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Electrocatalytic Oxygen Reduction Reaction 

Chaojie Song and Jiujun Zhang 

2.1 Introduction 

Oxygen (O2) is the most abundant element in the Earth’s crust. The oxygen 
reduction reaction (ORR) is also the most important reaction in life processes such 
as biological respiration, and in energy converting systems such as fuel cells. ORR 
in aqueous solutions occurs mainly by two pathways: the direct 4-electron 
reduction pathway from O2 to H2O, and the 2-electron reduction pathway from O2
to hydrogen peroxide (H2O2). In non-aqueous aprotic solvents and/or in alkaline 
solutions, the 1-electron reduction pathway from O2 to superoxide (O2

-) can also 
occur. 

In proton exchange membrane (PEM) fuel cells, including direct methanol fuel 
cells (DMFCs), ORR is the reaction occurring at the cathode. Normally, the ORR 
kinetics is 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 in 
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 non-noble metal catalysts [1]. These electrocatalysts 
include noble metals and alloys, carbon materials, quinone and derivatives, 
transition metal macrocyclic compounds, transition metal chalcogenides, and 
transition metal carbides. In this chapter, we focus on the O2 reduction reaction, 
including the reaction kinetics and mechanisms catalyzed by these various 
catalysts. 

To assist readers, we first provide an overview of the following background 
information: the major electrochemical O2 reduction reaction processes, simple 
ORR kinetics, and conventional techniques for electrochemical measurements. 

2.1.1 Electrochemical O2 Reduction Reactions [2, 3] 

Table 2.1 lists several typical ORR processes with their corresponding 
thermodynamic electrode potentials at standard conditions. The mechanism of the 
electrochemical O2 reduction reaction is quite complicated and involves many 
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intermediates, primarily depending on the natures of the electrode material, 
catalyst, and electrolyte. The mechanism catalyzed by different catalysts is 
discussed in detail later in this chapter. 

Table 2.1. Thermodynamic electrode potentials of electrochemical O2 reductions [2, 3] 

a, b: The thermodynamic potentials for the 1-electron reduction reaction to form a 
superoxide, and its further reduction to O2

2-, are not listed in Table 2.1 because their values 
are strongly dependent on the solvent used. 

In Table 2.1, the reduction pathways such as the 1-, 2-, and 4-electron reduction 
pathways have unique significance, depending on the applications. In fuel cell 
processes, the 4-electron direct pathway is highly preferred. The 2-electron 
reduction pathway is used in industry for H2O2 production. The 1-electron 
reduction pathway is of importance in the exploration of the ORR mechanism. 

2.1.2 Kinetics of the O2 Reduction Reaction 

It is desirable to have the O2 reduction reaction occurring at potentials as close as
possible to the reversible electrode potential (thermodynamic electrode potential) 
with a satisfactory reaction rate. The current-overpotential is given in Equation 2.1 
[3]: 
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where Ic is the oxygen reduction reaction current density, o
Oi 2

is the exchange 
current density, On  is the number of electrons transferred in the rate determining 
step, o  is the transfer coefficient, c is the overpotential of ORR, F is the Faraday 
constant, R is the gas constant, and T is the temperature in Kelvin. To obtain high 

Electrolyte ORR reactions 
Thermodynamic electrode 

potential at standard 
conditions, V 

Acidic aqueous 
solution 

O2 + 4H+ + 4e-  H2O

O2 + 2H+ + 2e-  H2O2

H2O2 + 2H+ + 2e-  2H2O

1.229 

0.70 

1.76 

Alkaline aqueous 
solution 

O2 + H2O + 4e-  4OH-

O2 + H2O + 2e-  HO2
- + OH-

HO2
- + H2O + 2e-  3OH-

0.401 

–0.065 

0.867 

Non-aqueous 
aprotic solvents 
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current at low overpotential, the exchange current density o
Oi 2

should be large, 

and/or 
Fn

RT
aoo

 should be small. 

2.1.2.1 Tafel Slope 
If the overpotential is large, the backward reaction is negligible and Equation 2.1 
can be simplified as 
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The plot of c ~ log(Ic) gives a linear relationship, and the slope is 
Fn
RT

aoo

303.2 .

This slope is called the Tafel slope. Since all other parameters in the Tafel slope 
are known, the parameters determining the Tafel slope are actually O  and On .
The higher the Tafel slope, the faster the overpotential increases with the current 
density. Thus, for an electrochemical reaction to obtain a high current at low 
overpotential, the reaction should exhibit a low Tafel slope or a large OOn . For 
ORR, usually two Tafel slopes are obtained, 60 mV/dec and 120 mV/dec, 
respectively, depending on the electrode materials used and on the potential range. 
Details for individual materials are given in later sections of this chapter. The 
electron transfer coefficient is a key factor determining the Tafel slope. For ORR, 
the transfer coefficient is dependent on temperature. On a Pt electrode, the transfer 
coefficient of ORR increases linearly with temperature in the range of 20–250 °C, 
following Equation 2.3 [4, 5]: 

TOO
0  (2.3) 

where O is the electron transfer coefficient of ORR, 0
O  equals 0.001678, and T 

is temperature in Kelvin. Relative humidity (RH) has also been found to affect the 
transfer coefficient [6]. Our recent study showed that in PEMFCs, at 120 C the 
RH dependence of transfer coefficient change for ORR follows Equation 2.4: 

(0.001552 0.000139)O cRH T  (2.4) 

where cRH  is the relative humidity of the cathode compartment. 

2.1.2.2 Exchange Current Density 
Exchange current density is an important kinetic parameter representing the 
electrochemical reaction rate at equilibrium. For an electrochemical reaction, 

 O + ne-  R (2.5) 
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both forward and backward reactions can occur. At equilibrium, the net current 
density of the reaction is zero. The current density of the forward reaction equals 
that of the backward reaction [3]. This current density is called exchange current 
density. The magnitude of the exchange current density determines how rapidly the 
electrochemical reaction can occur.

The exchange current density of an electrochemical reaction depends on the 
reaction and on the electrode surface on which the electrochemical reaction occurs. 
For example, on a Pt electrode, the exchange current density of hydrogen oxidation 
is several orders larger than that of ORR. The O2 reduction reaction shows a higher 
exchange current density on a Pt electrode than on an Au electrode. Therefore, 
electrode materials or catalysts have a strong effect on ORR kinetics. Different 
materials can give different exchange current densities. Table 2.2 lists the ORR 
exchange current densities on various electrode materials. 

Table 2.2. ORR exchange current densities on various electrode materials  

Electrode 
material 
/catalyst 

ORR 
exchange 
current 
density, 
A.cm–2

Electron 
transfer 

co-
efficiency 

Electron 
transfer num. 

in rate 
determining 

step

Measurement 
conditions Ref. 

Pt 2.8  10–7 0.48 - At Pt/Nafion 
interface at 30 C 7

PtO/Pt 1.7  10–10 0.46 - At Pt/Nafion 
interface at 30 C 7

FePc 1.3 10–7 - - In pH 1.3 solution 61 

PtFe/C 2.15 10–7 0.55 1 In 0.5 M H2SO4 at 
60 C 47 

4.7 10–7 0.45 2 
PtW2C/C 

5.0 10–5 0.47 1 

In 0.5 M H2SO4 at 
25 C 75 

RuxSey 2.22 10–8 0.52 1 In 0.5 M H2SO4 at 
25 C 67 

RuxFeySez 4.47 10–8 0.51 1 In 0.5 M H2SO4 at 
25 C 68 

The exchange current density is related to the true electrode area and to the 
reactant concentration (or partial pressure, for a gas), especially for ORR on the Pt 
electrode in fuel cells. The true electroactive area of Pt is significantly different 
from its geometric area, and the partial pressure of O2 is not 1 atm. Thus, the 
intrinsic exchange current density should be used, which is shown in Equation 2.6 
[4]: 
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where apparent
Oi
0

2
 is the apparent exchange current density; (EPSA)c is the 

electroactive Pt surface area of the cathode catalyst; 0
2Oi  is the intrinsic exchange 

current density; 0
2OP is the standard O2 partial pressure; 

2OP is the actual O2

pressure; and O  is the transfer coefficient of ORR. Since the apparent exchange 
current density does not reflect the true situation of ORR, hereafter all reference to 
exchange current density will be to the intrinsic exchange current density. 

The exchange current density is also temperature dependent. The relationship 
between exchange current density and temperature follows the Arrhenius equation, 
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where 0
2OI is the exchange current density at T = infinite, Ea is the activation 

energy, and R, T have their usual significance. Studies on the temperature 
dependence of ORR on Pt electrodes have been investigated both in half-cells and 
in fuel cells. Parthasarathy et al. [7] investigated the temperature dependence of 
ORR kinetics at the Pt/Nafion interface, and Wakabayashi et al. [8] studied the 
temperature dependence of ORR kinetics at a Pt electrode in an acidic solution. 
Recently, we studied ORR kinetics in a wide temperature range (from 23 C–120 
C) in PEMFCs [4]. A wide range of ORR activation energy has been reported: 

from 21 to 83 kJ/mol for both Tafel regions, depending on the catalyst and method 
used. We reported values of 28.3 kJ/mol on a PtO/Pt surface and of 57.3 kJ/mol on 
a pure Pt surface, measured in a fuel cell environment [4]. 

2.1.3 Techniques Used in Electrocatalytic O2 Reduction Reactions 

The most frequently used techniques for ORR catalysis studies are steady-state 
polarization, cyclic voltammetry, rotating disk electrode (RDE), and rotating ring-
disk electrode (RRDE). 

2.1.3.1 Steady-state Polarization 
Polarization means that the potential of the electrode surface shifts away from its 
equilibrium value, leading to an electrochemical reaction. In general, for an 
elementary electrochemical reaction, O + e-  R, the polarization follows the 
Butler-Volmer equation [3]: 
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where 0i is the exchange current density, c is the overpotential for the reduction of 
reactant O, and  is the symmetry factor. In the reaction, only part of the 
overpotential activates the forward reaction, and the symmetry factor represents the 
fraction of the overpotential affecting the forward reaction. All other parameters 
have their usual significance. 

Most of the electrochemical reactions, however, are not elementary, especially 
for multiple electron transfer reactions. Even a 1-electron transfer reaction may 
involve several other steps. The whole reaction consists of multiple elementary 
reactions, including electron transfer steps and chemical steps. Each elementary 
reaction has a reaction rate. Each elementary step involving electron transfer gives 
a Butler-Volmer equation, and each chemical step gives a reaction rate equation. 
The whole reaction rate or electrochemical current is determined by the slowest 
step. Other steps also contribute to the whole reaction rate, depending on their 
reaction rates. Deduction of the whole reaction rate is complicated. In some cases, 
a chemical step is the rate determining step (rds). For example, in a carbon 
catalyzed ORR, adsorbed superoxide migration might be the rds (see Section 2.2, 
below). To simplify, for an electrochemical reaction involving multiple electron 
transfer, the rate determining step is considered a pseudo-elementary step with an 
electron transfer number of n. For ORR, n might be 1 or 2, depending on the 
catalysts used and the potential range. This pseudo-elementary step gives a current-
overpotential relationship, as shown in Equation 2.9: 
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where n is the electron transfer number in the pseudo-elementary rate determining 
step, and is the transfer coefficient representing the fraction of overpotential that 
activates the forward direction of the pseudo-elementary rate determining step. The 
exchange current density and Tafel slope have already been explained in Section 
2.1.2. 

A steady-state polarization curve describes the relationship between the 
electrode potential and the current density, which is recorded by either holding the 
electrode potential and recording the stable current response, or holding the current 
density and recording the stable potential response. The criteria to evaluate a 
polarization curve depend on its application. In fuel cells, for both ORR and fuel 
cell performance, high current density is expected at lower overpotential (ORR) or 
at higher cell voltage (fuel cell), which gives maximum power density. Figure 2.1 
shows the steady-state polarization curves of a PEMFC at 23 C and 80 C [4]. At 
any current density, cell voltage obtained at 80 C is higher than that at 23 C, 
indicating the fuel cell shows better performance at 80 C than at 23 C. Fitting the 
polarization curves or plotting the overpotential vs. log (I) gives the Tafel slope 
and the exchange current density. We fitted the polarization curves of PEMFCs at 
low current density range (< 0.4 A/cm2) and at high current density range (> 0.4 
A/cm2), which resulted in two exchange current densities. For example, at 80 C,
on a PtO/Pt surface (< 0.4 A/cm2), an exchange current density of 6.25 10–6 A/cm2
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was obtained for ORR, and on a Pt surface (> 0.4 A/cm2), an exchange current 
density of 5.26 10–6 A/cm2 was obtained [4]. 

Figure 2.1. Polarization curves obtained at 23 C and 80 C with a backpressure of 30 psig. 
MEA active area: 4.4 cm–2. H2/Air gases with 100% relative humidity, adapted from [4]. 
(Reprinted from Electrochimica Acta, 52(7), Song C, Tang Y, Zhang J, Zhang J, Wang H, 
Shen J, et al., PEM fuel cell reaction kinetics in the temperature range of 23–120 °C, 2552–
61. ©2007, with permission from Elsevier.) 

2.1.3.2 Cyclic Voltammetry 
Cyclic voltammetry is the most useful technique in electrochemistry. It can quickly 
provide qualitative information about catalysts and electrochemical reactions, such 
as the electrochemical response of catalysts and the catalytic activity of the 
catalysts with respect to some electrochemical reactions. The principles of this 
technique have been discussed in detail in other chapters. Here, we simply look at 
the application of the technique in ORR catalyzed by surface adsorbed catalysts. 

Figure 2.2 shows the cyclic voltammogram of an FePcCl16 adsorbed graphite 
electrode in 0.1 M H2SO4 solution. In the potential range of 1.15 V to –0.15 V, four 
waves (from high to low potential) – attributed to the redox pairs of Fe(IV)/Fe(III), 
Fe(III)/Fe(II), Fe(II)/Fe(I), and the macrocyclic ring redox pair, respectively – can 
be observed [9, 10]. 

The peak currents of the wave of Fe(III)/Fe(II) increase linearly with the 
potential scan rate, which is a typical feature of the reaction of an electrode surface 
adsorbed redox couple. From the slope, the electron number can be calculated 
according to the following equation [3, 9]: 
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where 
16ClPFe c

IIIn is the electron transfer number involved in the electrochemical 

reaction of FeIIIPcCl16, A is the electrode area,  is the potential scan rate, and 

16ClPFe c
III  is the surface concentration of the adsorbed species. From the slope of Ip

vs. , the surface concentration of FePcCl16 can be calculated. 

Figure 2.2. Cyclic voltammogram of FePcCl16 adsorbed on a graphite electrode at 20 °C. 
Supporting electrolyte: 0.1 M H2SO4. Potential scan rate: 100 mV.s–1 [9]. (Reprinted from 
Electrochimica Acta (forthcoming), Baker R, Wilkinson DP, Zhang J. Electrocatalytic 
activity and stability of substituted iron phthalocyanines towards oxygen reduction evaluated 
at different temperatures. ©2008, with permission from Elsevier.) 

The redox peak potential change that occurs with pH change sheds light on the 
electrochemical reaction mechanism of the surface adsorbed species. For a reaction 
involving either a proton or OH-, e.g., 

O + mH+ + ne-  R 
the change in the formal potential (the average of the anodic potential and cathodic 
potential) vs. pH follows Equation 2.11: 

pH
nF

mRTEE f 303.20  (2.11) 

where Eƒ is the formal potential, E0 is the Nernst potential, and the other terms 
have their usual significance [3, 10, 11]. 

In the case of FePcCl16, as shown in Figure 2.2, the peak potential of 
Fe(III)/Fe(II) as marked by the dotted line changes linearly with pH, and a slope of 
56 mV.pH–1 can be observed in the pH range of 0 to 14, which is reasonably close 
to a value of 58 mV.pH–1 (20 °C), a theoretically expected value for a reversible 
reaction involving one electron and one proton [9, 10].
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The onset potential and peak current demonstrate the catalytic activity of a 
catalyst. For example, CoHFPC has strong electrocatalytic activity towards oxygen 
reduction. Figure 2.3 compares the cyclic voltammograms of a bare graphite 
electrode (a) and a CoHFPC-coated graphite electrode in air-saturated 0.1 M 
Na2SO4 solution (b). Both electrodes catalyze the O2 reduction reaction, and the 
onset potential of ORR on the CoHFPC-coated electrode is 100–200 mV earlier 
than that of the bare graphite electrode [12]. 

Figure 2.3. Cyclic voltammograms of (a) bare graphite electrode and (b) CoHFPC adsorbed 
graphite electrode, in air-saturated 0.1 M Na2SO4 buffered at pH 6. Potential scan rate: 100 
mV.s–1 [12]. (From Song C, Zhang L, Zhang J, Wilkinson DP, Baker R. Temperature 
dependence of oxygen reduction catalyzed by cobalt fluorophthalocyanine adsorbed on a 
graphite electrode. Fuel Cells 2007;7:9–15. ©2007 Wiley-VCH Verlag GmbH & Co. 
KGaA. Reproduced with permission.) 

2.1.3.3 Rotating Disk Electrode 
Equations used for RDEs are as follows [3]: 

levk III
111  (2.12) 

(the Koutecky-Levich equation) where I is the disk current density, Ik is the kinetic 
current density, and Ilev is the Levich current density. Ik can be expressed as 
Equation 2.13: 

catalystOOk CnFAKI
22

 (2.13) 
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where n  is the overall electron transfer number, A is the electrode area, 
2OC  is the 

concentration of dissolved O2, and catalyst is the surface concentration of the 
catalyst, or the catalyst loading. Ilev can be expressed as Equation 2.14: 

2
1

6
1

3
2

22
201.0 OOlev DnFACI  (2.14) 

where 
2OD is the diffusion coefficient of O2, is the kinematic viscosity of the 

electrolyte solution, and  is the rotation rate represented by rpm. 
An example of RDE application in ORR is shown in Figures 2.4 and 2.5. 

Figure 2.4 shows the RDE results obtained with a 5,10,15,20-Tetrakis 
(pentafluorophenyl)-21H,23H-porphine iron (III) (abbreviated as FeIIITPFPP) 
coated graphite electrode in air-saturated 0.1 M H2SO4 solution. Figure 2.5 shows 
the Koutecky-Levich plot using results obtained from Figure 2.4. The slope of the 
Koutecky-Levich plot is the same as that of a 4-electron ORR theoretical line, 
meaning that the FeIIITPFPP can catalyze a 4-electron oxygen reduction reaction. 
The FeIIITPFPP-catalyzed ORR reaction constant was calculated to be 3.8  108

mol–1.cm3.s–1 [11].

Figure 2.4. Current-potential curves for FeIIITPFPP adsorbed on a rotating graphite disk 
electrode with different rotating rates, as marked on each trace, recorded in a 0.5 M H2SO4
air-saturated solution at 55 °C [11]. (Reproduced by permission of ECS—The 
Electrochemical Society, from Zhang L, Song C, Zhang J, Wang H, Wilkinson DP. 
Temperature and pH dependent oxygen reduction catalyzed by iron fluoro-porphyrin 
adsorbed on a graphite electrode.) 

For RDE data analysis, three non-electrochemical kinetic parameters, such as 
the diffusion coefficient of O2, the kinematic viscosity of the electrolyte solution, 
and the solubility of O2 must be known accurately. These parameters are all 
temperature dependent. Their values are also slightly dependent on the electrolyte 
used. Table 2.3 lists these parameters at various conditions. 
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Figure 2.5. Koutecky-Levich plot using data from Figure 2.4. The theoretical line is 
calculated according to Levich theory for a 4-electron O2 reduction process [11]. 
(Reproduced by permission of ECS—The Electrochemical Society, from Zhang L, Song C, 
Zhang J, Wang H, Wilkinson DP. Temperature and pH dependent oxygen reduction 
catalyzed by iron fluoro-porphyrin adsorbed on a graphite electrode.) 

Table 2.3. Non-electrochemical kinetic parameters for RDE data analysis 

Experiment 
conditions (T, P, 

electrolyte) 

Diffusion 
coefficient of 
O2, cm2.s–1

Kinematic 
viscosity of the 

electrolyte 
solution, cm2.s–1

Solubility of 
O2, mol.cm–3

Ref. 

0.1 M HClO4,
20 C, 1 atm O2

1.67 10–5 - 1.38 10–6 8

0.5 M H2SO4,
25 C, 1 atm O2

1.4 10–5 0.010 1.1 10–6 68 

0.1 M KOH, 
25 C, 1 atm O2

1.9 10–5 - 1.2 10–6 7

1 M NaOH,  
25 C, 1 atm O2

1.65 10–5 0.011 8.4 10–7 15 

0.1 M TBAP 
quinoline, 25 C, 

1 atm O2

1.71 10–5 0.033 1.49 10–6 92 

2.1.3.4 Rotating Ring-disk Electrode (RRDE) 
In the RRDE method, the O2 reduction reaction occurring on the disk electrode 
produces intermediates, which can be detected on the ring and are used to deduce 
the ORR mechanism. An example is using RRDE to study the O2 reduction 
reaction catalyzed by Pt/C catalysts with different particle sizes. On the disk, 2-
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electron and 4-electron ORR can occur, and on the ring electrode, H2O2 is further 
oxidized to H2O [13]. 

Figure 2.6. Oxygen reduction current (a) on a disk electrode for active layers with different 
Pt mass ratios Pt/(Pt+C) and H2O2 oxidation curves, (b) on the ring electrode (1 mV s–1; 0.1 
M H2SO4; 293 K; L  3 m; Nafion/caron volume ratio = 1; 10% Pt/(Pt+C): ( ) d- 2.5 nm, 
SPt = 7.6 cm2; 20%: ( )d = 3.4 nm, SPt = 13.9 cm2; 30%: ( )d = 4.1 nm, SPt = 19.4 cm2; 40%: 
( )d = 5.1 nm, SPt = 24.3 cm2) [13]. (With kind permission from Springer Science+Business 
Media: Journal of Applied Electrochemistry, RRDE study of oxygen reduction on Pt 
nanoparticles inside Nafion®: H2O2 production in PEMFC cathode conditions, 30, 2004, 
839–844, O. Antoine, Figure 1, ©2004 Springer.) 

The 2-electron reduction current ( eI2 ) is given by 

NII Re /2  (2.15) 

where eI2  is the 2-electron ORR on the disk electrode and N is the collecting 
coefficient number. The ORR current ( )DI on disk electrode can be expressed as 
Equation 2.16: 

eeD III 42  (2.16) 
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where eI4  is the 4-electron ORR current. The following equation is used to obtain 
the average electron number ( en ) involved in ORR: 

24
24 ee

e

D II
n
I  (2.17) 

By rearranging Equation 2.17, we get Equation 2.18, which is used to calculate 
en :

NII
In

RD

D
e /

4  (2.18) 

Figure 2.6 shows the ring-disk currents of ORR on different Pt/C catalyst with 
different particle sizes. Figure 2.7 shows the average electron transfer numbers 
calculated based on Equation 2.18. The numbers are close to 4 for all catalysts 
investigated, indicating a weak platinum particle size effect on H2O2 production. 
Larger particle size shows a higher proportion of H2O2.

Figure 2.7. Average number of exchanged electrons during oxygen reduction on the disk 
active layer. Data obtained based on Figure 2.6 [13]. (10% Pt/(Pt+C): ( ) d = 2.5 nm, SPt = 
7.6 cm2; 20%: ( )d = 3.4 nm, SPt = 13.9 cm2; 30%: ( )d = 4.1 nm, SPt = 19.4 cm2; 40%: ( )d 
= 5.1 nm, SPt = 24.3 cm2). (With kind permission from Springer Science+Business Media: 
Journal of Applied Electrochemistry, RRDE study of oxygen reduction on Pt nanoparticles 
inside Nafion®: H2O2 production in PEMFC cathode conditions, 30, 2004, 839–844, O. 
Antoine, Figure 2, ©2004 Springer.) 

2.2 Oxygen Reduction on Graphite and Carbon 

It seems that all carbon materials have some electrocatalytic activity towards ORR 
in alkaline solutions [2]. The materials that have been studied include graphite, 
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glassy carbon, active carbon, and carbon nanotubes [2, 14–22]. Depending on the 
type of carbon, the catalytic ORR activity and mechanism vary widely. For 
example, glassy carbon and pyrolytic graphite normally catalyze a 2-electron 
transfer oxygen reduction, producing H2O2. On an oxidized glassy carbon electrode 
[14] and oxidized graphite electrodes [15], the H2O2 can be further reduced to 
water at more negative potentials. On carbon nanotubes [16], the O2 reduction 
product is H2O2 or a mixture of H2O2 and OH-, depending on the preparation 
method and potential of the carbon nanotube-modified electrode. 

2.2.1 Oxygen Reduction Reaction Mechanisms 

2.2.1.1 ORR on Graphite and Glassy Carbon 
Two mechanisms have been proposed for carbon-catalyzed ORR. On a glassy 
carbon electrode, the following reaction mechanism has been proposed [2]: 

 O2  O2(ads) (2.19)

 O2(ads) + e-  [O2(ads)]- (2.20) 

 [O2(ads)]-  O2(ads)
- (2.21) 

 O2(ads)
- + H2O  HO2(ads) + OH- (2.22) 

 HO2(ads) + e-  HO2
-
(ads) (2.23) 

 HO2
-
(ads)  HO2

- (2.24) 

The subscripts “ads” indicate the corresponding species are adsorbed on the 
electrode surface. The reactant and product in Reaction 2.21 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 according to Reaction 2.21. It was confirmed that 
Reaction 2.21 was the rate determining step. However, Taylor et al. [14, 17] found 
that the rate determining step was dependent on pH. At pH > 10, Reaction 2.21 was 
the rate determining step, and at pH < 10, Reaction 2.20 was the rate determining 
step. 

On pyrolytic graphite electrodes, the first reaction was also proposed as 
Reaction 2.19, followed by: 

 O2(ads) + e-  O2
-
(ads) (2.25) 

 2O2
-
(ads) + H2O  O2 + HO2

- + OH- (2.26) 

and the rate determining step was believed to be Reaction 2.25. 
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Figure 2.8. (a) Current-potential curves for O2-saturated 1.0 M NaOH solution at a polished 
glassy carbon disk electrode, T = 298 K. Potential scan rate: 5 mV/s; (b) response at a Pt 
ring held at 0.0 V vs. SCE during the potential scan at the disk. Rotation rates are given on 
the figure [21]. (Reprinted from Journal of Electroanalytical Chemistry, 382(1–2), Baez 
Victor B. and Pletcher Derek, Preparation and characterization of carbon/titanium dioxide 
surfaces—the reduction of oxygen, 59–64, ©1995, with permission from Elsevier.) 

For ORR current-potential curves recorded on either a graphite or a glassy 
carbon electrode surface, two waves were observed, both of which were attributed 
to the 2-electron transfer reduction of O2, producing H2O2. Figure 2.8 shows the 
RRDE results for O2 reduction on a glassy carbon 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 E1/2 = –0.78 V. The oxidation current at the ring shows that both 
waves correspond to H2O2 production. This 2-electron reduction occurs at two 
different potential ranges, suggesting that there are two kinds of ORR active sites 
on glassy carbon. 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 glassy carbon electrode [21]. 

The ORR activity of a graphite electrode is dependent on graphite planes. The 
activity on an edge plane is higher than that on a basal plane, as shown in Figure 
2.9 [22]. This reflects the difference in electrocatalytic activity of these two 
orientations. This catalytic activity difference is mainly due to there being more 
functional groups on an edge plane than on a basal plane. 
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Figure 2.9. Current-potential curves for O2-saturated 1 M KOH solution on high pressure 
annealed pyrolytic graphite:  edge plane, --- basal plane [22]. (Reprinted from 
Electrochimica Acta, 15(6), Morcos I. and Yeager E., Kinetic studies of the oxygen—
peroxide couple on pyrolytic graphite, 953–75, ©1970, with permission from Elsevier.) 

2.2.1.2. ORR on Carbon Nanotubes 
Carbon nanotubes are a new kind of material with extensive applications. Recently, 
oxygen reduction reaction catalyzed by carbon nanotubes has been investigated by 
several groups [16, 20], which found that the catalyzed ORR was dependent on the 
preparation method for the carbon nanotube films. Zhang et al. [16] prepared 
multiwalled carbon nanotube (MWCNT) films by a dihexadecyl hydrogen 
phosphate (DHP) method on a glassy carbon electrode and found that the films 
could catalyze O2 reduction by two 2-electron processes, producing OH-. At a 
potential range of –0.4 – –0.8 V vs. Ag/AgCl, the first reduction current plateau on 
the RDE curve was observed, and was attributed to a 2-electron process producing 
H2O2. At potentials more negative than –0.9 V, a second plateau appeared, which 
was attributed to the further reduction of H2O2, producing OH- (see curve 1’ in 
Figure 2.10). Jurmann et al. [20] prepared similar films using the same method on 
a highly oriented pyrolytic graphite electrode, and reported that the first 2-electron 
process could be observed at the potential range of –0.4 – –0.6 V vs. SCE, while 
the second plateau was not clearly discerned. A mixture process of 2- and 4-
electron reduction could be observed at more negative potentials. Jurmann et al. 
[20] also found that on MWCNT films prepared by the 
poly(diallyldimethylammonium chloride) method, the electron transfer number of 
ORR was in the range of 3 – 3.5 at the potential range of –0.4 – –1.2 V. Figure 
2.10 shows the results, together with those obtained on a bare glassy carbon 
electrode for comparison. It can be seen that on a glassy carbon electrode, the ring 
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current increases as disk current increases in the potential range of –0.4 to –1.2 V. 
However, on an MWCNT-modified electrode, the ring current decreases as the 
disk current increases in the similar potential range, indicating less H2O2 is 
produced. 

Figure 2.10. RRDE voltammograms for O2 reduction at the PDDA/MWCNTs/GC (curve 1) 
and bare GC (curve 2) disk electrodes in O2-saturated 0.10 M KOH solution. Curves 1’ and 
2’ represent the current for the oxidation of HO2

– produced at the corresponding disk 
electrodes. Potential scan rate: 10 mV/s; electrode rotating rate: 400 rpm. The Pt ring 
electrode was polarized at +0.50 V for the oxidation of HO2

– [16]. (Reprinted with 
permission from Langmuir 2004;20;8781–5. Copyright 2004 American Chemical Society.) 

2.2.1.3. 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 high oxidation 
resistance capability and higher catalytic activity toward ORR. Maldonado and 
Stevenson [23] found that N-doped carbon fiber showed improved catalytic 
activity by shifting the ORR potential up by 70 mV (Figure 2.11), and the electron 
transfer number of ORR catalyzed by N-doped carbon fiber was close to 4. They 
discussed that N-doped carbon can not only catalyze O2 reduction reaction but also 
catalyze H2O2 decomposition [23]. 
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Figure 2.11. Background subtracted voltammetric responses of a nondoped CNF electrode 
(dashed line) and an N-doped CNF electrode (solid line) immersed in an O2-saturated 1 M 
KNO3 solution. Scan rate = 0.1 V s–1 [23]. (Reprinted with permission from J Phys Chem B 
2005;109.10:4707–16. Copyright 2005 American Chemical Society.) 

The active sites in N-doped carbon are carbon atoms adjacent to the N atom. 
Using a cluster model, Sidik et al. [24] did theoretical calculations and found that 
carbon radical sites adjacent to the substitutional N showed strong bonding ability 
to adsorbed OOH, favoring the production of H2O2 [24], which improves its 
catalytic activity. 

2.2.1.4 ORR on Pre-treated Carbon Surface 
Pre-treatment of carbon materials can significantly improve their catalytic activity 
towards ORR and change their electrochemical 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, vacuum heat treatment, 
chemical oxidation, and electrochemical oxidation [25–28]. 

It is not clearly understood why pre-treatment of carbon surfaces improves their 
catalytic activity. Pre-treatment does create more surface functional groups, and 
exposes fresh carbon edges, microparticles, and defects [25–27]. Jia et al. [28] 
found that pre-treatment of carbon supports and Pt-loaded carbon supports resulted 
in ionic resistance decrease, indicating that surface functional groups such as 
carboxylic acid were generated. Pre-treatment also might increase the surface area 
of carbon by generating porous surface films [29]. Sullivan et al. [29] found that 
surface oxidation of glassy carbon at 1.95 V vs. SCE leads to the formation of 
porous carbon film, and that the film thickness increased linearly with oxidation 
time. Overall, pre-treatment 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 2.12 shows the current-potential curves of an unoxidized glassy carbon 
electrode that had then been oxidized at 2 V vs. RHE in 0.5 M H2SO4 at different 
times. Increasing the oxidization time resulted in decreased ORR onset potential 
and increased ORR reduction current. 

Pretreated carbon also affects the activity of other catalysts supported on it. For 
example, pretreatment of a carbon support followed by deposition of Pt on it and 
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treatment of carbon-supported Pt also resulted in significant increases in the ORR 
catalytic activity of Pt. Jia et al. [28] 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. 

Figure 2.12. Hydrodynamic voltammograms for O2 reduction at a bare glassy carbon RDE 
in O2-saturated 0.5 M H2SO4. Glassy carbon surface oxidation time: 0 min (dashed line); 1 
min (thin line); 5 min (thick line); 20 min (very thick line). Scan rate: 10 mV/s; rotation 
speed: 2000 rpm [27]. (Reprinted from Journal of Electroanalytical Chemistry, 527(1–2), 
Maruyama J, Abe I, Cathodic oxygen reduction at the interface between Nafion® and 
electrochemically oxidized glassy carbon surfaces, 65–70, ©2002, with permission from 
Elsevier.) 

2.2.2 Kinetics of the ORR on Carbon Materials 

On a glassy carbon electrode, the Tafel slope was observed to be 60 mV/dec in 
alkaline solutions, and at pH < 10, the Tafel slope was 120 mV/dec. These values 
are in accordance with the proposed mechanisms. In the case of 120 mV/dec, the 
first electron transfer is the rate determining step. In the case of 60 mV/dec, the 
current-potential relationship observed from the multiple-electron transfer process 
of ORR on carbon electrodes was expressed as Equation 2.27, given by Taylor and 
Humffray [14, 17]: 

]})(exp[]){exp[0 RT
Fr

RT
Frnii  (2.27) 

where  is the overpotential,  is the number of electrons transferred before the 
rate determining step (rds), n is the number of electrons involved in the overall 
reaction,  is the symmetry factor of the rds, r is the number of electrons 
transferred in the rds if the rds involves charge transfer (if no electron transfer is 
involved in the rds, r = 0), and is the stoichiometric number of the reaction. 
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The stoichiometric number  was evaluated from the current-potential 
measurements in the region of low overpotential, according to the following 
relation: 

0
0)(

nFi
RT

i i  (2.28) 

On carbon materials,  usually equals 1. Using Allen and Hickling’s graphical 

treatment, Taylor and Humffray found that the Tafel slope is 2.303
( )

RT

r F
 and 

that its numerical value is 60 mV/dec. This indicates that  = 1 and r = 0, meaning 
that the migration step is the rds. 

2.2.3 Catalytic Sites on Carbon Materials 

The catalytic ORR activity of carbon materials is generally attributed to the 
quinone groups [2]. Yeager [2] cited Garten and Weiss’s mechanism for O2
reduction on carbon surfaces, as shown in Figure 2.13. A similar mechanism was 
also proposed for a carbon nanotube surface, as in Figure 2.14 [16]. Although this 
mechanism has not been confirmed, electrodes modified with a variety of quinone 
compounds have shown great catalytic activity towards 2-electron oxygen 
reduction reaction for H2O2 production (see Section 2.3). 

Figure 2.13. Garten and Weiss’s mechanism for reduction on carbon surface [2]. (Reprinted 
from Journal of Molecular Catalysis, 38(1–2), Yeager Ernest, Dioxygen electrocatalysis: 
mechanisms in relation to catalyst structure, 5–25, ©1986, with permission from Elsevier.) 
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Figure 2.14. Mechanism of O2 reduction on carbon nanotube surface [20]. (Reprinted from 
Journal of Electroanalytical Chemistry, 597(2), Jürmann Gea and Tammeveski Kaido, 
Electroreduction of oxygen on multi-walled carbon nanotubes modified highly oriented 
pyrolytic graphite electrodes in alkaline solution, 119–26, ©2006, with permission from 
Elsevier.) 

2.3 Oxygen Reduction Catalyzed by Quinone and Derivatives 

As discussed above, the surface quinone group on a carbon electrode can catalyze a 
2-electron O2 reduction reaction, producing H2O2. This ORR process has attracted 
significant attention in terms of fundamental understanding and applications [30–
41].

2.3.1 AO Process for O2 Reduction to Produce H2O2

H2O2, a product of the 2-electron transfer reduction of O2, has wide industrial 
applications, including pulp and paper, textiles, chemical synthesis, as well as 
environmental protection such as waste-water treatment. The most commonly used 
industrial production procedure is the anthraquinone process, or “AO process”. The 
chemical reaction involved in the process is expressed in Figure 2.15. 

The catalyst used in this process is Raney Ni, or Pd/Al2O3. Anthraquinone 
dissolved in a solvent mixture was hydrogenated by the catalyst, then oxidized 
with air. By this method, H2O2 can be produced and the starting material, 
anthraquinone, recovered [31]. In the process, anthraquinone degradation is a 
problem and results in decreased efficiency. Researchers are therefore trying to 
replace the chemical reduction step of anthraquinone with electrochemical 
reduction [30, 32, 33]. 
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Figure 2.15. The anthraquinone process (AO process) to produce H2O2 [30]. (With kind 
permission from Springer Science+Business Media: Journal of Applied Electrochemistry, 
Electrochemical reduction of 2-ethyl-9,10-anthraquinone (EAQ) and mediated formation of 
hydrogen peroxide in a two-phase medium Part I: Electrochemical behaviour of EAQ on a 
vitreous carbon rotating disc electrode (RDE) in the two-phase medium, 29, 2004, 11–16, A. 
Huissoud, Scheme 1, ©Springer.) 

2.3.2 ORR Mechanism Electrochemically Catalyzed by Quinone 

The O2 reduction of O2 catalyzed by the quinone group is proposed to proceed by 
the following electrochemical-chemical (EC) process [30, 37]: 

 Q + e-  Q - (2.29)

 Q - + O2  O2
- + Q (2.30) 

 O2
- + H2O + e-  HO2

- (2.31) 

or

 2O2
- + H2O  HO2 + O2 + OH- (2.32) 

where Q represents the quinone group. Reaction 2.30 was considered to be the rate 
determining step. Quinones with different substituted groups, such as ethyl group 
modified anthraquinones, were also investigated in order to improve the catalytic 
activity and stability [38]. 

2.4 Oxygen Reduction on Metal Catalysts 

2.4.1 ORR Mechanism on Pt 

Oxygen reduction reaction on a Pt electrode has been the most extensively studied 
mechanism. This catalytic ORR is a multi-electron process with a number of 
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elementary steps, involving different reaction intermediates. The simplified version 
of the mechanism is shown in Figure 2.16; the only two products are H2O2 and 
H2O. RRDE measurements show that on a Pt surface, O2 reduction is a major 4-
electron transfer process from O2 to H2O in both acid and alkaline aqueous 
electrolytes if adsorbed impurities are absent [42]. At this point, the mechanism of 
ORR on Pt is still not well understood. 

Figure 2.16. The oxygen reduction reaction mechanism on Pt [42]. (Reprinted from Surface 
Science Reports, 45(4–6), Markovi N. M. and Ross P. N., Surface science studies of model 
fuel cell electrocatalysts, 117–229, ©2002, with permission from Elsevier.) 

The mechanism shown in Figure 2.16 indicates that O2 can be reduced either 
directly to water (direct 4-electron reduction) electrochemically with the rate 
constant k1, or to adsorbed hydrogen peroxide (H2O2,ad) with the rate constant k2
(“series” 2-electron reduction). H2O2,ad can be further reduced to water with the 
rate constant k3, chemically decomposed on the electrode surface (k4), and/or 
desorbed into the electrolyte solution (k5). Some experimental results suggest that a 
series pathway via an (H2O2)ad intermediate is the most possible pathway. For 
example, only a very small amount of H2O2 could be observed during ORR, and 
the electron transfer number is close to 4. This series ORR mechanism suggests a 
special case of k1 = 0. 

The ORR mechanism on Pt has also been investigated by theoretical calculation 
based on the electronic structure, using density functional theory [43–45]. The 
dissociative mechanism and the associative mechanism are proposed for a low 
current density range and a high current density range, respectively [43, 44]: 

(1) Dissociative Mechanism: 

 1/2O2 + *  O* (2.33) 

 O* + H+ + e  OH* (2.34) 

 OH* + H+ + e  H2O + * (2.35) 

where * denotes a site on the Pt surface. In this mechanism, no H2O2 is produced. 
On a Pt surface, O2 adsorption breaks the O-O bond and forms adsorbed atomic O, 
which further gains two electrons in the two consecutive steps, forming water. 
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Since there is no adsorbed O2 on the Pt surface, H2O2 cannot be formed. This 
mechanism can be considered a detailed form of the direct 4-electron pathway. 

(2) Associative Mechanism: 

 O2 + *  O2* (2.36) 

 O2* + H+ + e  HO2* (2.37) 

 HO2* + H+ + e  H2O + O* (2.38) 

 O* + H+ + e  OH* (2.39) 

 OH* + H+ + e  H2O + * (2.40) 

This mechanism also does not involve H2O2. Since adsorbed O2 is present, the 
O-O bond may not be broken in the following steps, resulting in the formation of 
H2O2. The H2O2 could either be further reduced to H2O or be a final product. 
Therefore, this mechanism might be an alternative expression of that in Figure 
2.16.

2.4.2 Mixed Pt Surface and Rest Potential on Pt 

The thermodynamic potential of ORR (1.23 V vs. NHE at standard conditions) is 
so high that no electrode materials can remain pure. At 1.23 V, electrode materials 
undergo oxidation, which changes their surface properties. 

On Pt and at high potential, the following reaction occurs: 

 Pt + 1/2O2  PtO E0 = 0.88 V (2.41) 

Thus, in the presence of O2, the Pt surface is a mixture of Pt and PtO. Therefore, a 
steady-state open circuit potential (OCP) of 1.23 V is rarely observed, due to the 
formation of PtO. Rather, the steady-state rest potential of a Pt electrode in O2
saturate 1 M H2SO4 is 1.06 V, a mixed value of the thermodynamic potential of 
O2/H2O and of Pt/PtO, because two reactions occur: Pt oxidation and O2 reduction 
[46]. 

For Pt oxidation, the oxidation current-overpotential relationship is given by 
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PtOPtPtOPtaPtOPtPtOPtPtOPtaPtOPt

eeiI  (2.42) 

where PtOPtI / is the Pt oxidation current, o
PtOPti / is the exchange current density of 

Pt oxidation, PtOPtn /, is the apparent electron transfer number in the 
electrochemical reaction, PtOPta /,  is the electron transfer coefficient, and 
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88.0/,
rest

PtOPta E  is the overpotential ( restE is the steady-state rest potential of 
the system). 

Assuming the overpotential is small, this equation can be approximated as 
follows: 
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RT
Fn

iI  (2.43) 

For the O2 reduction reaction on Pt, a similar equation can be written as: 
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where OHOI
22 / is the O2 reduction current, o

OHOi 22 / is the exchange current density of 
O2 reduction, OHOn

22 /, is the apparent electron transfer number in the 
electrochemical reaction, OHOa 22 /,  is the electron transfer coefficient, and 

88.0restE  is the overpotential. 
Since no net current is flowing from the system or given to the system, 

OHOPtOPt II
22 // . Thus, 
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//,//, 2222

rest
OHOOHO

resto
PtOPtPtOPt EinEin  (2.45) 

Assuming the exchange current density and apparent electron transfer number for 
Pt oxidation and O2 reduction are the same, the value of restE can be obtained 
through Equation 2.45, and is 1.06 V. However, the value of this rest potential can 
be changed by altering the extent to which PtO covers the electrode surface. 

2.4.3 ORR Kinetics on Pt 

The electrode potential can play a significant role in changing the Pt surface 
structure in the presence of O2, due to the mixed potential discussed above. At 
higher potentials (> 0.8 V), the electrode surface is a mixture of Pt and PtO, while 
at lower potentials, the Pt surface is pure Pt. Thus, the kinetics of O2 reduction on 
Pt is not expected to be the same in different potential ranges. Figure 2.17 shows 
the two Tafel slopes observed for ORR on a Pt electrode surface [8]. At a low 
current density range (high potential), a Tafel slope of 60 mV/dec was obtained. At 
a high current density range (low potential), a value of 120 mV/dec was observed. 
The difference in Tafel slope indicates that the mechanism on a Pt/PtO surface is 
different from that on a pure Pt surface. On a Pt/PtO surface, the rate determining 
step is a pseudo 2-electron procedure, which gives a Tafel slope of 60 mV/dec. 
However, on a pure Pt surface, the first electron transfer is the rate determining 
step, resulting in a Tafel slope of 120 mV/dec. 
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Figure 2.17. Tafel plots for oxygen reduction reaction at a Pt working electrode [8]. 
(Reprinted from Journal of Electroanalytical Chemistry, 574(2), Wakabayashi Noriaki, 
Takeichi Masayuki, Itagaki Masayuki, Uchida Hiroyuki and Watanabe Masahiro, 
Temperature-dependence of oxygen reduction activity at a platinum electrode in an acidic 
electrolyte solution investigated with a channel flow double electrode, 339–46, ©2005, with 
permission from Elsevier.) 

Using a DFT model, Norskov et al. [44] calculated the dissociative mechanism 
and gave a Tafel slope of 60 mV/dec. Unfortunately, the literature does not devote 
enough attention to the associative mechanism. 

The ORR exchange current density on a Pt electrode can be obtained by 
extrapolating the potential-log(I) plot along the Tafel line to the thermodynamic 
potential. Two Tafel slopes give two exchange current densities, one at a low 
current density (high potential), and the other in a high current density range (low 
potential). The values of the ORR exchange current densities on Pt vary widely in 
the literature, depending primarily on the morphology of the Pt catalyst. This can 
also be seen in Table 2.2. For example, Parthasarathy et al. [7] reported that the 
values on a Pt wire/Nafion membrane interface at 80 °C are 1.8×10–8 A/cm2 at high 
potential range (low current density, with Tafel slope of 60 mV/dec) and 1.4×10–6

A/cm2 at low potential range (high current density, with a Tafel slope of 120 
mV/dec). Our recent study on the kinetics of ORR in PEM fuel cells showed that at 
80 C, the exchange current density is 6.25×10–6 at high potential range (low 
current density) and 3.87×10–4 A/cm2 at low potential range (high current density), 
respectively [4]. For the catalyst, we used Pt nanoparticles supported on Vulcan 
carbon. 

2.4.4 ORR on Pt Alloys 

The catalytic activity of Pt towards ORR strongly depends on its O2 adsorption 
energy, the dissociation energy of the O-O bond, and the binding energy of OH on 
the Pt surface. The electronic structure of the Pt catalyst (Pt d-band vacancy) and 
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the Pt-Pt interatomic distance (geometric effect) can strongly affect these energies 
[47]. 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 
(M=Fe, Co, Ni, etc.) alloys should have higher catalytic activity than pure Pt, 
which has again been proven by experiments [44]. 

The activity enhancement that occurs when Pt is alloyed with other metals is 
explainable by the change in electronic structure (the increased Pt d-band vacancy) 
and in geometric effect (Pt-Pt interatomic distance). Alloying causes a lattice 
contraction, leading to a more favorable Pt-Pt distance for the dissociative 
adsorption of O2. The d-band vacancy can be increased after alloying, producing a 
strong metal-O2 interaction then weakening the O-O bonds. Figure 2.18 shows the 
Tafel plots of Pt and PtFe alloys for the O2 reduction reaction. 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, the 
exchange current density for a Pt catalyst is 1.63 x10–8 A/cm2, while that for PtFe 
catalysts is 2.15×10–7 A/cm2, indicating a nine-fold increase [47]. 

Figure 2.18. 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 [47]. (With kind permission 
from Springer Science+Business Media: Journal of Applied Electrochemistry, 
Electrocatalytic behaviour for oxygen reduction reaction of small nanostructured crystalline 
bimetallic Pt–M supported catalysts, 36, 2006, 1143–1149, A. Stassi, Figure 9, ©Springer.) 

Stamenkovic et al. [48] recently found that on Pt3Ni, the O2 reduction reaction 
is 90 times faster than on pure Pt. Unfortunately, dissolution of the transition metal 
alloyed in the PtM catalysts is a major drawback because these transition metals 
are electrochemically soluble at a potential range between 0.3 to 1 V vs. NHE in 
low pH media [47]. More effort is needed to solve this problem. 
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2.4.5 Catalytic ORR on Other Metals 

Oxygen reduction reaction on other metal surfaces such as Au, Ir, Rh, etc. has also 
been extensively investigated [46]. However, these metals show lower catalytic 
activity towards ORR than Pt; in addition, they are not electrochemically stable 
(and therefore are more easily oxidized than Pt). 

Figure 2.19. Trends in oxygen reduction activity plotted as a function of the oxygen binding 
energy [44]. (Reprinted with permission from J Phys Chem B 2004;108:17886–92. 
Copyright 2004 American Chemical Society.) 

Figure 2.20. Trends in oxygen reduction activity plotted as a function of both the O and the 
OH binding energy [44]. (Reprinted with permission from J Phys Chem B 2004;108:17886–
92. Copyright 2004 American Chemical Society.) 
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Figure 2.19 shows the trend in oxygen reduction activity as a function of the 
oxygen binding energy, and Figure 2.20 shows the trend as a function of both the 
O and the OH binding energy. Both figures show that Pt is the most active ORR 
catalyst. 

2.5 ORR on Macrocyclic Transition Metal Complexes 

2.5.1 ORR Mechanisms Catalyzed by Transition Metal Macrocyclic 
Complexes 

Transition metal macrocyclic complexes can catalyze the O2 reduction reaction 
through a 2-electron or 4-electron transfer pathway to produce either H2O2 or H2O. 
Sometimes, they can also catalyze ORR through a mixed pathway of 2- and 4-
electron transfer reduction. In rare cases, transition metal macrocyclic complexes 
can also catalyze a 1-electron O2 reduction, producing superoxide ions. 

The catalytic reaction mechanism is proposed to be a modified “redox 
catalysis” procedure [1, 49]. In the first step, the adduct between oxygen and the 
metal ion center of the macrocyclic compound is formed, followed by an intra-
adduct electron transfer from the metal 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 compounds used. The 
mechanism can be summarized as follows: 

 [LMeII] + O2  [LMe +…….O2
-] (2.46) 

 [LMe +…….O2
-] + H+  [LMeIII……..O2H]+ (2.47) 

 [LMeIII……..O2H]+ + H+ + 2e-  [LMeII] + H2O2 (2.48) 

 H2O2 + 2e- +2H+  2H2O (2.49) 

 H2O2  H2O + 1/2O2 (2.50) 

where L represents the ligand and Me is the metal center. 

2.5.2 Transition Metal Macrocycles as ORR Catalysts 

2.5.2.1 Metal Centers and the Ligand Effect on ORR Activity 
The catalytic activity of transition metal macrocyclic compounds towards ORR 
strongly depends on the individual transition metal center and the macrocyclic 
ligand, as well as the size of the  electron system. Compounds studied previously 
include a variety of metal centers and ligands. The transition metals 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  electron 
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compounds usually include metal phthalocyanine and porphyrin, as well as their 
derivatives [1, 49]. 

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>O4 S4 (inactive); for Co 
centers: N2O2>N4>N2S2>O4 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 discussion will focus on the Fe-N4 and 
Co-N4 systems. 

2.5.2.2 M-N4 ORR Catalysts 
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 electrode surface, then provide a theoretical treatable 
situation for fundamental understanding of the catalyst activity and mechanism 
[50–52]. 

For Fe-based N4 catalysts (Fe-N4), the ORR normally takes a 4-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 produced 
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 (FeTPP) and Fe protoporphyrin IX 
(FePPIX) can catalyze a 4-electron oxygen reduction, while Fe meso-tetra(3-
pyridyl)porphine (FeTPyP) only catalyzes a 2-electron oxygen reduction [51, 52]. 
Nonetheless, in most cases, Fe-N4 can catalyze 4-electron oxygen reduction and the 
product is water. 

In general, mononuclear Co-N4 complexes can only catalyze 2-electron O2
reduction reaction. Zagal et al. [50] studied Co and Fe tetrasulfonate 
phthalocyanines and found that the Co complex only catalyzed a 2-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 2-electron but also 4-electron O2 reduction reactions. A planar bi-
cobalt complex such as (Co2TAPH)4+, as shown in Figure 2.21, catalyzes a 4-
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 can 
effectively weaken the O-O bond, rendering it easily broken. Furthermore, face-to-
face di-Co-N4 complexes also favor a 4-electron transfer pathway, depending on 
the Co-Co distance in the molecules (Figure 2.22). When the Co-Co distance is 
around 4 Å, the O-O bridge between the Co-Co centers can be formed as shown in 
Figure 2.23, resulting in a 4-electron transfer of ORR. If the Co-Co distance is 
larger or smaller, only the 2-electron transfer pathway to peroxide is favored. This 
can be explained by the formation of a cis- or trans-configuration (Figure 2.23). 
The cis-configuration favors the 4-electron ORR to H2O, while the trans- does not 
[53]. 
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Figure 2.21. Dimetal complex (Co2TAPH)4+(NO3)4. (TAPH = 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)oxa-
azacyclodocosine) [2]. (Reprinted from Journal of Molecular Catalysis, 38(1–2), Yeager 
Ernest, Dioxygen electrocatalysis: mechanisms in relation to catalyst structure, 5–25, 
©1986, with permission from Elsevier.) 

Figure 2.22. Face-to-face Co-Co 4-porphyrin [2]. (Reprinted from Journal of Molecular 
Catalysis, 38(1–2), Yeager Ernest, Dioxygen electrocatalysis: mechanisms in relation to 
catalyst structure, 5–25, ©1986, with permission from Elsevier.) 

Figure 2.23. Cis- and trans-Co-O-O-Co facial configuration [2]. (Reprinted from Journal of 
Molecular Catalysis, 38(1–2), Yeager Ernest, Dioxygen electrocatalysis: mechanisms in 
relation to catalyst structure, 5–25, ©1986, with permission from Elsevier.) 

Recently, Kadish et al. [54] synthesized three series of Co corroles (shown in 
Figure 2.24) and investigated their catalytic activity toward the O2 reduction 
reaction [54]. The mixed valent Co(II)/Co(III) complexes, (PCY)Co2, and the 
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biscorrole complexes, (BCY)Co2, both contain two Co(III) ions in their air-stable 
forms. It was found that all of these complexes could catalyze the direct 4-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. This 
catalyzed 4-electron transfer pathway was further confirmed by RRDE 
measurement. 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, respectively. The cobalt(III) monocorrole (Me4Ph5Cor)Co could 
also catalyze ORR at E1/2 = 0.38 V, with the final products being an approximate 
50% mixture of H2O2 and H2O. 

Figure 2.24. Co-corrole compounds for O2 reduction reaction [54]. (Reprinted with 
permission from J Am Chem Soc 2005;127:5625–31. Copyright 2005 American Chemical 
Society.) 

Theoretical approaches have in addition predicted that the substituents on the 
macrocyclic rings can also affect ORR catalytic activity. Co-phthalocyanine 
complexes with electron donating substituents should show improved ORR 
catalytic activity because the substituents can increase the binding energy between 
O2 and the metal center(s) [55]. Calculation indicates that the catalytic activity of 
the transition metal macrocyclic complexes is due to the partial electron transition 
between the filled dxz, dyz, and empty 2zd orbitals of the transition metals, and the 
anti-bonding  orbitals of O2. Based on molecular orbital theory, Alt et al. [56] 
explained that in the interaction between O2 and a transition metal, electron 
transition occurs first from oxygen into the empty 2zd orbital, forming a  bond, 
lowering the anti-bonding  orbitals and raising the energy of the dxz and dyz

orbitals of the transition metals, thus allowing the electron transition from these 
filled orbitals to the anti-bonding  orbital, and resulting in enhanced interaction. 
The order of catalytic ORR activity for both the tetramethoxyphenylporphyrin 
(TMPP) and the dihydrodibenzotetraazaannulene (DHDBTAA) systems is: 
Co>Fe>Ni Cu. This order can be well explained in terms of molecular orbital 
theory [49, 56]. 

2.5.2.3 Heat-treated Transition Metal Macrocyclic Complexes 
Normally, transition metal macrocyclic complexes do not have long-term stability 
in concentrated acidic or alkaline solutions. It has been found that thermal 
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treatment of these compounds after they have been adsorbed on high-surface-area 
carbon support particles in the temperature range of 450–900 C not only increases 
their stability, but also improves their catalytic activity [1, 2, 57]. The thermal 
treatment was performed in an inert atmosphere, where pyrolysis of the compounds 
would occur. Thermal treatment temperature can affect the stability and catalytic 
activity of the M-N4 compounds, and usually high temperature (> 800 C) is 
necessary to obtain stable catalysts. 

Although heat treatment can destroy the macrocyclic ring, the N4 ring structure 
in porphyrin and similar macrocycles is still retained. Heat treatment can also be 
performed by heat-treating the macrocycles adsorbed on carbon substrates, 
followed by the addition of transition metal salts. The pyrolyzed macrocycles on 
carbon supports provide coordination sites, including N4, to bind transition metals 
such as Fe and Co, forming M-N4 coordination complexes. However, it was also 
found that the ORR catalytic activity loss of these heat-treated M-N4 catalysts in 
long-term operation was due to the loss of the transition metal from the pyrolyzed 
macrocycle surface. 

Thermal treatment might lead to phase change in the transition metal 
macrocyclic complexes. Using XRD measurements, Baranton [58] found that 
received iron phthalocyanine was under  phase and that after being heat-treated at 
450 C it was under  phase. 

It is worth noting that as yet, the enhancement mechanisms of activity and 
stability after heat treatment of these M-N4 catalysts are not fully understood. It is 
necessary to ascertain whether the metal is part of the active catalytic site, and also 
to identify the nature of the catalytic site. 

2.5.3 ORR Kinetics Catalyzed by Transition Metal Macrocyclic Complexes 

Tafel slopes of ORR catalyzed by M-N4 complexes have different values, 
depending on the individual catalyst used. Zagal et al. [50, 59] reported that Co(II) 
tetrasulfonatephthalocyanine (CoTSP) could catalyze a 2-electron O2 reduction 
reaction, producing H2O2 in both acid and alkaline solutions, with Tafel slope 
values of 120, 135, and 155 mV/dec, respectively. Collman et al. [60] reported a 
Tafel slope of 65 mV/dec on dicobalt porphyrin dimers in acid solution. For Fe-N4
catalysts, Zagal et al. [50] reported two Tafel slopes of FeTSP catalyzed oxygen 
reduction reaction, which were dependent on pH. At low overpotential, a Tafel 
slope of 65 mV/dec was obtained at pH 4.4, which decreased to 29 mV/dec when 
pH was increased to 13.9. At high overpotential, a Tafel slope of 120 mV/dec was 
observed at pH 4.4, which changed slightly to 130 mV/dec at pH 13.8. These two 
Tafel slopes are the same as those reported by Baranton et al. [58] for -FePc-
catalyzed ORR in acid solution. However, for -FePc, only one Tafel slope (63 
mV/dec) was obtained, indicating that the ORR mechanism was different. 

The exchange current density of ORR catalyzed by M-N4 complexes is seldom 
reported. Zagal et al. [59] found that in acid solution, ORR catalyzed by Co(II)TSP 
had an exchange current density of 10–11 A/cm2 for O2/H2O reaction, while in 
alkaline solution, the value became 10–7 A/cm2. Note that in both solutions, 
Co(II)TSP could only catalyze a 2-electron O2 reduction reaction. In the early stage 
of M-N4-catalyzed ORR research, Savy et al. [61] studied ORR catalyzed by 
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porphyrin complexes with Fe, Co, Ni, and Cu metal centers, and they reported the 
exchange current densities of ORR catalyzed by each. For example, FePc showed 
exchange current densities of 1.3 10–7 A/cm2 at pH 1.3 and 1.5 10–8 A/cm2 at pH 
6.7.

2.6 ORR Catalyzed by Other Catalysts 

2.6.1 ORR Catalyzed by Transition Metal Chalcogenides 

2.6.1.1 Chalcogenides and Oxygen Reduction Reaction Products 
Transition metal chalcogenides are a group of materials that show catalytic activity 
towards ORR. The materials are classified into two types, based on the structure, 
the Chevrel phase-type compounds such as Mo4Ru2Se8, and amorphous phase 
compounds such as RuxSy [1]. Figure 2.25 shows the structure of Mo4Ru2Se8,
where the octahedral transition metal core acts as an electron reservoir [62]. 

Figure 2.25. Structure of Mo4Ru2Se8 and interaction of O2 at the Chevrel phase clusters-
electrolyte interface [62]. (Reprinted from J Phys IV, Alonso-Vante N, Fieber-Erdmann M, 
Rossner H, Holub-Krappe E, Giorgetti Ch, Tadjeddine A, et al. The catalytic center of 
transition metal chalcogenides vis-à-vis the oxygen reduction reaction: an in situ 
electrochemical EXAFS study, 7:887–9. ©1997 with permission of EDP Sciences.) 

Chalcogenides can catalyze either 2-electron or 4-electron O2 reduction, 
depending on the catalysts used. For example, Mo4Ru2Se8, Ru1.92Mo0.08SeO4,
RuxSy(CO)n, RuxSey, etc. catalyze 4-electron transfer [62–68], while W-Co-Se 
catalyzes a 2-electron O2 reduction reaction [69]. 

2.6.1.2 Chalcogenide-catalyzed ORR Mechanism 
The origin of the ORR catalytic activity of a chalcogenide is strongly associated 
with its semiconducting property. It is believed that the catalytic activity occurs 
through the interaction of O2 with the transition metal d-states originating from the 
mixed metal cluster. Figure 2.26 shows the schematic of the energy and molecular 
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statuses of the semiconducting cluster at the interface, under charge transfer 
conditions. 

Figure 2.26. Schematic energy and molecular representation of the semiconducting 
Mo4.2Ru1.8Se8 cluster and the redox couple (O2/H2O) at the interface, under charge transfer 
conditions. The insert shows a supposed interaction of the molecular bridge type at two 
adjacent transition metal atoms [63]. (Reprinted with permission from J Am Chem Soc 
1987;109:3251–7. Copyright 1987 American Chemical Society.) 

In this Mo4.2Ru1.8Se8 compound, the energy gap between the valence and the 
conductance band is 1.3 eV, which is a characteristic of the compound as a 
degenerated p-type semiconductor. The O2 reduction reaction will start when the 
Fermi level of the electrode is 0.35 V above the O2/H2O redox potential. It is most 
possible that O2 interacts with a transition metal atom of a cluster through a bridge-
type bonding to two adjacent metal atoms in the same cluster. The electron transfer 
between the cluster and the O2 could result in a metal distance increase, which 
possibly facilitates the breaking of the O-O bond and an upward shift of the 
electronic level due to the loss of electrons. The cluster volume can increase by 
15% when it loses its electrons. Refilling of the cluster with electrons is expected 
because the Fermi level is above the edge of the valence band [63]. 

The ORR mechanism catalyzed by a chalcogenide is different from that 
catalyzed by Pt or other catalysts. Although the mechanism is still not clear, most 
possibly it is not a stepwise subsequent electron process involving an intermediate. 
Rather, it may involve a synergistic multielectron transfer, or a self-organized 
electron transfer. The electrons are not transferred independently, but rather are 
dependent on each other. An initiating electron transfer event could produce a 
“positive friction” loop, trigging subsequent loops. If the feedback can be adjusted 
adequately, the electrons will transfer in a cooperative way without producing 
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intermediates [70, 71]. This feedback is possibly reflected in the distance change 
between the metal atoms. 

2.6.1.3 Kinetics of ORR Catalyzed by Chalcogenides 
The catalytic activity of a chalcogenide towards ORR can reach a level of 30–40% 
of the Pt catalyst activity. The Tafel slope varies from 100 mV/dec up to 167 
mV/dec, depending on the materials used and the preparation method. Duron et al. 
[66] reported two Tafel slopes for ORR on a RuxSy(CO)n cluster: 124 mV/dec at 
low overpotential and 254 mV/dec at high overpotential. Susac et al. [72] reported 
a Tafel slope of 167 mV/dec on Co-Se catalyst. There seems to be no reported data 
in the literature about the exchange current density of ORR catalyzed by 
chalcogenides. 

2.6.2 ORR Catalyzed by Transition Metal Carbide 

Transition metal carbide, in particular tungsten carbide, is another type of non-
noble catalyst showing activity towards the oxygen reduction reaction. However, 
the main catalytic activity of carbide is not in the oxygen reduction reaction, but 
rather in other reactions such as H2 oxidation. Mazza et al. [73] reported that WC, 
TaC, TiC, and TiN showed catalytic activity towards ORR in acid solutions. 
However, these materials are not stable in alkaline solution. For example, even in 
acid solutions, WC did not show long-term stability in the presence of O2 [73]. Lee 
et al. [74] found that the addition of Ta to WC could significantly improve its 
catalytic activity and stability. 

Although pure WC has no significant ORR catalytic activity, the addition of it 
to Pt could lead to an improvement [75, 76]. Figure 2.27 shows the linear sweep 
curves of ORR on W2C, Pt/C, and W2C-Pt/C catalysts. The best activity can be 
observed with a W2C-Pt/C catalyst. 

Figure 2.27. Linear sweep curves of oxygen reduction on different catalysts in O2-saturated 
0.5 M H2SO4 solution at 25 °C: curve 1, 80 g W2C; curve 2, 80 g Pt/C; curve 3, 40 g
Pt+80 g W2C; scan rate: 2 mV/s [75]. (Reprinted with permission from J Phys Chem B 
2005;109:22705–9. Copyright 2005 American Chemical Society.) 
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The mechanism of the ORR activity enhancement induced by adding W2C to Pt 
is not yet clear. Experimental results show that most possibly this is due to the 
synergistic effect between tungsten carbide nanoparticles and Pt at the interface. 

There seems to be no report about the Tafel slope of WC-catalyzed ORR. The 
Tafel slope of W2C-Pt/C-catalyzed ORR is similar to that of Pt/C: 66 mV/dec at 
low overpotential and 126 mV/dec at high overpotential. The presence of W2C can 
significantly decrease ORR overpotential, as shown in Figure 2.28. 

Figure 2.28. Tafel slopes for oxygen reduction reaction on Pt/C and Pt-W2C/C 
electrocatalysts [75]. (Reprinted with permission from J Phys Chem B 2005;109:22705–9. 
Copyright 2005 American Chemical Society.) 

The exchange current density of ORR on W2C-Pt/C could also be increased. 
For example, Pt/C gave two exchange current densities: 5.25×10–10 A/cm2 at low 
overpotential and 3.16×10–7 A/cm2 at high overpotential. While on W2C-Pt/C, the 
values were found to be 4.7×10–7 A/cm2 at low overpotential and 5.01×10–5 A/cm2

at high overpotential, showing a two- to three-order increase compared to pure 
Pt/C catalyst [75]. 

2.7 Superoxide Ion 

2.7.1 Production of Superoxide Ion by Other Methods 

Superoxide ion is an important intermediate in the fundamental understanding of 
the ORR mechanism. This species has significant implications in chemistry and 
biology. Superoxide ion was initially produced from radiolysis. In a solution 
containing a large excess of sodium formate saturated with O2, the radiolytic 
electron flux could reduce O2 to produce O2

- [77,78]: 

 O2 + e-
(aq)  O2

- (2.51) 
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 HCOO- + HO COO- + H2O (2.52) 

 O2 + COO-  O2
- + CO2 (2.53) 

 O2 + H  HOO  H3O+ + O2
- (2.54) 

Superoxide ion could be also produced by an electrochemical method in aprotic 
organic solvents [79–83], in ionic liquid systems (room temperature) [84–87], on 
organic-compound-coated electrode surfaces [88], and on Co-macrocyclic-
complex-coated electrodes [89, 90]. The electrochemical response of superoxide 
ion is reversible in aprotic organic solvents such as DMSO, and in ionic liquid 
systems. 

2.7.2 Properties of Superoxide Ion 

The thermodynamic reduction potential for the O2/O2
- pair has been determined 

using redox mediator dyes and spectrophotometry [77, 78]. The reaction is 
expressed as: O2(g, 1 atm) + e-  O2

-, and its corresponding standard electrode 
potential is (E0)pH,5–14 = –0.33 V vs. NHE or –0.16 V for O2 at unit activity. The 
redox potential of the O2/O2

- is dependent on the solvent and the electrode 
materials. Table 2.4 summarizes the redox potentials of O2/O2

-, concentration and 
the diffusion coefficient of O2 in different solvents. The formal potential was taken 
as the average of the anodic peak and the cathodic peak potentials from CV at a 
scan rate of 0.1 V/s. 

Table 2.4. Redox potentials for O2/O2
- in different solvents (1 atm O2) [78–86] 

Solvent 
2OC (mM) 

2OD  105 (cm2 s–1) E0’ (V) vs. NHE 

H2O 1.0 2.1 –0.16 

DMSO 2.1 2.1 –0.54 

DMF 4.8 5.0 –0.62 

Py 4.9 5.7 –0.62 

MeCN 8.1 7.2 –0.63 

Quinoline 1.5 1.8 –0.63 

EMIBF4 1.1 1.7 –0.61 

PMIBF4 1.0 1.3 –0.58 

BMIBF4 1.1 1.2 –0.62 

[bmim]HFP 3.6 0.22 –0.64 

Hydrocarbons ~10 - - 

Fluorocarbons ~25 - - 



 Electrocatalytic Oxygen Reduction Reaction 127 

Table 2.5. The formal potentials at different electrode materials [78]  

Formal potentials at electrodes (V) vs. NHE Solvent 

C Pt Au Hg 

DMSO –0.54 –0.78 –0.55 - 

DMF –0.62 –0.62 –0.64 - 

Py –0.64 –0.65 –0.63  

MeCN –0.63 –0.65 –0.65 –0.63 

The formal potential change with solvent is due to the salvation energy of O2
- in 

different solvents. The value becomes more positive with increasing salvation 
energy. Thus, the salvation energy of O2

- in these aprotic solvents follows the 
sequence: 

 H2O>>DMSO>PBIBF4>EMIBF4>DMF~Py~BMIBF4>MeCN>[bmim]HFP. 

2.7.3 Stability of Superoxide Ion 

Superoxide ion is not stable in the presence of water and protonic species, which 
results in the disproportionation of the superoxide ions and leads to the production 
of H2O2 [78, 79, 84], according to Equation 2.55: 

 2O2
- + 2H2O  H2O2 + O2 + 2OH- K = 109 M atm (2.55) 

2.7.4 Superoxide Production by Electrocatalysis 

In aqueous systems, superoxide ion was only observed on electrodes modified in 
alkaline solutions by surfactant (triphenylphosphine oxide) [91], organic groups 
(methyl phenyl) [88], or metal macrocyclic compounds [88, 89, 92]. The surfactant 
and organic groups can cover the electrode surface, preventing water from reaching 
the electrode surface and stabilizing the produced O2

-. The reversibility of the 
O2/O2

- electrochemical response depends on the alkalinity [88, 90]. In less alkaline 
solutions, the redox behavior becomes less reversible, due to the kinetics of the 
reaction. 

Superoxide ion production by electrocatalysis was observed on Fe(III) 
phthalocyanine, Co(II)2-disalophen, and Co(II)HFPC-modified Hg or carbon 
electrodes. However, on Fe(III)phthalocyanine-modified Hg electrode surfaces, 
further scanning the potential to more negative values resulted in further reduction 
of O2

-, forming H2O2 and OH- [92]. On Co(II)2-DSP and Co(II)HFPC modified 
electrodes [89, 90], stable superoxide ion could be produced in alkaline solutions. 
The catalytic mechanism has been proposed as follows: 
For Co(II)2-DSP: 

 Co(II)2-DSP + 2O2  Co(III)2-DSP 2O2
- (2.56) 
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 Co(III)2-DSP 2O2
-  + 2e-  Co(II)2-DSP + 2O2

- (2.57) 

For Co(II)HFPC: 

 [HO-Co(II)HFPC]- + O2  [Co(III)HFPC-O2
-] + OH- (2.58) 

 [Co(III)HFPC-O2
-] + OH- + e-  [HO-Co(II)HFPC]- + O2

- (2.59) 

Figure 2.29. (a) Cyclic voltammograms of a bare graphite electrode and (b) a CoIIHFPC 
adsorbed graphite electrode in an air-saturated 1 M NaOH solution. Scan rate: 50 mV/s [90]. 
(Reprinted from Journal of Electroanalytical Chemistry, 587(2), Song C, Zhang L, Zhang J, 
Reversible one-electron electro-reduction of O2 to produce a stable superoxide catalyzed by 
adsorbed Co(II) hexadecafluoro-phthalocyanine in aqueous alkaline solution, 293–8, ©2006, 
with permission from Elsevier.) 

The formal potential of the O2/O2
- redox couple is very close to the redox 

potential of the catalyst. For both Co(III)2-DSP and Co(II)HFPC systems, the 
formal potential of O2/O2

- is ~0.0 V vs. NHE, normalizing the air pressure to O2
pressure. This value is close to that reported in [78] for the initial reversible 1-
electron transfer process of O2 in aqueous solution at inert electrodes: 

 O2 + e-  O2
- (E1/2)pH12, 0.0 V vs. NHE (2.60) 
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2.8 Conclusions

The catalytic mechanism of ORR and its kinetic parameters, including Tafel slopes 
and exchange current densities, can be obtained from techniques such as cyclic 
voltammetry, steady-state polarization, rotating disk electrode, and rotating ring-
disk electrode. Catalysts used for ORR include carbon materials, quinone and 
derivatives, noble metal and noble metal alloy materials, transition metal 
macrocyclic compounds, chalcogenide materials, as well as transition metal 
carbide. Electrocatalytic ORR has been investigated in a wide range of electrolytes, 
ranging from acid to basic solutions, and in a wide range of solvent systems, 
including aqueous, non-aqueous aprotic, and room temperature ionic liquid 
systems. 

Electrocatalytic ORR carries out in three pathways: the 1-electron transfer 
pathway, producing superoxide ion; the 2-electron transfer pathway, producing 
hydrogen peroxide; and the 4-electron transfer pathway, producing water. In a non-
aqueous aprotic solvent system, a room-temperature ionic liquid system, and on 
specific transition-metal, macrocyclic-compounds-coated graphite electrodes in 
alkaline solutions, 1-electron reduction can be observed. Carbon materials, quinone 
and derivatives, mono-nuclear cobalt macrocyclic compounds, and some 
chalcogenides can only catalyze 2-electron ORR. Noble metal, noble metal alloy 
materials, iron-macrocyclic complexes, di-nuclear cobalt macrocyclic complexes, 
some chalcogenides, and transition-metal carbide-promoted Pt catalysts can 
catalyze 4-electron reduction. 

The Tafel slope of the electrocatalytic ORR is usually 60 mV/dec or 120 
mV/dec, or both 60 and 120 mV/dec, depending on the overpotential range. On 
carbon materials, a Tafel slope of either 60 or 120 mV/dec was observed 
depending on the pH of the electrolyte and on the carbon materials. On noble metal 
and noble metal alloys, two Tafel slopes were observed at different overpotential 
regions. At low overpotential (low current density), a Tafel slope of 60 mV/dec 
was obtained, while at high overpotential (high current density), a Tafel slope of 
120 mV/dec was observed. On chalcogenide catalysts, Tafel slopes of larger than 
120 mV/dec were reported. On other materials, Tafel slopes have rarely been 
studied. 

The exchange current density of electrocatalytic ORR is mainly reported on Pt 
and Pt alloy catalysts. Because there are two Tafel regions, two exchange current 
densities can be obtained. At low overpotential, the exchange current density is 
around 10–10 A/cm2, and at high overpotential, the exchange current density is 
around 10–6 A/cm2. The values of exchange current density vary depending on the 
catalyst as well as the research method. On other catalysts, the exchange current 
density of ORR has seldom been reported. 
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