron-
transfer number). It is understandable that in a more concen-
trated alkaline medium, H2O2 in the form of HO2

� will be more
stable than in a less concentrated OH� solution.

Figure 7.23 shows the ORR Tafel plots catalyzed by Ti4O7/C
catalyst at three KOH concentrations, from which the exchange
current densities were obtained. The obtained results showed

Figure 7.22 (A) Plots of overall electron-
transfer number; and (B) percentage
H2O2 produced as a function of electrode
potential at three different concentra-
tions of O2-saturated KOH solution. Cal-
culations based on currentepotential
data collected at rotation rate of
1600 rpm. Reprinted with permission from
Ref. 66.

Figure 7.23 ORR kinetic constants catalyzed
by Ti4O7/C catalyst as a function of applied
electrode potential (EL E o) at three different
KOH concentrations. Reprinted with permission
from Ref. 66.
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that the exchange current densities could be greatly increased
with increasing alkaline concentration.

Another important kind of non-noble metal ORR catalysts are
chalcogenides (MxXy, M¼Co, Ni, Fe; X¼ S, Se), which have been
paid great attention to because they show promising electro-
catalytic activity and high selectivity toward ORR in both acid and
alkaline media, evaluated by both RDE and RRDE techniques.68

For example, carbon-supported cubic cobalt selenide (CoSe2)
nanoparticles showed a high activity and “complete” selectivity
toward ORR in 0.5 M H2SO4. However, this catalyst is even more
active in alkaline solution. As shown in Figure 7.24, the current
density of 4.2 mA cm�2 at 0.4 V at 1600 rpm is much higher than
that of 2.5 mA cm�2 at the same potential and rotating speed in

Figure 7.24 (A) Rotating-disk voltammograms of
20 wt% CoSe2/C nanocatalyst in O2- saturated
0.1 M KOH at 25 °C with a sweep rate of 5 mV s�1

at different rotating rates from 400 rpm to
2500 rpm from top to bottom. (B) The corre-
sponding KouteckyeLevich plots as a function of
u�1/2 at four different potentials: 0.1, 0.4, 0.6 and
0.65 V vs RHE. Catalyst mass loading is c.
44 mg cm�2 for CoSe2. The calculated slope for
n¼ 4 electrons is shown in the same figure.
Reprinted with permission from Ref. 68.
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0.5 M H2SO4 reported in Ref. 69. The average ORR electron-
transfer number obtained was very close to 4.0, suggesting that
the 20 wt% CoSe2/C catalyst favors a 4-electron ORR process
from O2 to H2O.

7.7. Chapter Summary
In exploring ORR catalysts, both RDE and RRDE techniques

have been recognized as the most useful electrochemical tech-
niques in evaluating the catalysts’ activity and stability as well as
performance optimization. Using RDE and RRDE techniques,
ORR has been studied on Pt electrode, carbon electrode, mono-
layer metal catalyst, Pt-based catalyst, and non-noble metal-
based catalysts, respectively. To give more detailed information,
this chapter 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.
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16. Aricòa A, Shuklab A, Kimc H, Parkc S, Minc M, Antonucci V. An XPS study on

oxidation states of Pt and its alloys with Co and Cr and its relevance to

electroreduction of oxygen. Appl Surf Sci 2001;172(1):33e40.
17. Toda T, Igarashi H, Watanabe M. Enhancement of the electrocatalytic O2

reduction on PteFe alloys. J Electroanal Chem 1999;460(1):258e62.

18. Shukla A, Neergat M, Bert P, Jayaram V, Hegde MS. An XPS study on binary

and ternary alloys of transition metals with platinized carbon and its bearing

upon oxygen electroreduction in direct methanol fuel cells. J Electroanal

Chem 2001;504(1):111e9.

19. Markovi�c N, Schmidt T, Stamenkovi�c V, Ross P. Oxygen reduction reaction on

Pt and Pt bimetallic surfaces: a selective review. Fuel Cells 2001;1(2):105e16.
20. Markovic N, Gasteiger H, Ross PN. Kinetics of oxygen reduction on Pt(hkl)

electrodes: implications for the crystallite size effect with supported Pt

electrocatalysts. J Electrochem Soc 1997;144(5):1591e7.
21. Grgur BN, Markovic NM, Ross PN. Temperature dependent oxygen

electrochemistry on platinum low index single crystal surfaces in acid

solutions. Can J Chem 1997;75(11):1465e71.

22. Kitchin J, Norskov J, Barteau M, Chen J. Modification of the surface electronic

and chemical properties of Pt(111) by subsurface 3d transition metals. J Chem

Phys 2004;120(21):10240e6.

23. Kakinuma K, Wakasugi Y, Uchida M, Kamino T, Uchida H, Deki S, et al.

Preparation of titanium nitride-supported platinum catalysts with well

controlled morphology and their properties relevant to polymer electrolyte

fuel cells. Electrochim Acta 2012;77:279e84.

24. Paliteiro C, Hamnett A, Goodenough JB. The electroreduction of oxygen

on pyrolytic graphite. J Electroanal Chem Interfacial Electrochem

1987;233(1):147e59.

25. Xu J, Huang W, McCreery RL. Isotope and surface preparation effects on

alkaline dioxygen reduction at carbon electrodes. J Electroanal Chem

1996;410(2):235e42.

26. Hu I-F, Karweik DH, Kuwana T. Activation and deactivation of glassy carbon

electrodes. J Electroanal Chem Interfacial Electrochem 1985;188(1e2):59e72.

27. Hossain MS, Tryk D, Yeager E. The electrochemistry of graphite and modified

graphite surfaces: the reduction of O2. Electrochim Acta 1989;34(12):1733e7.

28. Gajendran P, Saraswathi R. Enhanced electrochemical growth and redox

characteristics of poly(o-phenylenediamine) on a carbon nanotube modified

274 Chapter 7 APPLICATIONS OF RDE AND RRDE METHODS IN OXYGEN REDUCTION REACTION

http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref9015
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref9015
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref9015
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref9015
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0060
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0060
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0060
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0060
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0065
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0065
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0065
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0065
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0070
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0070
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0070
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0070
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref9020
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref9020
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref9020
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref9020
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0080
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0080
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0080
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0085
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0085
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0085
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0085
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0090
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0090
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0090
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0090
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0095
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0095
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0095
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0095
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0095
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0100
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0100
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0100
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0100
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0100
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0105
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0105
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0105
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0105
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0110
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0110
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0110
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0110
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0115
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0115
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0115
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0115
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref9025
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref9025
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref9025
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref9025
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref9025
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0125
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0125
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0125
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0125
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0130
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0130
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0130
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0130
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0135
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0135
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0135
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0135
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0140
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0140
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0140
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0140
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0145
http://refhub.elsevier.com/B978-0-444-63278-4.00007-0/ref0145


glassy carbon electrode and its application in the electrocatalytic reduction of

oxygen. J Phys Chem C 2007;111(30):11320e8.

29. Yu D, Zhang Q, Dai L. Highly efficient metal-free growth of nitrogen-doped

single-walled carbon nanotubes on plasma-etched substrates for oxygen

reduction. J Am Chem Soc 2010;132(43):15127.
30. Geng D, Liu H, Chen Y, Li R, Sun X, Ye S, et al. Non-noble metal oxygen

reduction electrocatalysts based on carbon nanotubes with controlled

nitrogen contents. J Power Sources 2011;196(4):1795e801.
31. Wang SY, Yu DS, Dai LM, Chang DW, Baek JB. Polyelectrolyte-functionalized

graphene as metal-free electrocatalysts for oxygen reduction. ACS Nano

2011;5(8):6202e9.

32. Lai L, Potts J, Zhan D, Wang L, Poh C, Tang C, et al. Exploration of the active

center structure of nitrogen-doped graphene-based catalysts for oxygen

reduction reaction. Energy Environ Sci 2012;5:7936e42.

33. Wang S, Zhang L, Xia Z, Roy A, Chang D, Baek J, et al. BCN graphene as

efficient metal-free electrocatalyst for the oxygen reduction reaction. Angew

Chem Int Ed 2012;51(17):4209e12.

34. Wang S, Iyyamperumal E, Roy A, Xue Y, Yu D, Dai L. Vertically aligned BCN

nanotubes as efficient metal-free electrocatalysts for the oxygen reduction

reaction: a synergetic effect by co-doping with boron and nitrogen. Angew

Chem Int Ed 2011;50(49):11756e60.

35. Choi CH, Park SH, Woo SI. Phosphorus-nitrogen dual doped carbon as an

effective catalyst for oxygen reduction reaction in acidic media: effects of the

amount of P-doping on the physical and electrochemical properties of

carbon. J Mater Chem 2012;22(24):12107e15.

36. Wilson T, Zhang J, Oloman C, Wayner D. Anthraquinone-2-carboxylic-allyl

ester as a new electrocatalyst for dioxygen reduction to produce H2O2. Int J

Electrochem Sci 2006;1:99e109.

37. Vaik K, Sarapuu A, Tammeveski K, Mirkhalaf F, Schiffrin DJ. Oxygen

reduction on phenanthrenequinone-modified glassy carbon electrodes in 0.1

M KOH. J Electroanal Chem 2004;564(0):159e66.

38. Chen Z, Higgins D, Yu A, Zhang L, Zhang J. A review on non-precious metal

electrocatalysts for PEM fuel cells. Energy Environ Sci 2011;4(9):3167e92.

39. Shigehara K, Anson FC. Electrocatalytic activity of three iron porphyrins in

the reduction of dioxygen and hydrogen peroxide at graphite cathodes. J Phys

Chem 1982;86(14):2776e83.

40. Shi C, Anson FC. Catalytic pathways for the electroreduction of oxygen by

iron tetrakis(4-N-methylpyridyl)porphyrin or iron tetraphenylporphyrin

adsorbed on edge plane pyrolytic graphite electrodes. Inorg Chem

1990;29(21):4298e305.

41. Mouahid O, Coutanceau C, Belgsir E, Crouigneau P, Léger J, Lamy C.
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catalyst decaling method and,

113
for catalyst layer-coated RDE,

187e188
in CL fabrication, 111e112
deposition process, 110e111
dialectric constant of,

110e111
electrospraying of, 114e115
glycerol in, 110e111
heat treatment of, 110e111
hydrophobic agents, 110
inkjet printing of, 115e116
ionomers in, 110
Nafion in, 110
preparation of, 110e111, 112f
PTFE in, 110
solvents in, 110
spraying of, 112e113
spreading of, 112e113
transferring of, 112e113
viscosity of, 110e111

Catalyst layers (CLs), 68e69
characterization of, 106e122
contact angle measurement
and, 91

EDX and, 118
electron microscopy and,
118e119

SEM and, 118e119
TEM and, 118

XPS and, 121e122
XRD and, 121

coating RDE, 187e188
composition of, 106e107
contamination, 108e110
EPD and, 114f
EPSA and, 189e190
fabrication of, 106e122
fuel cell, 106e107
on GC RDE, 188f
high electrical conductivity

and, 82
hydrophobic component of,

108
non-noble metal, 265e273
ORR, 106e110
planar representation of, 109f
Pt alloy, 257e264
Pt-based, 257
uniformity of, 112e113

Catalyst powders
deposition of, 112e113
favorite structure of, 85e86
SSA of, 86

Catalyst supports
carbon nanoparticle, 79
carbon-based, 261e264
corrosion of, 261e264
metal oxide, 85
non-carbon, 85, 264
pretreated carbon, 153e154
Pt catalysts and, 88
surface of, 86
TiC as, 85
USP synthesized, 264

Catalyst-coated diffusion
medium (CDM), 106

Catalysts. See also
Electrocatalysts. specific
catalyst types

activity of, 69e87
activity site distribution, 79
adsorption of monolayer of, in

smooth surface RDE, 187
alloy metals in, 85
Au@Pt core-shell

nanostructured, 258e259
bimetallic alloy, 69
catalytic reactions and, 70
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composite materials as, 71
conductive polymer-based,

89e90
CV of, 103e104
decaling method, 113
definition of, 70
electrical conductivity and, 83
electrochemical activity

measurements of,
189e192

features of, 70
heterogeneous, 70
homogeneous, 70
ionomer interaction with,

107e108
macrocyclic, 155
morphology, 85e86
non-noble metal, 75e76, 232

coating electrode surface,
191e192

current densities and, 75
high catalyst activity and,
81e82

optimum composition of, 85
ORR, 68e69

ACAE as, 246e247
anthraquinones as,
246e247

ORR exchange current
densities for, 142t

particles
catalyst stability and, 86e87
dispersion uniformity,
87e88

size of, 86
size optimization, 87e88
support surface and, 86

porosity of, 86
catalyst stability and, 86e87

potential energy and, 71f
Pt-based, 74e75
reaction active site of, 79
reaction surface area of, 79
redox activity of, 189
stability of, 69e87, 232
supported, 79

ORR catalytic activity and,
82, 82f

surface

CV or, 186e187
roughness, 186e187

surface area of, 71e72
synthesis, pyrolysis stage of,

90
using USP synthesized

supports, 264
Catalytic activity, 69e87
electrochemical

measurements of,
189e192

evaluating, 232
high, with ORR

electrocatalysts, 81e82
ORR, catalyst support and, 82,

82f
of ORR electrocatalysts

measured with RDE, 78t
of Pt catalyst monolayer,

238e240
of Pt3CO catalysts, 261
of transition metal

macrocyclic complexes,
155, 165

volumetric ORR, 75e76
Catalytic reactions
catalysts and, 70
rate of, 71e72

Catalyzed diffusion medium
(CDM), 111e112

Cathodes
electrode potential of, 136
fuel cell, high electrical

conductivity and, 83
ORR at, 106
PEM fuel cell ORR at, 134
potential, equilibrium, 142
reactions, 136

CCM. See Catalyst coated
membrane

CDM. See Catalyst-coated
diffusion medium;
Catalyzed diffusion
medium

Cellular respiration, 4e5
Centipoise (cP), 18e19
CF3PPCo. See

Co-trifluoromethylphenyl
porphyrin

Chalcogenides, transition metal,
69, 89e90

Chemical reactions. See also
Electrochemical reactions

kinetics of, 34e35
rate constants, 139e140, 267t

Chemical stability. See also
Electrochemical stability

catalyst stability and, 86e87
of ORR electrocatalysts, 85

Chromic acid, 242e243
Cis configuration, 156e158
CLs. See Catalyst layers
Cluster models, N-doped carbon

and, 152
CNT. See Carbon nanotubes
CO2. See Carbon dioxide
Cobalt corroles, 158
Cobalt selenide (CoSe2),

272e273
Koutecky-Levich plots of,

272f
rotating-disk voltammograms

of, 272f
Cobalt tripyridyl triazine

(Co-TPTZ)
electrocatalysts, 265

Cobalt(II) 1,2,3,4,
8,9,10,11,15,16,17,18,
22,23,24,25-
hexadecafluoro-
29H,31H-phthalocyanine
(CoIIHFPC), 254e255

current-potential curves for,
256f

Koutecky-Levich plot for, 256f
CoIIHFPC. See Cobalt(II) 1,2,3,4,

8,9,10,11,15,16,17,18,
22,23,24,25-
hexadecafluoro-
29H,31H-phthalocyanine

Collection efficiency
calculation of, 213e214
calibration of, 213e214
definition of, 205e206
insulating gap and, 211
isolator ring area and, 209
ORR and, 209e210
of RRDE, 205e210
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Collection efficiency
(Continued)

RRDE geometric parameters
and, 210t

RRDE size and, 208
Combustion, 5
Composite materials, as

catalysts, 71
composite materials,

carbon-TiO2, 261e264
Co-N4 catalysts, 156e158,

157f
Co-N/C catalysts, 265, 266f
Contact angle measurement,

91, 120f
Convection, 48. See also

Diffusion-convection
layer

diffusion coexisting with, 56
in electrolyte solutions, 172
velocity of, 200e201

measuring reactant
concentration and, 55f

rate, in steady-state process,
176e177

reactant transport in
electrolytes by, 47

steady-state diffusion process,
54e56

velocity, 200e201
Co-Nx complexes, 91
Co(OH)2, 225e226

graphene and, 226e227
HO2

- and, 220
Coordination complex, 72
Co-phthalocyanine, 91
Co-polypyrrole (CoPPy),

98e99
Co-porphyrins, 90
CoPPy. See Co-polypyrrole
Corroles, cobalt, 158
Corrosion

carbon, 84f
of carbon-based catalyst

supports, 261e264
CoSe2. See Cobalt selenide
CO-stripping, 190e191, 191f
Co-tetraazaannulene (CoTAA),

91

Co-tetramethoxyphenyl
porphyrin
(TpOCH3PPCo), 91

Co-tetraphenylporphyrins,
90e91

CoTMPP, 97
CoTMPP/C catalysts, TAUSP of,

98
Co-TPTZ electrocatalysts.

See Cobalt tripyridyl
triazine electrocatalysts

Co-trifluoromethylphenyl
porphyrin (CF3PPCo), 91

Coulomb explosion, 114e115
cP. See Centipoise
Crystal Pt-facet electrode

surfaces, ORR on,
232e235

CSGnP. See Carboxylic acid/
sulfonic acid

Current densities
alternative, 40
catalytic TOF and, 72e76
diffusion, 49
of diffusion-convection layer,

174
diffusion-limiting, 55e56, 175
of disk electrodes, 202e203,

217, 265
electrocatalytic reactions and,

73e74
electrode potential, 39
at different, 143

electron transfer kinetics,
202e203

exchange, 41, 267t
current density-
overpotential curves at
different, 43f

estimates, with RDE,
181e182, 203

Koutecky-Levich plots and,
183

ORR, 142e143, 142t,
193e194

for Pt alloy catalysts,
144e145

RDE rotating rates and,
182e183

kinetic, 266e267
limiting, 178
Au@Pt core-shell
nanostructured catalysts
and, 258e259

of disk electrodes, 219
for ORR, 249f
at ring electrode, 204e205

net ORR, 141
non-noble metal catalysts

and, 75
nonsteady-state, induced by

diffusion, 53
over RDE surface, 178
overpotential curves
at different electron transfer
coefficients, 44f

at different exchange
current densities, 43f

oxidant transport, 47e48
Pt-mass activity and, 74e75
of RDE, 175e179
RDE rotating rates and,

182e183
reactant diffusion process, at

constant, 49
reductant, with RDE, 178e179
at ring electrodes, 205, 217
steady-state, 175
for steady-state diffusion-

convection process, 56
Current density-overpotential

curves
for different electron transfer

coefficients, 44f
at different exchange current

densities, 43f
Current-potential curves, 58f
of ACAE, 247f
for CoIIHFPC, 256f
at disk electrode, 224f
for electrocatalysts, 74f
for GC disk electrodes, 258f
of GC electrodes, 149f
for GC ring electrodes, 258f
high-pressure-annealed

pyrolytic graphite and,
150f

nanosized, 261f
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onset potential and, 76e77
ORR, 193, 194f

with Co-N/C catalysts, 266f
at disk electrode, 223
on GC, 150
on graphite, 150
on polycrystalline Pt
surface, 237f

for Pt alloy catalysts, 261f
Pt-mass activity and, 74f
for RDE, 181f
at ring electrode, 224f
RRDE, 151f, 215f, 270f

Current-potential data analysis,
193e195

Current-potential relationship,
on RDE, 176e177

CV. See Cyclic voltammetry
Cyclic voltammetry (CV),

104f
of ACAE-coated BPG, 247f
catalyst surface, 186e187
of catalysts, 103e104
of CO-stripping, 191f
of disk electrodes during ORR,

233f
of FeIIITPFPP, 251f, 252f
of Fe-Nx/C catalyst, 192f
of NCNTs, 244f
of ORR, 192e193, 193f

on polycrystalline Pt
surface, 237f

of Pt catalyst-coated RDE,
189f

of Pt facets, 232e235, 233f
of Pt surfaces, 146f
of ring electrodes during ORR,

233f
of RRDE, 225f

D
Data analysis
current-potential, 193e195
RRDE, for ORR, 215e228

D-band
vacancy, 144e145, 259
weighted center of, 239e240

De-aeration, of electrolyte
solutions, 186e187

Decarboxylation, heat treatment
conditions and, 91

Decay, 5
Dehydration, heat treatment

conditions and, 91
Density functional theory (DFT),

87
Pt crystal and, 232

Department of Energy (DOE)
electrocatalyst stability and,

77
non-noble metal catalysts

and, 75e76
ORR activity of Pt-based

electrocatalyst and, 75
Deposition. See also

Electrodeposition;
Electrophoretic
deposition

of catalyst ink, 110e111
of catalyst powders,

112e113
electrochemical, 94
evaporative, 113
under potential, 94

Desorption
to H2O2, 269
of hydrogen, 189e190

DFT. See Density functional
theory

Dialectric constant, of catalyst
ink, 110e111

Diaphragm cell technique, 13
Diazonium salts, 247e248
Differential scanning

calorimetry (DSC), 92e93
Differential thermal analysis

(DTA), 92e93
Diffusion. See also Reactant

diffusion process
coefficient, 45e46

of oxidants, 201e202
convection coexisting with, 56
current density, 49
in electrolyte solutions,

172
flux, 11e13
kinetic control, for ORR,

232e235

layer
diffusion-convection layer
compared to, 173e174

effective thickness of,
52e53

thickening of, 54
nonlimiting, 202e203
nonsteady-state current

densities induced by, 53
planes, in electrolytes, 46f
rate, in steady-state process,

176e177
reactant transport in

electrolytes by, 45e47
steady-state, convection

process, 54e56
Diffusion medium (DM), 106
Diffusion-convection constants,

216e217
Diffusion-convection layer

current densities of, 174
diffusion layer compared to,

173e174
electrode rotation rate limits

and, 196e197
formation of, 172
near electrode surface,

173e175
oxidant concentration

distribution within, 174
thickness, in RDE, 178
thickness of, 173e174
uniformity of, 175

Diffusion-convection process
electron transfer kinetics of

oxidant reduction
compared to, 180

RDE rotating rates and,
182e183

in RRDE, 200e201
steady-state, 56

Diffusion-limiting current
density, 55e56, 175

Dihexadecyl hydrogen
phosphate method,
151e152

Dihydrodibenzotetraa
zaannulene, 165

Dimetal complexes, 157f
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Dimethylformamide (DMF),
97e98

Dioxygen, 3e4. See also Oxygen
complexes with metal, 161
configurations of, 161f

Disk electrodes, 199e200
bi-potentiostat for, 213
central, 200
current densities of, 202e203,

217, 265
current-potential curves at,

224f
electrochemical reaction on,

201e203
electrode potentials, 213, 227f
ferricyanide/ferrocyanide

reaction with, 214
GC, 226
current-potential curves for,
258f

ORR on, 243f
graphene, 226
Koutecky-Levich plots and,

225
limiting current density of,

219
materials, 210
ORR, 205
current-potential curves at,
223

CV of, 233f
PG, 241f
planner smooth, 180
Koutecky-Levich equation
for, 202e203

Pt, 181f
reduction waves at, 226
surface
adsorption on, 220
H2O2 formation on, 220
HO2

- formation on, 220
mass balance on, 207

Disproportionation, 216, 243
Dissociation energy, of O-O

bond, 144e145, 162e163
DM. See Diffusion medium
DMF. See Dimethylformamide
DO2. See Oxygen diffusion

coefficient

DOE. See Department of Energy
Dry production technique, 116,

116f
DSC. See Differential scanning

calorimetry
DTA. See Differential thermal

analysis
Dye-sensitized

photooxygenation, 4

E
EC mechanism.

See Electrochemical-
chemical mechanism

Edge-selectively functionalized
graphene nanoplatelets
(EFGnPs), 99

EDS. See Electron diffraction
spectroscopy; Energy
dispersive spectroscopy

EDX. See Energy dispersive X-ray
spectroscopy

Effective thickness, of diffusion
layer, 52e53

EFGnPs. See Edge-selectively
functionalized graphene
nanoplatelets

Electric connections, in RRDE,
212

Electrical brushes, 175e176
Electrical conductivity
catalysts and, 83
high, 82e83
in ionic solutions, 6
of TiO2, 83

Electrocatalysts. See also specific
electrocatalyst types

active site concentration,
73e74

alternative, 134
characterization, 92e106
coating graphite, 248
Co-TPTZ, 265
current-potential curves for,

74f
electrode surface and, 72
heterogeneous, 72
homogeneous, 72
IrNi@PtML/C- core-shell, 94

noble metal-based, 87e89
optimizing, 134
ORR, 69e70
ball-milling method of, 99
catalyst stability and, 86e87
characterization of, 99e106
chemical stability of, 85
composition and structure
of, 77e79

Co-Nx, 91
current research in, 87e92
electrochemical
characterization of,
103e106

electrochemical deposition
of, 94

electrochemical stability
and, 83e85

favorite structure of, 85e86
Fe-Nx, 91
fundamental properties of,
211

galvanic displacement
method of, 94

high catalytic activity with,
81e82

high electrical conductivity
and, 82e83

impregnation-reduction
method of, 93e94

measured with RDE, 78t
modified sol-gel method of,
97e98

morphology, 79f
non-noble metal-based,
89e92

physical measurement of,
99e102

polymer-assisted procedure
of, 98e99

pyrolysis procedure of,
96e97

requirements, 81e87
synthesis of, 93e99
TAUSP of, 97e98
template-based method of,
95

thermal decomposition
method of, 95
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Pt-based, ORR activity of, 75
rate of, 72e73
RuSe/C, 95
stability of, 77
supported catalysts and, 79
synthesis, 92e106
TEM of, 80f
TOF of, 72e73, 73f
trends in, 147f
types of, 73

Electrocatalytic activity, 72e76
half-wave potential and,

76e77
onset potential and, 76e77

Electrocatalytic reactions
current densities and,

73e74
stability of electrocatalysts

and, 77
Electrochemical activity

measurements, of
catalysts, 189e192

Electrochemical cells, for RDE,
185e187

electrodes for, 186
schematics of, 186f

Electrochemical deposition, 94
Electrochemical kinetics,

137e146
Electrochemical oxidation,

152e153
Electrochemical Pt surface area

(EPSA), 75
CL and, 189e190
CO-stripping and, 190e191
Pt catalyst-coated RDE for

obtaining, 189e191
Electrochemical reactions.

See also Half-
electrochemical reactions

on disk electrode, 201e203
irreversible, 179
pseudoreversible, 179
on ring electrodes, 203e205

Electrochemical stability, 83e85
Electrochemical surface area,

260t
Electrochemical surface

reactions, 40

Electrochemical
thermodynamics,
134e137

Electrochemical-chemical (EC)
mechanism, 245e246

Electrode electron-transfer
reaction

kinetics of, 34e44
reactant diffusion process

and, 36f
Electrode potential-dependent

plots, of RRDE, 218f
Electrode potentials
of anodes, 136e137
of cathodes, 136
chemical reaction rate

constants and, 139e140
current densities and, 39
at different current densities,

143
on disk electrode, 213
of disk electrodes, 227f
effect of iR drop on, 196f
equilibrium, 202e203
Gibbs free energy and,

37e38
H2O2 and, 237f
Koutecky-Levich plots for

different, 181f, 183, 195f
Nernst, 179

reversible, 41
of ORR, 134e137, 135t
reactant diffusion process at

constant, 51
RHE and, 75
ring electrode, 213
in RRDE, 213
thermodynamic, 135e136,

135t
reversible, 135e136

Electrode surfaces
basal plane graphite, 246
carbon-based, 240e245

monolayer substances-
modified, 245e255

ORR mechanism on,
243

polishing of, 242e243
crystal Pt-facet, 232e235

diffusion-convection layer,
173e175

formation of, 172
electrocatalysts and, 72
electrolyte solution flow rate

along, 173f
GC, 240
mirror, 187
non-noble metal catalyst-

coated, 191e192
oxidant concentration

distribution near, 174f
PG, 240
pretreated, 242e243
Pt catalyst monolayer coated,

236e240
Pt-based, 232e240
reactant concentration at, 50,

50f, 52f, 53f
reactant diffusion process to,

35e36
reactant transport near, 44e56
reactant transportation near,

172
Electrode/electrode interface,

electron-transfer reaction
at, 35e36

Electrode/electrolyte interface,
of porous matrix
electrode layer, 62f

Electrodeposition, 113, 116e117
Nafion and, 116e117

Electrodes. See also specific
electrode types

bi-potentiostat for, 213f
carbon, 232
anthraquinone-modified,
245e248

metal macrocycle complex-
coated, 248e255

CNT, 243
degradation, 216
GC

current-potential curves for,
149f

Koutecky-Levich plots for,
241e242

PQ and, 247e248
heads, 212
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Electrodes (Continued)
HOPG, 243
hydrodynamic, 200
kinetic constant, Koutecky-

Levich plots for GC
electrodes and, 241e242

kinetics, of electron-transfer
reaction, 57e61

layers
flooded, 61
flooded agglomerate,
61e62

planner matrix, 182, 203
porous matrix, 61e63, 62f

MWCNT-modified, 151e152
N-doped CNT, 153f
ORR exchange current

densities for, 142t
PDDA-graphene, 244e245
PG, 149e150
Koutecky-Levich plots for,
240

polishing, 152e153, 211e212
Pt
diffusion-corrected Tafel
plots for, 238f

monolayer on, 105, 105f
polycrystalline, 232e235

for RDE electrochemical cells,
186

reaction mechanisms, 172
reaction thermodynamics
effect of reactant transport
on, 59e61

with insoluble reductants,
60

with soluble oxidants, 60
with soluble reductants, 60

reactions, 35e44
rotating
electrolytes for, 8
ORR with, 8

rotation rate limits,
196e197

rotator, 185f
for RRDE, 199e200
stationary, 199e200

Electrolytes. See also
Polyelectrolytes

concentration
kinematic viscosity vs., 20,
22f

O2 solubility vs., 6e9, 7f
oxygen diffusion coefficient
and, 15e16, 16f

viscosity and, 19e20
diffusion planes in, 46f
effects, on O2 solubility, 6e9
electrochemical stability and,

83
kinematic viscosity of, 19e20,

21t
mass transport in, 172
for NHE, 186
oxygen diffusion coefficient

and, 15e16, 16t
reactant transport in
by convection, 47
by diffusion, 45e47
by migration, 46e47

for rotating electrodes, 8
solutions
convection in, 172
convection velocity of,
200e201

de-aeration of, 186e187
diffusion in, 172
for ferricyanide/
ferrocyanide reaction,
214e215

flow patterns, 176f
flow rate, 173f
O2 solubility in, 8t
in RDE, 175e176
for RDE electrochemical
cells, 185e186

in RRDE, 200e201
turbulent flow of, 197
viscosity of, 3e5

steady-state, nonsteady-state
reactant diffusion with,
48e54

viscosity and, 19e20
Electron diffraction

spectroscopy (EDS),
92e93

Electron microscopy, 118e119
Electron number, 173e174

Electron spectroscopy for
chemical analysis (ESCA),
92e93

Electron transfer coefficients, 42,
143, 267t

current density-overpotential
curves at different, 44f

estimates of, 203
Koutecky-Levich equation

and, 193e194
of ORR, 143
RDE rotating rates and,

182e183
Electron transfer kinetics
current density, 202e203
estimates, with RDE, 181e182,

202e203
of oxidant reduction, 180

Electron transfer number,
173e174

estimates, with RDE, 181e182,
203

estimates of, 203
for four-electron transfer

pathway, 222
for H2O2, 221
for HO2

- , 221
Koutecky-Levich equation

and, 193e194
Koutecky-Levich plots for GC

electrodes and, 241e242
ORR, 3e5, 267e271, 267t, 268f
apparent, 221e227
overall, 221e222

overall, 237f
for two-electron transfer

pathway, 222
Electronic interaction, between

catalyst particles and
support surface, 86

Electronic isolator, from Teflon,
175e176

Electronic structure theory,
88e89

Electron-transfer reactions
electrode kinetics of, 57e61
at electrode/electrode

interface, 35e36
reactant transport and, 57e59
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Electrooxidation, with Pt
catalysts, 83

Electrophoretic deposition
(EPD), 113e114, 114f

Electrospraying, 113e115,
115f

End of lifetime (EOL) test,
77

Energy dispersive spectroscopy
(EDS), 92e93

Energy dispersive X-ray
spectroscopy (EDX), 101

CL characterization and,
118

Environmental scanning
microscopy (ESEM),
119e120, 121f

Enzymes, 72
as non-noble metal

electrocatalysts, 89e90
EOL test. See End of lifetime test
EPD. See Electrophoretic

deposition
EPSA. See Electrochemical Pt

surface area
Equilibrium
cathode potential, 142
electrode potential,

202e203
error tolerance and, 35

Error tolerance, 35
ESCA. See Electron spectroscopy

for chemical analysis
ESEM. See Environmental

scanning microscopy
E-TEK, 187e188
Evaporative deposition method,

113
Experimental measurements, of

RDE, 184e197
Exponential model, 22
Eyring model, 22

F
Faraday’s constant, 37e38,

135e136, 191e192
Favorite structure, 85e86
Fcc-type lattice constant, 260
Fe complexes, 90e91

FeIIITPFPP. See 5,10,15,20-
Tetrakis(pentafluoro
phenyl)-21H,23H-
porphine iron (III)
chloride

FeN2/C catalyst, 92f
Fe-N4 catalysts, 156
Fe-Nx, 91
Fe-Nx/C catalyst, 191e192, 192f
Fe-porphyrins, 90
Ferricyanide/ferrocyanide

reaction, 214e215
FESEM. See Field emission-

scanning electron
microscopy

Fe-tetrakis(4-N-methylpyridyl)
porphyrin, 156

Fe-tetraphenylporphyrins,
90e91

Fe-TPTZ, 191e192
Fick’s first law, 11e13
Fick’s second law, 48e49,

176e177
Field emission-scanning

electron microscopy
(FESEM), 118e119

Flooded agglomerate models,
61e62

Four-electron transfer pathway,
134

apparent electron transfer
number and, 222

NCNTs and, 244
in ORR, 138e139, 216
Pt catalysts and, 137e138
transition metal macrolytic

complexes and, 155
two-electron transfer pathway

mixed with, 219
Free energy profiles, for ORR on

graphene, 164f
FT-IR. See Infrared spectroscopy
Fuel cells
alkaline, 163e165
carbon-supported Pt catalysts

in, degradation
mechanism of, 83e84

cathodes, 83
CL characterization and, 117

CLs, 106e107
degradation, NOx and,

108e110
electrochemical ORR and, 5
half-electrochemical reactions

in, 136
ionomer interaction with

catalysts in, 107e108
ORR in, 165e166
PEM
high catalytic activity in,
81e82

hydrogen oxidation in,
165e166

MEA, 119f
non-noble metal-based,
89e90

ORR in, 134
voltage, 136e137

G
Galvanic displacement method,

94
Gas diffusion layers (GDLs),

115e116
Gas diffusion medium, 111e112
Gas purging

in RDE, 186e187
in RRDE, 212e213

GC. See Glassy carbon
GDLs. See Gas diffusion layers
Gibbs free energy

of activation, 37
electrode potential and, 37e38

Glassy carbon (GC)
disk electrodes, 226
current-potential curves for,
258f

ORR on, 243f
electrochemical

characterization of ORR
electrocatalysts and, 103

electrode surfaces, 240
electrodes
current-potential curves for,
149f

Koutecky-Levich plots for,
241e242

PQ and, 247e248
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Glassy carbon (GC) (Continued)
graphite compared to, 147
ORR on, 148e150
planner disk, 184
RDE, 184f, 185
CLs on, 188f

as RRDE material, 210
Glycerol, in catalyst ink,

110e111
Gold (Au)

planner disk, 184
RDE, 184f, 185
ring electrode, 243f
as RRDE material, 210

Graphene
AFM and, 101e102
boron-doped, 245
Co(OH)2 and, 226e227
disk electrodes, 226
N-doped, 244e245
ORR on, 154e155, 163e165,

163f
free energy profiles of, 164f

PDDA and, 244e245
properties of, 154e155

Graphite. See also Basal plane
graphite; Pyrolytic
graphite

electrocatalyst-coated, 248
GC compared to, 147
ORR on, 148e150
planes, 150
planner disk, 184

Griffith’s model, 160e161

H
H2O. See Water
H2O2. See Hydrogen peroxide
HAADF-STEM. See High-angle

annular dark-field
scanning TEM

Half-electrochemical reactions,
136

Half-wave potential, 61, 76e77
RDE, 179

Heat annealment, high-
temperature pyrolysis
and, 158e159

Heat treatment
of catalyst inks, 110e111
conditions, 91e92
vacuum, 152e153

Henry’s law, 9e11
constants, 12t

Heteroatom-doped carbons, 152
High resolution transmission

electron microscopy
(HRTEM), 101e102

of nanoparticles, 101f
High-angle annular dark-field

scanning TEM (HAADF-
STEM), 102

of AuPd, 102, 102f
High-oriented pyrolytic graphite

(HOPG), 243
HO2

-

adsorption, on disk electrode
surface, 220

Co(OH)2 and, 220
electron transfer number for,

221
formation, on disk electrode

surface, 220
produced in ORR, 223

HOPG. See High-oriented
pyrolytic graphite

HOR. See Hydrogen-oxidation
reaction

Horizontal abscissa, 223
HRTEM. See High resolution

transmission electron
microscopy

Hund’s rule, 160e161
Hydrogen
adsorption, on Pt, 232e235
adsorption-desorption

coulometry of, 189e190
desorption, 189e190
oxidation, in PEM fuel cells,

165e166
potential, 134e135

Hydrogen peroxide (H2O2)
See also Peroxide

adsorption of, on disk
electrode surface, 220

desorption to, 269

diffusion-convection
constants, 216e217

disproportionation and, 216
electrode degradation and,

216
electrode potentials and, 237f
electron transfer number for,

221
formation, on disk electrode

surface, 220
from H2O reduction, 269
O-O bond dissociation energy

in, 162e163
oxidation, 241f
produced in ORR, 223
transition metal macrocyclic

complexes and, 155
two-electron transfer pathway

to, from O2, 134
Hydrogenation, in ORR on

graphene, 163e165
Hydrogen-oxidation reaction

(HOR), 106
Hydrophilicity, 119e120
Hydrophobic agents, in catalyst

ink, 110
Hydrophobicity, 119e120
Hydroxide conducting ionomer,

106

I
ICV. See Isothermal constant

voltage
Impregnation-reduction

method, 93e94
Infrared spectroscopy (FT-IR),

101e102
Inkjet printing, 113, 115e116
Instrumentation, RRDE,

210e213
Insulating gap, 211
Insulating mantle, in RDE, 184
Intermediates
detection of, 137e138
O2-, 225e226
peroxide as, 162e163
quantitative estimates of,

209e210
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reduction of, 138e139
RRDE and, 205

International Union of Pure
and Applied Chemistry,
18e19

Ionic conductive solutions, 6
Ionomers
in catalyst ink, 110
catalyst interaction with,

107e108
in catalyst layer-coated RDE,

187e188
hydroxide conducting, 106
impregnation, 112e113
membrane, oxidant solubility

in, 63
optimal distribution of,

107e108
iR drop
effect of, 196f
between RDE surface and

reference electrode,
195e196

IrNi@PtML/C- core-shell
electrocatalysts, 94

Iron porphyrin complexes, 248,
249f

Irreversible electrochemical
reactions, 179

Isolator ring
area of, 209
of RRDE, 208

Isothermal constant voltage
(ICV), 118e119

K
Kinetic analysis models,

163e165
Kinetic constants
electrodes, Koutecky-Levich

plots for GC electrodes
and, 241e242

for FeIIITPFPP, 253
ORR, 271f
in RDS, 265

Kinetic viscosity
electrode rotating rate limits

and, 196e197

estimates, with RDE, 181e182,
203

Kinetic-diffusion control, for
ORR, 232e235

K-L plots. See Koutecky-Levich
plots

KNO3. See Potassium nitrate
KOH solutions, 269e270
Koutecky-Levich equation, 2, 59,

180e183
electron transfer coefficients

and, 193e194
electron transfer number and,

193e194
ORR current-potential data

analysis and, 193e194
for planner smooth disk

electrode, 202e203
Koutecky-Levich plots (K-L

plots)
ACAE and, 246, 247f
for CoIIHFPC, 256f
for Co-N/C catalysts, 266f
of CoSe2, 272f
for different electrode

potentials, 181f, 183, 195f
disk electrodes and, 225
exchange current density and,

183
of FeIIITPFPP, 252f
for GC electrodes, 241e242
of limiting current densities

for ORR, 249f
for ORR, 270f
overall electron transfer

number for ORR and,
221e222

PG electrodes and, 240
RDE rotating rates and,

182

L
Laminar flow kinetics, 197
RRDE, 212

Laser irradiation, in-situ,
152e153

Levich equation, 178
RRDE and, 201e202

Levich plots, 249f
for Pt disk electrode, 181f
RDE rotating rates and,

182e183
Ligands

complex, 91
effect, 239e240
Fe-N4 catalysts and, 156

Linear sweep voltammetry, for
ORR, 238f

M
Macrocycles

catalysts, 155
metal complexes, 248e255
transition metal, 69

Magneli phase titanium oxide,
261e264

carbon-supported, 269
Magnesium sulfate (MgSO4), 4
Mass activity

of catalysts using USP
synthesized supports,
264

ORR, 260t
Mass balance, on disk electrode

surface, 207
Mass transfer

hydrodynamic RRDE and,
199e200

process, 61e62
in RRDE, 212
theory, 143e144

Material transport, in
electrolytes, 172

MEA. See Membrane electrolyte
assembly

Membrane electrolyte assembly
(MEA), 75e76

dry production technique of,
116f

EPD and, 114f
options for, 107f
PEM fuel cell, 119f
preparation of, 106

Metal catalysts, monolayer, 232
Metal oxalate-foaming

agents, 97
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Metal oxides
carbon-supported, 269
Pt catalyst synthesis and,

87e88
Metal-air batteries

electrochemical ORR and, 5
ORR and, 232

Metal-dioxygen complexes, 161,
161f

Metal-nitrogen-carbon
complexes, 265

MgSO4. See Magnesium sulfate
M-HO2(ads), 88e89
Microwaves, 95e96
Migration, 46e47

ORR and, 48
reactant transport in

electrolytes by, 46e47
Minerals, O2 in, 4
Mirror electrode surface, 187
M-N4 complexes, 156
M-Nx/C catalysts, 158e159
Molecular orbital diagram, of

oxygen, 160f
Morphology, of catalysts, 85e86
Multiwalled carbon nanotubes

(MWCNT), 151e152
MWCNT. See Multiwalled

carbon nanotubes

N
N2-adsorption, 86, 141f
N4 chelates, 90e91
Na2CO3. See Sodium carbonate
Nafion

in catalyst ink, 110
in catalyst layer-coated RDE,

187e188
in CL composition, 106e107
electrodeposition and,

116e117
EPD and, 114
O2 diffusion coefficient in,

24e27, 28t
pressure and, 25, 27t
temperature and, 25, 26t
water content effects on,
25e27, 27t, 28f

O2 solubility in, 24e27, 28t
pressure and, 25, 27t
temperature and, 25, 26t
water content effects on,
25e27, 27t, 28f

optimal distribution of,
107e108

sputtering and, 117
Nanomaterials, 1-D, 101
Nanoparticles
Au-Pt/C bimetallic, 258
carbon catalyst supports, 79
HRTEM of, 101f
Pd100-xMox/C catalyst, 95
TEM of, 101f

NbO2, 261e264
NCNTs. See Nitrogen-doped

CNTs
Nearest-neighbor distance

theory, 88e89
Nernst electrode potential,

179
reversible, 41

Nernst potential-dependent
standard reaction rate
constant, 39

NHE. See Normal hydrogen
electrode

Nitrates, 4
Nitrogen-containing complexes,

transition metal,
89e90

Nitrogen-doped CNTs (NCNTs),
153f, 244, 244f

Non-Newtonian liquids,
18e19

Non-noble metals
catalysts, 75e76
coating electrode surface,
191e192

current densities and, 75
high catalyst activity and,
81e82

CLs, 265e273
electrocatalysts
enzymes as, 89e90
ORR, 89e92

PEM fuel cells, 89e90

Normal hydrogen electrode
(NHE), 74e75, 186

NOx, fuel cell degradation and,
108e110

O
O2. See Oxygen
O2-. See Superoxide
O2H, with Pt surface, 141f
O3. See Ozone
OH, binding energy of, 144e145
One-electron transfer pathway,

134
Onset potential, 76e77
O-O bond
breaking, 236e238
Co-N4 catalysts and, 156e158
dissociation energy of,

144e145
in H2O compared to H2O2,
162e163

lengthening of, 98e99
order of, 160e161
rupture, 88e89

Open circuit voltage, 136e137
ORR. See Oxygen reduction

reaction
Overpotential, 42
current density curves
at different electron transfer
coefficients, 44f

at different exchange
current densities, 43f

mass transfer and, 143e144
Tafel equation and, 42e43

Oxidants
concentration distribution
within diffusion-convection
layer, 174

near electrode surface, 174f
near RDE surface, 178, 179f
in ring electrode
electrochemical reaction,
204

on ring electrode surface,
208

in steady-state process, 177
diffusion coefficient, 201e202
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mobility of, 46e47
reduction, electron transfer

kinetics of, 180
solubility, in ionomer

membrane, 63
soluble, electrode reaction

thermodynamics with, 60
surface concentration of,

176e177
transport current density,

47e48
Oxidation. See also

Electrooxidation;
Hydrogen-oxidation
reaction

carbon, in carbon-supported
Pt catalysts, 84

of carbon-based catalyst
supports, 261e264

electrochemical, 152e153
H2O2, 241f
hydrogen, in PEM fuel cells,

165e166
peroxide, on Au ring electrode,

243f
Oxidative phosphorylation, 4e5
Oxides, 4, 186e187
Oxygen (O2). See also Dioxygen;

Ozone
adsorption

energy, 144e145
at Pt catalyst, 138e139
with Pt surface, 141f
sites for, 235

allotropic forms of, 3e4
bonding orbitals of, 160e161
cellular respiration and, 4e5
chemical properties of, 5
concentration, on RRDE

surface, 219
diffusion-convection

constants, 216e217
four-electron transfer

pathway of, to H2O, 134
ground state of, 160e161
Koutecky-Levich theory and,

3e5
in minerals, 4

molecular orbital diagram of,
160f

nascent, 3e4
one-electron transfer pathway

of, to superoxide, 134
physical properties of, 3e5
polarographic probes, 6
properties of, 3e5
purging of, 212e213
solubility

in aqueous solutions, 5e11
effects on, 6e9
electrolyte concentration
vs., 6e9, 7f

in electrolyte solutions, 8t
in Nafion membranes,
24e27, 26t, 27t, 28f, 28t

pressure effects on, 9e11,
10t, 12f

temperature and, 9, 10f, 10t,
11f

in water, 6
two-electron transfer

pathway, from peroxide
to, 241e242

two-electron transfer pathway
of, to H2O2, 134

in water, 4
Oxygen diffusion coefficient

(DO2), 11e18
electrolyte concentration and,

15e16, 16f
electrolytes and, 15e16, 16t
Koutecky-Levich theory and,

3e5
in Nafion membranes, 24e27,

28t
pressure and, 25, 27t
temperature and, 25, 26t
water content effect on,
25e27, 27t

pressure and, 17e18
temperature and, 17, 17f
in water, 13, 14f, 14t

Oxygen reduction reaction
(ORR), 2

activity of Pt-based
electrocatalyst, 75

on anthraquinone-modified
carbon electrodes,
245e248

in aqueous solutions, 134
on carbon materials, 147e155
on carbon-based electrode

surfaces, 240e245
catalysts, 68e69
ACAE as, 246e247
anthraquinones as,
246e247

with catalysts using USP
synthesized supports,
264

catalytic activity, catalyst
support and, 82, 82f

at cathode, 106
challenges of, 232
chemical reaction rate

constants for, 139e140
CLs, 106e110
on CNT, 151e152
collection efficiency and,

209e210
complexity of, 216
constants, 241, 242f, 255f
on crystal Pt-facet electrode

surfaces, 232e235
current density
exchange, 142e143, 142t,
193e194

net, 141
current-potential curves, 193,

194f
with Co-N/C catalysts, 266f

current-potential data
analysis, 193e195

curves, 263f
CV of, 192e193, 193f
at disk electrodes, 205
current-potential curves,
223

CV of, 233f
electrocatalysts, 69e70

ball-milling method of, 99
catalyst stability and, 86e87
characterization of, 99e106
chemical stability of, 85
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Oxygen reduction reaction
(ORR) (Continued)

composition and structure
of, 77e79

Co-Nx, 91
current research in,
87e92

electrochemical
characterization of,
103e106

electrochemical deposition
of, 94

electrochemical stability
and, 83e85

favorite structure of, 85e86
Fe-Nx, 91
fundamental properties of,
211

galvanic displacement
method of, 94

high catalytic activity with,
81e82

high electrical conductivity
and, 82e83

impregnation-reduction
method of, 93e94

measured with RDE, 78t
modified sol-gel method of,
97e98

morphology, 79f
non-noble metal-based,
89e92

physical measurement of,
99e102

polymer-assisted procedure
of, 98e99

pyrolysis procedure of,
96e97

requirements, 81e87
stability of, 77
synthesis of, 93e99
TAUSP of, 97e98
template-based method of,
95

thermal decomposition
method of, 95

electrochemical, 5
electrode potential of,

134e137, 135t

electron transfer coefficient
of, 143

electron transfer number,
3e5, 267e271, 267t, 268f

electronic structure theory
and, 88e89

electron-transfer number
apparent, 221e227
overall, 221e222

FeIIITPFPP and, 250, 253t
four-electron transfer

pathway in, 138e139, 216
in fuel cells, 165e166
on GC, 148e150
on GC disk electrode, 243f
on graphene, 154e155,

163e165, 163f
free energy profiles of, 164f

on graphite, 148e150
H2O2 produced in, 223
on heteroatom-doped

carbons, 152
HO2

- produced in, 223
improvements, 134
iron porphyrin complexes

and, 248, 249f
kinetic constants, 271f
kinetic current densities,

266e267
kinetic-diffusion control for,

232e235
kinetics, 3e5, 250
K-L plots for, 270f
limiting current densities for,

249f
linear sweep voltammetry for,

238f
mass activity, 260t
measurements, 236
mechanism of, 137e146
on carbon electrode surface,
243

RRDE data analysis and,
216e221

understanding of, 160e165
on metal macrocycle

complex-coated carbon
electrodes, 248e255

metal-air batteries and, 232

migration and, 48
on monolayer substances-

modified carbon
electrode surface,
245e255

NCNTs and, 244
nearest-neighbor distance

theory and, 88e89
non-noble metal catalysts

and, 75
on non-noble metal CLs,

265e273
pathways, 161e162, 162f, 162t,

216
in PEM fuel cells, 134,

165e166
peroxide formation in,

162e163
on PG disk electrode, 241f
on PG ring electrode,

241f
polarization curves, 137e138,

147e148
on Pt catalyst monolayers,
239f

polarization curves of, on Pt
facets, 232e235

on polycrystalline Pt surface,
235e236, 237f

on pretreated carbon surface,
152e154

on Pt alloy catalyst surface,
257e264

on Pt alloy catalysts, 144e145,
255e264

on Pt catalyst monolayer
coated electrode surfaces,
236e240

on Pt catalyst surface, 257
on Pt catalysts, 137e144,

255e264
on Pt surfaces, 145e146
on Pt-based electrode

surfaces, 232e240
RDE and, 172
RDE electrochemical cells for,

185e186
ring electrodes during, CV of,

233f
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with rotating electrodes, 8
on RRDE, 206f, 217f, 220f,

221f
RRDE data analysis for,

215e227
specific activity, 260t
surface roughening effect and,

88e89
Tafel equation for, 143
Tafel plots for, 145f
thermodynamically reversible,

137
on transition metal

macrocyclic complexes,
155e159, 165

two-electron transfer
pathway, 138e139, 216,
245e246

volumetric, 75e76
Ozone (O3), 3e4

P
P. See Poise
PAN. See Polyacrylonitrile
Paramagnetic gases, 4
Particle size, of catalysts,

86
Pauling model, 160e161
Pd100-xMox/C nanoparticle

catalysts, 95
Pd/C catalyst, 103f
PDDA. See Poly(diallyldimethyl

ammonium chloride)
Pd-WO3/C catalyst, 103f
PEEK, 211
PEM. See Polymer electrolyte

membrane
Peroxide. See also Hydrogen

peroxide
formation in ORR, 162e163
formed percentage of,

221e227
as intermediate, 137e138
oxidation, on Au ring

electrode, 243f
RRDE and, 199
two-electron transfer

pathway, from O2 to,
241e242

PG. See Pyrolytic graphite
PGM. See Platinum group metal
pH
dependence, for FeIIITPFPP,

251f
effects

on O2 solubility, 6e9
on viscosity, 19e20

RHE and, 74e75
9,10-phenanthrenequinone

(PQ), 247e248
Phosphates, 4
Photooxygenation, dye-

sensitized, 4
Phthalocyanines, 90e91
transition metal macrocyclic

complexes and, 155
Physical interaction, between

catalyst particles and
support surface, 86

Pine Instrument Company, 185,
209

PIXE. See Proton-induced X-ray
emission

Planner disk, 184
Platinum (Pt)
agglomeration of, 83e84
alloys, 88
based CLs, 257
based electrode surfaces,

232e240
crystal, 232
disk electrode, 181f
dissolution, 84f
electrodes

diffusion-corrected Tafel
plots for, 238f

monolayer on, 105, 105f
polycrystalline, 232e235

EPD and, 114
facets

CV of, 232e235, 233f
polarization curves of ORR
on, 232e235

polycrystalline, 235e236,
237f

hydrogen adsorption on,
232e235

monolayer, 105, 105f, 236e238

planar, 232
planner disk, 184
RDE, 184f
reduced usage of, 89e90
as RRDE material, 210
surfaces
coverage, 140
CV of, 146f
electronic structure of, 146
with O2 adsorption, 141f
OH binding energy on,
144e145

ORR on different, 145e146
volcano curves of, 146, 147f

Tafel plots on, 232e235
Platinum group metal (PGM), 69
Poise (P), 18e19
Poiseuille, Jean Louis Marie,

18e19
Polarization curves, of ORR,

147e148, 159f
on Pt catalyst monolayers,

239f
on Pt facets, 232e235

Polarographic probes, oxygen, 6
Polishing

of carbon-based electrode
surfaces, 242e243

electrode, 152e153, 211e212
powders, 212

Polyacrylonitrile (PAN), 97e98
Poly(diallyldimethylammonium

chloride) (PDDA),
151e152, 244e245

Polyelectrolytes, 87e88
Polymer electrolyte membrane

(PEM), 68e69
fuel cells
high catalytic activity in,
81e82

hydrogen oxidation in,
165e166

MEA, 119f
non-noble metal-based,
89e90

ORR in, 134, 165e166
TOF of electrocatalysts for, 73f

Polymer-assisted procedure,
98e99
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Polymerization, 91
Polytetrafluoroethylene (PTFE),

211
blanks, 111e112
in catalyst ink, 110
in CL composition, 106e107

Porosity, of catalysts, 86
catalyst stability and, 86e87

Porous matrix electrode layer,
61e63

electrode/electrolyte interface
of, 62f

Porphyrins
face-to-face, 161
Fe-tetrakis(4-N-

methylpyridyl), 156
iron, 248
in pyrolysis, with carbon, 92f
transition metal macrocyclic

complexes and, 155
Potassium nitrate (KNO3), 4
Potential energy, catalysts and,

71f
PQ. See 9,10-

phenanthrenequinone
Pressure

effects, on O2 solubility, 9e11,
10t, 12f

O2 diffusion coefficient and,
17e18

O2 diffusion coefficient in
Nafion membranes and,
25

O2 solubility in Nafion
membranes and, 25

viscosity and, 24, 24f
Pretreated carbon surface, ORR

on, 152e154
Proton exchange membrane.

See Polymer electrolyte
membrane

Protonic conducting, 106
Proton-induced X-ray emission

(PIXE), 92e93
Pseudoreversible

electrochemical
reactions, 179

Pt. See Platinum
Pt alloy catalysts

CLs, 257e264
current-potential curves for,

261f
exchange current densities

for, 144e145
morphology of, 85e86
ORR on, 144e145, 255e264
Pt-alloying strategy for, 88e89
RDE and, 262f
surfaces, 257e264
ternary, 81e82

Pt catalysts, 232
carbon-supported, 81e82
carbon oxidation in, 84
degradation mechanism of,
83e84

catalyst supports and, 88
coating RDE, 189e191, 189f
electrodeposition and,

116e117
electronic structure of,

144e145
electrooxidation with, 83
four-electron transfer

pathway and, 137e138
hybrid nanocrystals, 96f
monolayers
catalytic activity of,
238e240

coated electrode surfaces,
236e240

ORR polarization curves on,
239f

nano-dendrites, 96f
O2 adsorption at, 138e139
ORR on, 137e144, 255e264
particle size of, 87
practicality of, 134
surfaces, 257
synthesis of, 87e88, 96f
trimetallic, 260

Pt3Co catalysts, 145e146, 261
Pt3M, 88
Pt3Ni skin model catalyst, 81e82
Pt-alloying strategy, 88e89
PtAu/graphene nanostructure

catalysts, 94
Pt-based electrode surfaces,

232e240

Pt-based materials, 69
Pt/C catalysts, 88, 259
PtCo alloy, 260
PtCo/C catalysts, 259, 260t
PtCoMn, 81e82
PTFE. See Polytetrafluoro

ethylene
Pt-mass activity, 74e75
of carbon-supported Pt

catalysts, 81e82
current densities and, 74e75
current-potential curves for,

74f
equation, 75
high electrical conductivity

and, 82e83
Pt/NbO2 catalysts, 261e264,

263f
PtNi/C catalysts, 259, 260t
PtNiFe, 81e82
Pt-O2H(ads), 138e139
Pt-Pd alloys, 261e264
PtPd/C catalysts, 259
Pt@SiO2, XRD pattern of, 100f
Pt-skeleton surfaces, 145e146
Pt-skin surfaces, 145e146
Pt-specific activity, 74e75
equation, 75

PtV/C catalysts, 259
Pyrolysis, 90
Co-Nx ORR electrocatalysts

and, 91
Fe-Nx ORR electrocatalysts

and, 91
heat treatment conditions

and, 91
high-temperature, 158e159
multistep, 97
porphyrin and carbon in, 92f
procedure, 96e97

Pyrolytic graphite (PG), 187, 240
disk electrode, 241f
electrode surfaces, 240
electrodes, 149e150
Koutecky-Levich plots for,
240

high-oriented, 243
high-pressure-annealed, 150f
ring electrode, 241f
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Q
Quantitative hydrodynamic

equations, 212
Quinine, 242e243

R
Radio frequency plasma

treatment, 152e153,
242e243

Raman Spectrum, 99
Rate-determining step (RDS)
kinetic rate constant in, 265
in ORR on graphene, 163e165
in ORR on graphite, 149e150
with PG electrodes, 150

RDE. See Rotating disk electrode
RDS. See Rate-determining step
Re. See Reynolds number
Reactant concentration
changes in, 176e177
at electrode surface, 50, 50f,

52f, 53f
measuring, 55f

Reactant diffusion process
coefficient, 181e182, 203
at constant current density, 49
at constant electrode

potential, 51
electrode electron-transfer

reaction and, 36f
to electrode surface, 35e36
nonsteady-state, with steady-

state electrolytes, 48e54
Reactant transport
electrode kinetics of electron-

transfer reaction and,
57e61

in electrolytes, 45e48
by convection, 47
by diffusion, 45e47
by migration, 46e47

electron-transfer reactions
and, 57e59

near electrode surface, 44e56,
172

with porous matrix electrode
layer, 61e63

schematics of, 45f

thermodynamics of electrode
reactions and, 59e61

Reaction coordination, 38f
Reaction rate constants
Arrhenius forms of, 37
for chemical reactions,

139e140, 267t
Nernst potential-dependent

standard, 39
for RRDE, 220e221
standard, 39e40

Reaction rate-determining step,
35

Reaction surface area (RSA), 79
Reaction thermodynamics, of

electrodes
effect of reactant transport on,

59e61
with insoluble reductants, 60
with soluble oxidants, 60
with soluble reductants, 60

Redox activity, of catalysts, 189
Redox catalysis procedure, 155
Reductants
current density, with RDE,

178e179
insoluble, electrode reaction

thermodynamics with, 60
soluble, electrode reaction

thermodynamics with, 60
Reduction rates, FeIIITPFPP and,

254t
Reduction waves, 225e226
at disk electrodes, 226
of polycrystalline Pt surface,

235e236
Reference electrodes, 186
iR drop between RDE surface

and, 195e196
Research, in ORR

electrocatalysts, 87e92
Reversible hydrogen electrode

(RHE), 74e75, 186
electrode potential and, 75

Reynolds number (Re), 197
RHE. See Reversible hydrogen

electrode
Ring electrodes, 199e200
area of, 209

Au, 243f
bi-potentiostat for, 213
current densities at, 205, 217
current-potential curves at,

224f
electrochemical reactions on,

203e205
electrode potentials, 213
ferricyanide/ferrocyanide

reaction with, 214e215
GC, 258f
limiting current densities at,

204e205
materials, 210
during ORR, 233f
oxidant concentration

distribution on surface of,
208

PG, 241f
Ring-response current curves,

223e225
Rolling, 113
Rotating disk electrode (RDE), 2

ACAE-coated, 246
apparatus, 184e185
Au, 184f, 185
Au-Pt/C bimetallic

nanoparticles and, 258
catalyst surface-CV of,

186e187
catalyst-layer coated,

187e188
cautions using, 195e197
components of, 184
current densities of, 175e179
current-potential curves for,

181f
for current-potential curves of

ORR, 193, 194f
current-potential relationship

on, 176e177
for CV of ORR, 192e193, 193f
diffusion-convection layer

thickness in, 178
effect of iR drop on, 196f
electrochemical cells for,

185e187
electrodes for, 186
schematics of, 186f
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Rotating disk electrode (RDE)
(Continued)

electrochemical
characterization of ORR
electrocatalysts and, 103

electrode rotator, 185f
electrolyte solutions in,

175e176
electron transfer kinetics

estimates with, 181e182,
202e203

experimental measurements
of, 184e197

gas purging for, 186e187
GC, 184f, 185
CLs on, 188f

half-wave potential, 179
hydrodynamic, 199e200
insulating mantle, 184
metal macrocyclic complexes

and, 248
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