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Professor Ralph Yang





VII

Contents

Series Editor Preface XVII
Preface XIX
About the Series Editor XXI
About the Volume Editors XXIII
List of Contributors XXV

1 General Principles of Electrochemistry 1
Scott W. Donne

1.1 Equilibrium Electrochemistry 1
1.1.1 Spontaneous Chemical Reactions 1
1.1.2 The Gibbs Energy Minimum 1
1.1.3 Bridging the Gap between Chemical Equilibrium and Electrochemical

Potential 3
1.1.4 The Relation between E and �Gr 3
1.1.5 The Nernst Equation 4
1.1.6 Cells at Equilibrium 5
1.1.7 Standard Potentials 5
1.1.8 Using the Nernst Equation – Eh–pH Diagrams 6
1.2 Ionics 6
1.2.1 Ions in Solution 6
1.2.1.1 Ion–Solvent Interactions 7
1.2.1.2 Thermodynamics 8
1.2.2 The Born or Simple Continuum Model 8
1.2.2.1 Testing the Born Equation 9
1.2.3 The Structure of Water 9
1.2.3.1 Water Structure near an Ion 11
1.2.3.2 The Ion–Dipole Model 11
1.2.3.3 Cavity Formation 12
1.2.3.4 Breaking up the Cluster 12
1.2.3.5 Ion–Dipole Interaction 12
1.2.3.6 The Born Energy 13
1.2.3.7 Orienting the Solvated Ion in the Cavity 13



VIII Contents

1.2.3.8 The Leftover Water Molecules 14
1.2.3.9 Comparison with Experiment 14
1.2.3.10 The Ion–Quadrupole Model 14
1.2.3.11 The Induced Dipole Interaction 14
1.2.3.12 The Results 15
1.2.3.13 Enthalpy of Hydration of the Proton 15
1.2.4 The Solvation Number 16
1.2.4.1 Coordination Number 16
1.2.4.2 The Primary Solvation Number 16
1.2.5 Activity and Activity Coefficients 16
1.2.5.1 Fugacity (f ′) 16
1.2.5.2 Dilute Solutions of Nonelectrolytes 16
1.2.5.3 Activity (a) 17
1.2.5.4 Standard States 17
1.2.5.5 Infinite Dilution 18
1.2.5.6 Measurement of Solvent Activity 18
1.2.5.7 Measurement of Solute Activity 18
1.2.5.8 Electrolyte Activity 18
1.2.5.9 Mean Ion Quantities 19
1.2.5.10 Relation between f, γ, and y 19
1.2.6 Ion–Ion Interactions 20
1.2.6.1 Introduction 20
1.2.6.2 Debye–Huckel Model for Calculating ψ2 21
1.2.6.3 Poisson–Boltzmann Equation 22
1.2.6.4 Charge Density 22
1.2.6.5 Solving the Poisson–Boltzmann Equation 23
1.2.6.6 Calculation of �μi−I 24
1.2.6.7 Debye Length, K−1 or LD 24
1.2.6.8 The Activity Coefficient 24
1.2.6.9 Comparison with Experiment 26
1.2.6.10 Approximations of the Debye–Huckel Limiting Law 26
1.2.6.11 The Distance of Closest Approach 27
1.2.6.12 Physical Interpretation of the Activity Coefficient 27
1.2.7 Concentrated Electrolyte Solutions 27
1.2.7.1 The Stokes–Robinson Treatment 27
1.2.7.2 The Ion-Hydration Correction 28
1.2.7.3 The Concentration Correction 28
1.2.7.4 The Stokes–Robinson Equation 29
1.2.7.5 Evaluation of the Stokes–Robinson Equation 29
1.2.8 Ion Pair Formation 29
1.2.8.1 Ion Pairs 29
1.2.8.2 The Fuoss Treatment 30
1.2.9 Ion Dynamics 32
1.2.9.1 Ionic Mobility and Transport Numbers 32
1.2.9.2 Diffusion 33



Contents IX

1.2.9.3 Fick’s Second Law 33
1.2.9.4 Diffusion Statistics 35
1.3 Dynamic Electrochemistry 36
1.3.1 Review of Fundamentals 36
1.3.1.1 Potential 36
1.3.1.2 Potential inside a Good Conductor 37
1.3.1.3 Charge on a Good Conductor 37
1.3.1.4 Force between Charges 37
1.3.1.5 Potential due to an Assembly of Charges 37
1.3.1.6 Potential Difference between Two Phases in Contact (�φ) 38
1.3.1.7 The Electrochemical Potential (μ) 39
1.3.2 The Electrically Charged Interface or Double Layer 39
1.3.2.1 The Interface 39
1.3.2.2 Ideally Polarized Electrode 40
1.3.2.3 The Helmholtz Model 40
1.3.2.4 Gouy–Chapman or Diffuse Model 42
1.3.2.5 The Stern Model 43
1.3.2.6 The Bockris, Devanathan, and Muller Model 45
1.3.2.7 Calculation of the Capacitance 48
1.3.3 Charge Transfer at the Interface 49
1.3.3.1 Transition State Theory 49
1.3.3.2 Redox Charge-Transfer Reactions 50
1.3.3.3 The Act of Charge Transfer 53
1.3.3.4 The Butler–Volmer Equation 55
1.3.3.5 I in Terms of the Standard Rate Constant (k0) 56
1.3.3.6 Relation between k0 and I0 56
1.3.4 Multistep Processes 57
1.3.4.1 The Multistep Butler–Volmer Equation 57
1.3.4.2 Rules for Mechanisms 58
1.3.4.3 Concentration Dependence of I0 59
1.3.4.4 Charge-Transfer Resistance (Rct) 60
1.3.4.5 Whole Cell Voltages 60
1.3.5 Mass Transport Control 61
1.3.5.1 Diffusion and Migration 61
1.3.5.2 The Limiting Current Density (IL) 62
1.3.5.3 Rotating Disk Electrode 64

Further Reading 64

2 General Properties of Electrochemical Capacitors 69
Tony Pandolfo, Vanessa Ruiz, Seepalakottai Sivakkumar, and
Jawahr Nerkar

2.1 Introduction 69
2.2 Capacitor Principles 70
2.3 Electrochemical Capacitors 71
2.3.1 Electric Double-Layer Capacitors 75



X Contents

2.3.1.1 Double-Layer and Porous Materials Models 75
2.3.1.2 EDLC Construction 77
2.3.2 Pseudocapacitive Electrochemical Capacitors 86
2.3.2.1 Electronically Conducting Polymers 87
2.3.2.2 Transition Metal Oxides 93
2.3.2.3 Lithium-Ion Capacitors 98
2.4 Summary 100

Acknowledgments 101
References 101

3 Electrochemical Techniques 111
Pierre-Louis Taberna and Patrice Simon

3.1 Electrochemical Apparatus 111
3.2 Electrochemical Cell 111
3.3 Electrochemical Interface: Supercapacitors 114
3.4 Most Used Electrochemical Techniques 115
3.4.1 Transient Techniques 115
3.4.1.1 Cyclic Voltammetry 115
3.4.1.2 Galvanostatic Cycling 117
3.4.2 Stationary Technique 119
3.4.2.1 Electrochemical Impedance Spectroscopy 119
3.4.2.2 Supercapacitor Impedance 124

References 129

4 Electrical Double-Layer Capacitors and Carbons for EDLCs 131
Patrice Simon, Pierre-Louis Taberna, and François Béguin
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XIX

Preface

Currently, our planet faces huge challenges related to energy. How to reduce CO2

emissions and fossil fuel consumption? How to introduce renewable energies in
the energy mix? Of course these are not new questions, but simply, until the end
of the last century, no one cared about the scarcity of fossil fuels even if some
warnings appeared during the successive oil crises.

The answer to the above questions is energy saving as well as energy management.
It is exactly the role that can be played by electrochemical capacitors, so-called
supercapacitors, because of their ability to store larger amounts of energy than
the traditional dielectric capacitors. Such exceptional properties originate from the
nanometric scale capacitors built from the polarized electrode material and a layer
of attracted ions on its surface. The thickness of the electrode–electrolyte interface
is directly controlled by the size of ions. Supercapacitors are able to harvest energy
in very short periods (less than one minute) and to subsequently provide burst of
energy when needed. They are now a reality in the market, where they are applied
in automotive and stationary systems, and allow energy savings ranging from 10
to 40%. They can also play a role in the stabilization of current when intermittent
renewable energies are introduced in the energetic mix.

Although supercapacitors are now commercially available, they still require
improvements, especially for enhancing their energy density. It requires a funda-
mental understanding of their properties and exact operating principles, in addition
to improving electrode materials, electrolytes past and integration in systems. All
these topics led to a very strong motivation of academics and industry during the
decade.

When Max Lu invited us to suggest a book in his series Materials for Sustainable
Energy and Development, we immediately thought about Supercapacitors. Indeed,
since the fantastic pioneer book Electrochemical supercapacitors: Scientific Fun-
damentals and Technological Applications published by B.E. Conway in 1999, no
other comprehensive book was dealing extensively with the topic of supercapacitors,
and until now the book is generally referred in almost all scientific publications
concerning this subject. During the past 10 years new ideas appeared, such as a
better description of what is really the double-layer in these systems and hybrid
and asymmetric capacitors, requiring a comprehensive review.
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engineers involved with supercapacitor science, its developments, and implemen-
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trochemistry, electrochemical characterization techniques and general properties
of supercapacitors in order to allow reading the book without any prerequisite
knowledge; 3 to fundamentals, general properties, and modelling of electrical
double-layer capacitors, and pseudo-capacitors; 3 to new trends such as asymmetric
and hybrid capacitors, and the use of ionic liquid electrolytes; 2 to manufacturing
and modules sizing; 3 to testing, reliability, and applications of supercapacitors.
Each chapter aims at giving the most detailed information using familiar terms.
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names in supercapacitors science and technology. All are colleagues and friends
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we sincerely and warmly thank them for their help. We also would like to thank
our friend Max Lu for giving us this wonderful opportunity and also the Wiley staff
for being patient. Finally, we would like to dedicate this book to our solve parents
who would be very proud to see our small contribution in helping solve humanity
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Poznan François Bèguin and Elzbieta Frackowiak
November 2012
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Télécommunications
1650 Boulevard Lionel Boulet
case postale 1020
Varennes
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Università di Bologna
Dipartimento di Scienza dei
Metalli
Elettrochimica e Tecniche
Chimiche
Via San Donato 15
40127 Bologna
Italy



List of Contributors XXVII

Vincent Meunier
Center for Nanophase Materials
Sciences, and Computer Science
and Mathematics Division
Oak Ridge National Laboratory
Bethel Valley Road
Oak Ridge, TN 37831-6367
USA

John R. Miller
JME Inc
23500 Mercantile Road, Suite L
Beachwood, OH 44122
USA

and

Case Western Reserve University
Great Lakes Energy Institute
Electrical Engineering and
Computer Science
10900 Euclid Avenue
Cleveland, OH 44106
USA

Yuki Nagano
Tokyo University of Agriculture
and Technology
School of Engineering
Division of Applied Chemistry
2-24-16 Naka-cho
Koganei
Tokyo 184-8558
Japan

Katsuhiko Naoi
Tokyo University of Agriculture
and Technology
School of Engineering, Division
of Applied Chemistry
2-24-16 Naka-cho
Koganei
Tokyo 184-8558
Japan

Jawahr Nerkar
CSIRO Energy Technology
Normanby Rd
Clayton South
Victoria 3169
Australia

Tony Pandolfo
CSIRO Energy Technology
Normanby Rd
Clayton South
Victoria 3169
Australia

Rui Qiao
Clemson University
Department of Mechanical
Engineering
Clemson, SC 29634-0921
USA

Vanessa Ruiz
CSIRO Energy Technology
Normanby Rd
Clayton South
Victoria 3169
Australia

Seepalakottai Sivakkumar
CSIRO Energy Technology
Normanby Rd
Clayton South
Victoria 3169
Australia



XXVIII List of Contributors

Patrice Simon
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