
Contents

Preface — VII

Preface to the second edition — IX

About the book — XI

Parti: Fundamentals

1 Introduction — 3
1.1 Short history of electrochemistry — 3
1.1.1 Luigi Galvani - animal electricity — 3
1.1.2 Allesandro Volta - pile to disprove animal electricity — 5
1.1.3 John Daniell - early battery — 6
1.1.4 William Grove - early fuel cell — 6
1.1.5 Robert Bunsen - economic electrode material — 8
1.1.6 Michael Faraday - quantitative experiments — 9
1.1.7 Walther Nernst - thermodynamics — 9
1.2 Fields of applications —10
1.2.1 Biomedical sensors and point-of-care systems —11
1.2.2 Neuroscience, neurotechnology, and auditory nerve stimulation —12
1.2.3 Microelectronics —15
1.2.4 Energy applications —15
1.3 Electrochemical cells —17
1.3.1 Primary and secondary cells —18
1.3.2 Half-cell —19
1.3.3 Electrochemical cell in equilibrium — 20

2 Electrochemical theory — 22
2.1 Conventions — 22
2.2 Faradaic processes — 23
2.2.1 Faraday’s law — 24
2.2.2 Electron transfer — 25
2.2.3 Faradaic processes in equilibrium - Nernst equation — 27
2.2.4 General electrode reaction — 29
2.3 Faradaic processes: kinetic control - electron transfer — 30
2.3.1 Activated complex theory — 30
2.3.2 Butler-Volmer equation — 32
2.3.3 Charge-transfer close to equilibrium: linearization — 35
2.3.4 Charge-transfer far from equilibrium: Tafel plot — 36

http://d-nb.info/1353717755


XIV — Contents

2.4 Faradaic processes: mass transfer control — 37
2.4.1 Diffusion — 38
2.4.2 Migration — 39
2.4.3 Convection — 39
2.4.4 Nernst-Planck equation — 40
2.4.5 Diffusion: constant polarization — 40
2.4.6 Diffusion: potential step experiment - Cottrell equation — 42
2.5 Faradaic processes: combined kinetic and mass transfer control — 47
2.5.1 Reversibility — 47
2.5.2 Overpotential — 49
2.6 Interfacial region — 51
2.6.1 Electrical double layer — 52
2.6.2 Zeta potential - electrokinetic effects — 54
2.7 Non-faradaic processes — 55
2.7.1 Capacitive currents — 55
2.7.2 Pseudo-capacitive effects — 57
2.8 Potential scales — 58
2.8.1 Influence of pH — 58
2.8.2 Stability of water — 59
2.8.3 Pourbaix diagrams — 59

3 Instrumentation — 62
3.1 Three-electrode setup — 62
3.2 Potentiostat — 63
3.2.1 Adder potentiostat — 65
3.2.2 Signal generation and data acquisition — 66
3.2.3 Stability, noise, and compliance voltage — 71
3.2.4 Potential drop (IR drop) and its compensation — 73
3.2.5 Potential of the counter electrode — 76
3.2.6 Commercial devices — 77
3.2.7 Integrated circuits, embedded potentiostats — 79
3.3 Galvanostat — 84
3.4 Potential measurement — 85
3.5 Electrical shielding — 85

4 Electrochemical laboratory — 87
4.1 Classification of electrodes — 87
4.1.1 Classes of electrodes — 87
4.1.2 Polarizability and potential window — 88
4.2 Reference electrodes — 89
4.2.1 Hydrogen reference electrodes — 90
4.2.2 Silver/silver chloride electrode — 92



Contents — XV

4.2.3 Silver/siIver bromide electrode — 96
4.2.4 Calomel electrode — 96
4.2.5 Diffusion potential, liquid junction potentials — 96
4.3 Working and counter electrodes — 99
4.3.1 Metal electrodes — 99
4.3.2 Mercury electrodes —100
4.3.3 Carbon electrodes —102
4.3.4 Metal oxide electrodes —104
4.3.5 Counter electrodes —104
4.3.6 Ultramicroelectrodes —105
4.3.7 Microfabricated electrodes —106
4.3.8 Gas-diffusion electrodes —107
4.3.9 Electrode polishing —108
4.4 Electrochemical cells - labware —109
4.4.1 Flat sample cell —110
4.4.2 Electrolyte droplets on the electrode chip —110
4.5 Electrolytes —111
4.5.1 Aqueous electrolytes —111
4.5.2 Nonaqueous liquid electrolytes —113
4.5.3 Solid electrolytes —115
4.6 Redox couples —115
4.6.1 Ruthenium hexamine —116
4.6.2 Ferrocene —116
4.6.3 Ferrocyanide/ferricyanide —117
4.6.4 Inner-sphere versus outer-sphere electron transfer —117

Part II: Methods

5 Classical methods —121
5.1 Potentiometry —121
5.1.1 Open circuit potential —121
5.1.2 Donnan potential, membrane potential —122
5.1.3 Ion-selective electrode —123
5.1.4 pH glass electrode —129
5.1.5 Active potentiometry —132
5.2 Amperometry —133
5.2.1 Single-potential amperometry —134
5.2.2 Step-response amperometry —134
5.2.3 Chronoamperometry —136
5.2.4 Pulsed-amperometric detection —138
5.2.5 Chronocoulometry —141



XVI — Contents

5.3 Voltammetry —143
5.3.1 Sign conventions —143
5.3.2 Cyclic voltammetry and linear scan voltammetry —144
5.3.3 Cyclic voltammetry of metal electrodes —145
5.3.4 Cyclic voltammetry of electroactive substances in the electrolyte —152
5.3.5 Polarography —170
5.3.6 Pulse voltammetry —173
5.3.7 Square-wave voltammetry —176
5.3.8 AC voltammetry —179
5.3.9 Stripping voltammetry —181
5.3.10 Fast-scan cyclic voltammetry —184
5.4 Current-controlled techniques —185
5.4.1 Chronopotentiometry —185

6 Combined methods —188
6.1 Hydrodynamic methods —188
6.1.1 Rotating disk electrode —189
6.1.2 Rotating ring disk electrode —193
6.1.3 Flow cells —198
6.1.4 Zeta potential measurement —199
6.2 Scanning methods — 200
6.2.1 Scanning electrochemical microscopy — 200
6.2.2 Electrochemical atomic force microscopy — 201
6.2.3 Electrochemical scanning tunneling microscope — 202
6.3 Other measurement methods — 202
6.3.1 Electrochemical quartz crystal microbalance — 202
6.3.2 Sensor access to the microenvironment of an electrode — 206
6.3.3 Electrochemical noise analysis — 207
6.3.4 Spectroelectrochemistry — 209

7 Electrochemical impedance spectroscopy — 210
7.1 Fundamentals — 210
7.1.1 Mathematical formulation and assumptions — 210
7.1.2 Measurement methods — 212
7.1.3 Multisine approach — 214
7.1.4 Data presentation — 215
7.2 Circuit elements and equivalent networks — 218
7.2.1 Basic elements — 218
7.2.2 Charge transfer resistance — 220
7.2.3 Randles circuit — 221
7.2.4 Mass transport control - Warburg impedance — 221
7.2.5 Coatings — 223



Contents — XVII

7.3 Toolbox — 228
7.3.1 Kramer-Kronig test — 228
7.3.2 Software — 228
7.3.3 Challenges in modeling — 229

Part III: Applications

8 Selected aspects: material science — 233
8.1 Corrosion — 233
8.1.1 Fundamentals — 234
8.1.2 Types of corrosion — 235
8.1.3 Thermodynamics: Pourbaix diagram — 240
8.1.4 Kinetics: Evans diagram, Tafel plot — 240
8.1.5 Passivation and transpassivity — 244
8.2 Methods to analyze corrosion — 245
8.2.1 Corrosion potential measurement — 245
8.2.2 Linear sweep voltammetry — 246
8.2.3 Electrochemical impedance spectroscopy — 249
8.2.4 Short-circuit current measurement — 250
8.2.5 Critical pitting temperature measurement — 250
8.2.6 Combined research methods — 251
8.3 Methods to prevent corrosion — 251
8.3.1 Cathodic protection — 251
8.3.2 Anodic protection — 252
8.3.3 Corrosion inhibitors — 252
8.3.4 Protective barriers — 253
8.4 Platinum electrochemistry — 253
8.4.1 Platinum surface reactions — 253
8.4.2 Electrode roughness — 257
8.4.3 Degradation of platinum — 259
8.4.4 Volcano plots — 260

9 Selected aspects: microfabrication and nanotechnology — 261
9.1 Electroless metal deposition — 261
9.1.1 Nickel-phosphorus plating — 262
9.1.2 Other electroless plating processes — 263
9.1.3 Immersion plating — 264
9.2 Electrodeposition — 264
9.2.1 Electroplating of metals — 265
9.2.2 Platinum black and hierarchical platinum structures — 270
9.2.3 Anodically electrodeposited iridium oxide films — 273



XVIII — Contents

9.2.4 Unterpotential deposition — 275
9.2.5 Nanofilm deposition: electrochemical atomic layer deposition — 276
9.2.6 Electrophoretic deposition — 279
9.2.7 Electropolymerization — 281
9.3 Subtractive electrochemical techniques — 281
9.3.1 Electrochemical machining — 282
9.3.2 Electrochemical etching — 283
9.3.3 Electropolishing — 283
9.4 Nanoelectrodes, nanomaterials — 283
9.4.1 Carbon nanomaterials — 284

10 Selected aspects: microsystems and nanosystems — 286
10.1 Sensors — 286
10.1.1 Potentiometric ion-selective sensors — 287
10.1.2 Microsensors with gas-permeable membrane — 289
10.1.3 Biosensors — 291
10.1.4 Enzymatic biosensors — 292
10.1.5 Glucose meter — 299
10.1.6 Immunoassay, immunosensor — 299
10.1.7 Redox cycling — 301
10.1.8 Sensortechnology for different applications — 302
10.2 Actuators — 309
10.2.1 Release due to membrane corrosion — 310
10.2.2 Electrolysis actuators and pumps — 310
10.2.3 Bending beam actuators — 311
10.3 Neurotechnology — 312
10.3.1 Neural activation: action potential — 312
10.3.2 Neural recording by electrodes — 313
10.3.3 Neural stimulation by electrodes — 314
10.3.4 Neurotransmitter monitoring — 317
10.3.5 Sensing by electrodes from neural implants — 321

11 Selected aspects: energy applications — 323
11.1 Energy conversion — 324
11.1.1 Fuel cells — 324
11.1.2 Electrolysis — 326
11.2 Energy storage — 328
11.2.1 Batteries — 328
11.2.2 Redox flow batteries — 334
11.2.3 Supercapacitors — 335
11.2.4 Ragoneplot — 336



Contents — XIX

A Reference data — 337
A.1 Standard reduction potentials — 337
A.1.1 Alphabetically sorted — 338
A.1.2 Sorted by potential — 339
A.2 Dissolved gases — 341
A.2.1 Solubility — 341
A.2.2 Salting-out effect — 343

B Instrumentation — 345
B.1 Operational amplifier primer — 345
B.2 Ground and virtual ground — 350

Bibliography — 351

Index — 369

Nomenclature — 375

List of tasks — 383

Acknowledgment — 385


