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4.1 Overview of Graphene Properties 121
4.2 Preparation of Graphene 123



Contents VII

4.2.1 Top-Down Fabrication of Graphene 123
4.2.2 “Bottom-Up” Routes to Graphene Production 128
4.3 Capacitance of Graphene Electrodes 130
4.4 Electron Transfer Kinetics at Graphene Electrodes 137
4.4.1 Modification and Doping of Graphene for Applications in

Electrocatalysis 149
4.5 Conclusion and Future Directions 151

Abbreviations 152
Symbols 152
References 153

5 The Use of Conducting Diamond in Electrochemistry 163
Julie V. Macpherson

5.1 Introduction 163
5.1.1 Boron-Doped Diamond: Electrical Properties 164
5.1.2 Growth of Synthetic Boron-Doped Diamond for Electrochemical

Applications 166
5.1.2.1 High-Pressure High-Temperature (HPHT) Growth 166
5.1.2.2 Chemical Vapor Deposition Growth 167
5.2 Electrode Geometries and Arrangements 170
5.2.1 Characterization of BDD Electrochemical and Material

Properties 174
5.2.1.1 Assessment of Surface Morphology 174
5.2.1.2 Extended Solvent Window and Low Capacitance 175
5.2.1.3 Raman Interrogation of sp2/sp3 Ratio in BDD 177
5.2.1.4 Outer-Sphere Redox Species Characterization 180
5.3 Effect of Surface Termination on the Electrochemical Response

of BDD 182
5.3.1 Inner-Sphere Versus Outer-Sphere Electron Transfer

Mechanisms 182
5.3.2 Hydrogen- and Oxygen-Terminated Diamond 183
5.3.2.1 Heterogeneous Electron Transfer Kinetics at Hydrogen- Versus

Oxygen-Terminated Electrodes 186
5.4 Polycrystalline Versus Single-Crystal Electrochemistry 190
5.4.1 Electrochemical Imaging of Polycrystalline BDD 191
5.4.2 Single-Crystal BDD Electrochemistry 193
5.5 Imparting Catalytic Activity on BDD 195
5.5.1 Metal Nanoparticle-Coated BDD Electrodes 195
5.5.2 Ion Implantation 197
5.6 Chemical Functionalization of BDD Electrodes 197
5.7 Electroanalytical Applications of BDD 199
5.8 Conclusions 201

Acknowledgments 202
References 202



VIII Contents

6 Modification of Carbon Electrode Surfaces 211
Muhammad Tanzirul Alam and J. Justin Gooding

6.1 Introduction 211
6.2 Covalent Modification 212
6.2.1 Reduction of Diazonium Cation 212
6.2.2 Oxidation of Amine 220
6.2.3 Oxidation of Carboxylate 223
6.2.4 Oxidation of Alcohol 225
6.2.5 Hydrogenation and Halogenation of Carbon 226
6.3 Noncovalent Modification 228
6.3.1 π–π Stacking 228
6.3.2 Surfactant 231
6.4 Future Directions 234

Acknowledgments 235
References 235

7 CarbonMaterials in Low-Temperature Polymer Electrolyte Membrane
Fuel Cells 241
Michael Bron and Christina Roth

7.1 Introduction 241
7.1.1 Brief History of the Most Prominent Carbon Materials Applied in

Fuel Cell Research 242
7.1.2 Carbon Characterization 246
7.1.2.1 Raman Spectroscopy 247
7.1.2.2 Small-Angle Scattering Techniques 249
7.1.2.3 Surface Chemistry by X-ray Photoelectron Spectroscopy (XPS) and

Near-Edge X-ray Absorption Spectroscopy Fine Structure
(NEXAFS) 249

7.1.2.4 Other Methods and In situ Studies 251
7.2 Carbon as Support Material in Fuel Cell Electrocatalysts 251
7.2.1 Carbon Blacks 254
7.2.2 CNTs and Graphene 255
7.2.3 (Ordered) Mesoporous Carbons 257
7.2.4 Graphitization as a Means to Fight Carbon Corrosion 258
7.3 Carbon as Catalytically Active Component in Fuel Cells 259
7.3.1 ORR Activity of Carbons 259
7.3.2 N-Doped Carbons and Functionalized CNTs 260
7.3.3 Modification of Carbon Black and Other Carbon Materials 261
7.3.3.1 CNT-Based Materials 262
7.3.3.2 Graphene 262
7.3.3.3 Nanostructured Carbon Grown over Metal Catalysts 262
7.4 Carbon as Structure-Forming Element in Porous Fuel Cell

Electrodes 263
7.4.1 How the Support Material Affects the Electrode Structure 264



Contents IX

7.4.2 How the Chosen Fabrication Step Affects the Electrode
Structure 266

7.4.3 How Electrode Structuring Holds Promise to Improve Electrode
Performance 267

7.4.4 Classical Electrode Designs 268
7.4.5 Advanced Designs 268
7.4.5.1 Horizontal Structuring by LbL 269
7.4.5.2 Nanostructured Electrodes 270
7.4.6 Novel Concepts 270
7.4.6.1 Electrospinning in Fuel Cell Technology 271
7.4.6.2 “Self-Assembly” by Pickering Emulsions 272
7.5 Summary and Outlook 274

Acknowledgments 275
References 275

8 Electrochemical Capacitors Based on Carbon Electrodes in Aqueous
Electrolytes 285
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