Xl

Contents

Series Editor Preface VI

About the Series Editor X
Foreword by Gerhard Ertl XXXI
Foreword by Pierre Jacobs XXXIII

Volume 1

Part One Preparation of Nanocatalysts and Their Potential in Catalysis 1

11
1.2
1.2.1
1.2.2
1.2.3

1.2.4

1.2.5
1.3
131
1.3.2
1.3.3
1.4
1.5

2.1
2.2
221

Liquid-Phase Synthesis of Nanocatalysts 3

Jean-Francois Hochepied

Introduction 3

Metallic Oxides 6

(Co)Precipitation by Mixing (Aqueous Solutions) and Ripening 6
Hydrolytic Sol-Gel 9

Homogeneous (Co)Precipitation by Thermohydrolysis (Aqueous
Solutions) 10

Homogeneous (Co)Precipitation and/or Ripening in Nonaqueous
Solvents 11

Anodization 11

Metallic Nanoparticles 12

Aqueous Syntheses 13

Polyol-Mediated Syntheses 14

Hollow Particles by Galvanic Replacement 15

Oxide—Metal Interfaces 15

Conclusion 17

References 18

Supported Gold Nanoparticles Leading to Green Chemistry 21
Tamao Ishida and Masatake Haruta

Introduction 21

Oxidation 22

Oxidation of Alcohols 22



Xll| Contents

2.2.1.1 Size Dependence 22
2.2.1.2  Electronic State of Au and Ligand Effect 23
2.2.1.3  Catalytic Activity and Selectivity Tunable by Support Materials 24
222 Oxidation of Alkenes 26
2.2.3 Oxidation of Alkanes 27
2.3 Hydrogenation 28
2.3.1 Selective Hydrogenation of a,-Unsaturated Aldehydes 28
2.3.1.1 Size Dependence 28
2.3.1.2  Role of Support 29
2.3.1.3  Electronic Effect of Au 30
2.3.2 Selective Hydrogenation of Nitroaromatics 31
2321  Role of Support for Nitrostyrene Hydrogenation 31
2322  Selective Hydrogenation of Nitrobenzaldehyde 31
2.3.3 Size Specificity for the Hydrogenation of Formyl and Nitro
Groups 33
2.4 Conclusion 34
References 34

3 Application of Nanocarbon Materials to Catalysis 37
José Luis Figueiredo

3.1 Introduction 37

3.1.1 Nanosized Carbons 38

3.1.2 Nanostructured Porous Carbons 38

3.2 Surface Chemistry of Carbon Materials 39

321 Surface Functional Groups 39
3.2.2 Characterization Methods 40
3.2.3 Tuning the Surface Chemistry 41
3.3 Catalytic Applications of Nanocarbons 43
331 Nanocarbons as Catalyst Supports 43
3311 Supported Metal Catalysts 43
3.3.1.2  Anchored Metal Complexes 45
3.3.2 Nanocarbons in Photocatalysis 45
333 Nanocarbons as Catalysts on Their Own 47
3.3.3.1  Oxidative Dehydrogenation of Isobutane 47
3332  Acid Catalysis 49
3.3.3.3  Advanced Oxidation Processes 50
3.3.34  Oxygen Reduction Reaction 51
3.4 Summary and Perspectives 51
Acknowledgments 52
References 52

4 Nano-Oxide Mesoporous Catalysts in Heterogeneous Catalysis 57
loana Fechete and Jacques C. Vedrine
4.1 Introduction 57

4.2 Strategies for the Preparation 59



4.2.1

4.2.2

4.3

4.3.1
4.3.2
4.3.3
4.3.4
4.3.5
4.3.6
4.3.7
4.3.8
4.4

51
5.2
521
522
523

5.3
53.1
532
5.3.3
5.34
5.3.5
53.6
5.4
54.1
54.1.1
54.1.2
54.1.3
54.2
54.2.1
54.2.2
54.2.3
54.2.4
5.4.2.5

5.4.2.6

Contents

Preparation of Mesoporous Metal Oxides by Direct Synthesis
Approach 60

Preparation of Mesoporous Metal Oxides by the Postsynthesis
Approach 60

Nano-Oxide Mesoporous Catalysts and Catalytic Applications 61
Selective Catalytic Reduction (SCR) Reaction 64

Hydroxylation of Benzene 67

CO Oxidation 69

Fischer—Tropsch Synthesis (FTS) 72

Biofuel Production and Upgrading with Mesoporous Catalysts 75
Catalytic Conversion of CO, to CH, 78

Catalysts for the Oxidative Dehydrogenation of Ethane 80
Photocatalysis 81

Conclusions 84

References 84

Solution Combustion Synthesis, Characterization, and Catalytic
Properties of Oxide Materials 91

Parthasarathi Bera and Singanahally T. Aruna

Introduction 91

Solution Combustion Synthesis of Oxide Catalysts 95

Metal Ions-Substituted CeO, Catalysts 95

Metal Ions-Substituted TiO, Catalysts 97

Single-Step Coating of Ce;_ M, O,_s (M =Pd**, Pt**, and Cu’*;
x=0.02) on Cordierite Monolith 97

Characterization 98

XRD Studies 99

TEM Studies 99

XPS Studies 100

XAFS Studies 101

DRIFTS Studies 101

Raman Spectroscopy Studies 102

Catalytic Properties 102

Polluted Water Remediation 103

Experimental Set-Up and Procedure Used for Photocatalysis 103
Photocatalytic Activity 104

Recent Advances and Challenges 105

Exhaust Catalysis 106

CO Oxidation By O, 107

NO Reduction by CO 108

NO Reduction by H, 109

Selective Catalytic Reduction (SCR) of NO by NH3 and CO 109
NO Reduction Over Ce;_ M, 0,_5 (M =Pd*", Pt*", and Cu®*") Coated
on Cordierite Monolith 109

Hydrocarbon Oxidation 110

X



XIv

Contents

5.4.3
54.3.1
5.4.3.2
54.3.3
5.4.4
55

6.1

6.2
6.2.1
6.2.2
6.2.3
6.2.4
6.2.5
6.3
6.3.1
6.3.2
6.4
6.4.1
6.4.1.1
6.4.1.2
6.4.1.3
6.4.1.4
6.4.2
6.4.2.1
6.4.2.2
6.4.2.3
6.4.2.4
6.4.3
6.4.3.1
6.4.3.2
6.5
6.5.1
6.5.1.1
6.5.1.2
6.5.1.3
6.5.2
6.5.3
6.5.4
6.6

Hydrogen Production 110
Steam Reforming 110
Water-Gas Shift Reaction 111
CO—-PROX Reaction 112
Hydrogenation 113
Conclusions 113
Acknowledgments 113
References 114

Nanostructured Porous Materials: Synthesis and Catalytic
Applications 119

Ana Franco, Alina M. Balu, Antonio A. Romero, and Rafael Luque
Introduction 119

Materials as Supports 120

Porous Materials 120

Mesoporous Materials 120

Carbonaceous Materials 121

(Bio)Polymers 122

Metal Oxides 123

Supported Metal Nanoparticles on Porous Materials 124
Properties of Supported Metal Nanoparticles 125
Characterization 125

SMNPs Synthesis Routes 126

Physical Routes 126

Sonochemistry 126

Microwave Irradiation 127

Pulsed Laser Ablation (PLA) 128

Plasma 128

Chemical Routes 128

Impregnation 129

Coprecipitation 129

Deposition—Precipitation 130

Microemulsions 131

Physicochemical Routes 131

Sonoelectrochemistry 131

Flame Spray Pyrolysis 131

Catalytic Applications of Nanomaterials 132
Acid-Catalyzed Reactions 133

Alkylations 133

Acylations 134

Esterifications 135

Transesterification of Triglycerides to Biodiesel 136
Oxidation Reactions 137

Hydrogenations 138

Conclusions 140



7.1

7.2

7.3
7.3.1
7.32
7321
7.32.2
7.4

7.5

7.6

8.1
8.2

821

82.1.1
8.2.1.2

8.2.1.3

8.2.1.4
822
8221
8.2.2.2
8.3

8.3.1
8.3.2

8.3.3
8.3.4

8.4
84.1
8.4.2

Contents

Acknowledgments 140
References 140

Core Magnetic Composites for Catalytic Applications 145
Simona M. Coman and Vasile I. Parvulescu

Introduction 145

Magnetic Properties of Nanoparticles 146

Synthesis of Core—Shell Magnetic Nanoparticles 151
Synthesis of MNPs: Magnetite 152

Coating of the MNPs 156

MNPs Core Coated With Inorganic Shell 157

MNPs Core Coated With Surfactants/Polymers 162
Characterization of Core—Shell MNPs 163

Catalytic Applications in Miscellaneous Reactions 164
Conclusions 170

References 172

Metal Nanoparticles Supported on Magnetically Separable
Materials 179

Charlie Batarseh, Ester Weiss, and Raed Abu-Reziq

Introduction 179

Immobilization of Metal Nanoparticles on Magnetic Nanoparticles
(MNPs) 180

Immobilization of Metal Nanoparticles on Nonfunctionalized
MNPs 180

Immobilization Via Seeding Process 180

Immobilization of Metal Nanoparticles on MNPs by
Coprecipitation 181

Immobilization of Metal Nanoparticles on MNPs by Incipient Wet
Impregnation 181

Miscellaneous 182

Supporting Metal Nanoparticles on Functionalized MNPs 183
Magnetic Nanoparticles Functionalized With Organic Groups 183
Magnetic Nanoparticles Functionalized With Silane Agents 184
Immobilization of Metal Nanoparticles on Silica-Based Magnetic
Supports 186

Silica-Coated Magnetic Nanoparticles as Supports 187

Magnetic Supports Based on Functionalized Silica-Coated

MNPs 188

Magnetic Hollow Spheres as Supports 193

Immobilization of Metal Nanoparticles Within Yolk—Shell
Nanostructures 193

Magnetic Responsive Polymer Materials as Supports 195
Magnetic Core—Polymeric Shell as Supports 195

Magnetic Composite Nano- or Microspheres as Supports 197

XV



XVi

Contents

8.4.3
8.5

85.1
8.5.2
8.5.3
8.5.4
8.6

9.1
9.2
9.3
9.4

9.5

10

10.1
10.2
10.2.1

10.2.2
10.2.3
10.2.4
10.2.5
10.3

10.3.1
10.3.2
10.4

104.1

10.4.2
10.4.3
10.4.4
10.5

Other Magnetic Polymer Materials as Supports 197

Magnetic Carbon-Based Materials as Supports for the Immobilization
of Metal Nanoparticles 199

Core—Shell Magnetic Carbon Supports 199

MOFs-Derived Magnetic Carbon Supports 200

Magnetic Carbone-Based Yolk—Shell Materials 201

Miscellaneous 201

Summary 202

References 203

Tuning the Activity of Supported Nanoparticles Through Charge
Transfer 209

Govini Thanthrige Kasun Kalhara Gunasooriya and Mark Saeys
Introduction 209

Influence of the Charge on the Activity 210

Charge Transfer between the Support and Nanoparticles 213
Controlling Charge Transfer between the Support and Metal
Nanoparticles 217

Concluding Remarks 222

References 222

Metal-Organic Framework-Mediated Synthesis in Catalysis 225
Lide Oar-Arteta, Tim Wezendonk, Xiaohui Sun, Freek Kapteijn, and Jorge
Gascon

Introduction 225

Metals and Metal Oxides 227

Photocatalysis (H, Production and Degradation of Organic
Pollutants) 227

High-Temperature Reactions 229

Oxidation of Carbon Monoxide 230

Hydrodesulfurization 231

Dehydrogenation of Isobutane 232

Nanostructured Carbons 232

Electrocatalysis 232

Other Catalytic Processes 234

Nanoparticles@Carbon 236

Oxygen Reduction Reaction (ORR) and Oxygen Evolution Reactions
(OER) 236

Catalytic Reduction of Nitroaromatics 238

Carbon Monoxide, Benzene, and Transfer Hydrogenations 240
Oxidation Reactions 242

Perspective 244

Acknowledgment 245

References 245



11

11.1
11.2
11.2.1
11.2.1.1
11.2.1.2
11.2.1.3
11.2.1.4
11.2.1.5
11.2.1.6
11.2.1.7
11.2.1.8
11.2.1.9
11.2.1.10
11.2.2

11.2.3
11.3

11.3.1
11.3.2

11.3.3

11.4

12

12.1
12.2
12.2.1
12.2.2
12.2.3
12.3
12.3.1
12.3.2
12.3.3
12.3.4
12.4
124.1
12.4.2
12.4.3
12.4.4
12.5

Contents

Sustainable Routes for Synthesis of Zeolite Catalysts 251
Xiangju Meng, Liang Wang, and Feng-Shou Xiao

Introduction 251

Organotemplate-Free Synthesis of Zeolites 252
Organotemplate-Free Synthesis of Aluminosilicate Zeolites 252
ECR-1 Zeolite 252

EMT Zeolite 252

ZSM-34 Zeolite 253

BEA Zeolite 254

MTT Zeolites 255

RTH Zeolite 257

MEL Zeolite 258

FER Zeolite 259

ZSM-5/ZSM-11 260

Other Zeolites 260

Organotemplate-Free Synthesis of Aluminophophate Molecular
Sieves 260

Interzeolite Transformation Without Organic Templates 262
Solvent-Free Synthesis of Zeolites 265

Solvent-Free Synthesis of Aluminosilicate Zeolites 265
Solvent-Free Synthesis of Aluminophosphate Molecular

Sieves 266

Sustainable Synthesis of Zeolites Without Addition of Both
Organotemplates and Solvents 268

Summary and Perspective 270

References 270

Superior Porous Zeolite Catalysts 275
Danny Verboekend
Introduction 275

Types 277

Wide-Pore Zeolites 278
Nanosized Zeolites 278
Mesoporous Crystals 279
Industrial Appeal 280
HSE 280

Ingredients 281

Unit Operations 281
Advances 282
Characterization 282
Spectroscopy 284
Adsorption 285
Chemisorption 286
Diffusion 286
Performance 286

Xvil



Xvii

Contents

12.6

13

13.1
13.2
13.2.1
13.2.2
13.2.3
13.3

13.3.1
13.3.1.1
13.3.1.2
13.3.2
13.3.2.1
13.3.2.2
13.4

14

14.1
14.1.1
14.1.2
14.2
14.2.1
142.1.1
14.2.1.2
14.2.1.3
14.3

15

15.1
15.2
1521
15.2.2
15.2.3
15.2.4
15.3
153.1

Summary and Outlook 289
References 290

Diffusion in Nanocatalysis 293

Jorg Kdrger, Michael Goepel, and Roger Gldiser

Introduction and Scope 293

Diffusion and Reaction in Nanomaterials: General Aspects 294
Interplay of Diffusion and Conversion 295

Complex Pore Spaces 299

Transport Mechanisms and their Assessment 302
Diffusion and Reaction in Nanomaterials: Implications on
Catalysis 311

Catalysts with Monomodal Pore Systems 312

Zeolites 313

Other Catalysts 314

Catalysts with Multimodal Pore Systems 315
Micro-/Mesoporous Nanocatalysts 317
Meso-/Macroporous Nanocatalysts 323

Conclusions and Outlook 325

References 326

Atomic Layer Deposition for Catalysis 335

Ranjith K. Ramachandran, Christophe Detavernier, and Jolien Dendooven
Introduction 335

Atomic Layer Deposition 335

Characteristics of ALD Processes 336

ALD for Catalysis: Motivation 339

ALD in Supported Catalyst Design 340

Metal Oxide ALD for Catalysis 341

Supported Monometallic Noble Metal Catalysts by ALD 347
Supported Bimetallic Noble Metal Catalysts by ALD 349
Conclusions 352

Acknowledgments 352

References 352

Digital Fabrication in Catalytic Technology 359
Rob Ameloot

Introduction 359

Digital Fabrication Tools 360

Inkjet Printing 360

3D Printing: Stereolithography 361

3D Printing: Extrusion-Based Methods 362
3D Printing: Powder Bed Methods 363
Printing Catalysts 364

Thin Catalyst Layers 364



15.3.2
15.3.3
15.4
15.5

Volume 2

Part Two

16

16.1
16.2
16.3
16.4

16.5

17

17.1
17.2

17.3
17.4
17.5
17.6

18

18.1
18.2
18.3
18.4
18.5

18.6

Contents

Combinatorial Catalyst Libraries 367
Structured Catalysts 369

Printing Reactors 372

Perspectives 376

References 378

Nano Catalysis for Precision on Chemicals Production and Alterna-
tive Feedstock Conversion 383

Nanocatalysis: A Key Role for Sustainable Energy Future 385
Gabriele Centi and Siglinda Perathoner

Introduction 385

Challenges for Catalysis to Enable a Sustainable Energy Future 387
Exploiting Shale and Stranded Gas Fields 391

Nanocarbons as Novel Catalysts for Energy Conversion and

Storage 394

Conclusions 397

References 398

Nickel Nanocatalysts for Methane Steam Reforming 401

Wojciech Gac, Tadeusz Borowiecki, and Pawet Kowalik

Introduction 401

Number of Active Sites on Nickel Nanoparticles: Development of
Catalysts 402

Nature of Surface Sites on Nickel Nanoparticles 405
Deactivation of Catalysts by Carbon Formation 407

Poisoning 410

Conclusions 412

References 412

Development and Performance of Iron Based Oxygen Carriers for
Chemical Looping 421

Vladimir V. Galvita, Hilde Poelman, Esteban Fornero, Mark Saeys, and
Guy. B. Marin

Concept of Chemical Looping 421

Materials for Chemical Looping 423

Catalyst-assisted Chemical Looping 435

Combined Chemical Looping 440

Challenges in First-principles Modeling of Oxygen Storage
Materials 442

Conclusions and Outlook 445

References 446

XIX



XX

Contents

19

191
19.2

19.2.1
19.2.2
19.2.3
19.3

19.3.1
19.3.2
19.4

20

20.1
20.2
20.2.1
20.2.2
20.2.3
20.3
20.3.1
20.3.2
20.3.3
20.3.4
20.4

21

21.1
21.2

21.2.1
21.2.2
21.3

2131
21.3.2
21.3.3
21.4

New Catalytic Initiatives and Challenges in Syngas Conversion 449
Roald Brosius, Patricia J. Kooyman, and Jack C.Q. Fletcher

Introduction and Scope 449

Review of the State of the Art of Gasoline-selective and
Diesel-selective Fischer—Tropsch Synthesis 450

Physical Mixtures 450

Encapsulation Strategies 451

Zeolite-Supported FT 452

Ideal Hydrocracking Under Fischer—Tropsch Conditions 453

The Effect of CO on Hydrocracking over Pd/H-MFI Catalysts 455
The Effect of H,O on Hydrocracking over Pt/H-MFI Catalysts 459
The Road to a One-step Clean Synthetic Diesel Process 464
Acknowledgments 465

References 466

Nonoxidative Dehydroaromatization of Methane 469
Nikolay Kosinov and Emiel J.M. Hensen

Introduction 469

Mo/HZSM-5 Catalysts 471

Shape Selectivity 471

Chemistry 472

MDA Mechanism Over Mo/HZSM-5 Catalysts 474
Deactivation 475

Coke 475

Hierarchical Zeolites 476

Regeneration 477

Reactor Engineering 478

Future Directions 478

References 479

Oxidations with Nanocatalysis 483

Sarah E. Specht, Alessandro Chieregato, and Ive Hermans
Introduction 483

Large-scale Industrial Oxidation Processes Using Metal
Nanocatalysts 484

Direct Oxidation of Ethylene to Ethylene Oxide Using O, 484
Ethylene and Acetic Acid Oxidation to Vinyl Acetate 487
Nanocatalysis at the Research Stage: Quo Vadis? 489

Direct Oxidation of Propylene to Propylene Oxide Using O, 489
Oxidative Dehydrogenation of Methanol to Formaldehyde 493
Oxidative Dehydrogenation of Ethanol to Acetaldehyde 494
Conclusions 497

References 498



22

22.1
22.1.1
22.1.2
22.1.3
22.2
2221
22.2.1.1
22.2.1.2
22.2.1.3
22.2.1.4
22.2.2
22.3
22.3.1
22.3.2
22.3.3
22.3.4
22.3.5
22.4

23

23.1
23.2
23.3
23.3.1
23.3.1.1
23.3.1.2
23.3.1.3
23.3.2
23.3.2.1
23.3.2.2
23.3.2.3
23.3.2.4
23.3.2.5

23.3.2.6
23.3.3

23.3.3.1
23.3.3.2
23.3.3.3

Contents

Propane-selective Oxidation to Acrylic Acid 503
Jean-Luc Dubois, Gregory S. Patience, and Jean-Marc M. Millet
Introduction 503

Historical Trends 503

Propane-selective Oxidation and Ammoxidation 505
From Process to Catalyst Design 507

Reactor Technologies 508

Multitubular Fixed Bed Reactors 511

Internal Structures 512

Heat Capacity 513

Propane/propylene Retrofit 513

Oxygen-Distributed (Membrane-type) Reactors 514
Circulating Fluidized Bed Reactors 515

The Mov(Te/Sb)(Nb/Ta)O Catalysts 518

The Active M1 Phase 519

The Active Sites of the M1 Phase 521

Dynamics of the M1 Phase under Catalytic Conditions 523
Synergetic Effect with the M2 Phase 526

Doping, Supporting, and Dilution of the M1 Phase 527
Conclusions 528

References 529

Catalysis in Lignocellulosic Biorefineries: The Case of Lignin
Conversion 537

Wouter Schutyser, Tom Renders, Gil Van den Bossche, Sander Van den
Bosch, Steven-Friso Koelewijn, Thijs Ennaert, and Bert F. Sels
Introduction 537

Structure of Lignocellulose 539

Fate of Lignin in Common Biorefinery Schemes 542
Thermochemical Processing 543

Gasification 543

Pyrolysis 544

Liquefaction 545

Acid-catalyzed and Hydrothermal Processing 545
Concentrated Acid Hydrolysis 545

Dilute Acid Hydrolysis 546

Mechanocatalytic Depolymerziation 547

GVL-assisted Dilute Acid Hydrolysis 547

Dilute Acid or Hydrothermal Pretreatment of Hemicellulose,
Followed by Cellulose Conversion 547

Aqueous Organosolv Pretreatment 550

Base-catalyzed Processing 551

Kraft Pulping 552

Sulfite Pulping 554

Soda Pulping 555

XXI



XXII| Contents

23.3.3.4  Alkaline Pretreatment 555

23.3.4 Organic Solvent-assisted Processing (Organosolv Pretreatment) 556

23.3.5 Reductive Lignocellulose Processing 557

23.4 Alternative Categorization of Biorefinery Schemes 561

23.5 Applications of Isolated Lignins 563

23.6 Depolymerization of Isolated Lignin Streams to Phenolic
Compounds 564

23.7 Upgrading of Phenolic Compounds to Fuels, Chemicals, and

Polymer-building Blocks 568
23.7.1 Conversion to Cycloalkanes 570
23.7.2 Conversion to Aromatics 570
23.7.3 Conversion to (Alkylated) Phenol 572
23.7.4 Conversion to (Alkylated) Cyclohexanol and Cyclohexanone 572
23.7.5 Conversion to Dicarboylic Acids 574
23.8 Conclusions and Outlook 575
References 577

24 Catalysis for Biorefineries: What Industry Needs? 585
Jean-Paul Lange

24.1 Introduction 585

24.2 What Industry Needs? 586

24.2.1 Catalyst Selectivity 586
24.2.2 Catalyst Activity 587
24.2.3 Catalyst Life 588
24.2.4 Product Concentration 589
24.2.5 Impact and Trade-Off 590
24.3 Case Studies with Renewables 590
24.3.1 Lignocellulose Conversion 592
24.3.2 Sugar Conversion 593
24.3.3 Platform Molecules Upgrading 593
24.3.4 General Learning Points 594
24.4 Catalyst Deactivation 594
24.4.1 Fouling 595
24.4.2 Poisoning 595
24.4.3 Destruction 596
24.5 Conclusions 598
References 599

25 Transformation of Sugars Using Nanoporous Acidic Catalysts 601
Shunmugavel Saravanamurugan, Anders Riisager, and Esben Taarning

25.1 Catalytic Transformation of Sugars 601

25.2 Lewis Acid-catalyzed Sugar Transformation 602

25.2.1 Isomerization of Sugars 602
25.2.2 Sugars to Lactic Acid Derivatives 609



25.2.2.1
25.2.2.2
25.2.3
25.2.4
253
25.3.1
25.3.2
25.3.3
254

26

26.1
26.2
26.2.1
26.2.1.1
26.2.1.2
26.2.2
26.2.2.1
26.2.2.2
26.2.3
26.2.4

26.3

26.3.1
26.3.2

26.3.3
26.3.4

26.4

27

27.1

27.2

Contents

Isomerization and Isomerization—Esterification of Trioses 609
Retro-aldol Fragmentation of Sugars 612

Sugars to MVG, MMHB, and HBL 613

Sugar to 3-DG and THM 615

Bronsted Acid-catalyzed Sugar Transformation 616

Alkyl Glycosides 617

Furanic Derivatives 619

Levulinic Acid Derivatives 621

Outlook and Perspectives 622

References 623

Rational Design of Nanostructured Carbon Materials: Contribution to
Cellulose Processing 627

Francois Jéréme and Sabine Valange

Introduction 627

Porous Carbon Materials and Graphitic Carbons: Synthesis and
Functionalization 628

Elaboration of Ordered Mesoporous Carbons 629
Hard-template Synthesis 630

Soft-template Synthesis 631

Graphitic Nanostructures 633

Nanofilamentous Carbons 633

Lignin-derived Carbons 634

Functionalization of Carbonaceous Materials for Catalytic
Applications 634

Synthesis Routes of Carbon-based Catalysts for Cellulose
Transformation 638

Potential of Mesoporous Carbons in Catalytic Depolymerization of
Cellulose 642

Hydrolysis of Cellulose: Contribution of Carbon Materials 642
Catalytic Depolymerization of Cellulose in the Presence of
Mesoporous Carbons 644

Catalytic Cellulose Conversion on Carbon Nanofibers 645
Nanostructured Carbons: Advantages and Limitations in Catalytic
Cellulose Processing 647

Challenges and Outlook 649

References 650

Nanocatalysis in the Fast Pyrolysis of Lignocellulosic Biomass 655
Eleni F. lliopoulou, Polykarpos A. Lazaridis, and Kostas S. Triantafyllidis
Biomass Pyrolysis for the Production of Renewable Fuels and
Chemicals 655

In Situ (Single-step) Upgrading of Biomass Pyrolysis Vapors via
Catalytic Fast Pyrolysis 660

XX



XXIV

Contents

27.2.1

27.21.1
27.2.1.2
27.2.1.3
27.2.1.4

27.2.2
27.2.3
27.2.4
27.2.5
27.3

274

28

28.1
28.2
28.3
28.4

28.5

28.6
28.7

29

29.1
29.2
29.2.1
29.2.2
29.2.3
29.2.4
29.2.5
29.3
294
29.5

Catalytic Fast Pyrolysis with Zeolites 661

Upgrading of Lignocellulosic Biomass Pyrolysis Vapors 663
Catalytic Pyrolysis of Model Biomass-derived Compounds 666
Catalytic Fast Pyrolysis of Lignin 669

Catalytic Fast Pyrolysis of Biomass with Various Types of
Zeolites 672

Catalytic Fast Pyrolysis with Mesoporous Aluminosilicates 674
Catalytic Fast Pyrolysis with Hierarchical Zeolites 680
Catalytic Fast Pyrolysis with Metal-modified Zeolites 688
Catalytic Fast Pyrolysis with Metal Oxides 693

Reaction Mechanisms: Effect of Catalysts’ Acidity, Porosity, and
Morphology 698

Summary and Outlook 704

References 706

Hydrothermal Carbonization and Its Role in Catalysis 715
Michael Renz

Introduction 715

Surfaces of Hydrochar and Possibilities for Catalysis 718
Hydrochars as Classical Carbon Supports 723

Hydrothermal Carbonization in the Presence of Metal Oxide
Nanoparticles 729

Composite Materials from Hydrothermal Carbonization Carried Out
in the Presence of Metal and/or Oxide Precursors 735
Hydrochar as Sacrificial Component in Catalyst Synthesis 742
Outlook 748

References 749

Tailored Porous Catalysts for Esterification Processes in Biofuels
Production 753

Amin Osatiashtiani, Adam F. Lee, and Karen Wilson
Introduction 753

Solid Acid-catalyzed Organic Acid Esterification 758
Functionalized Mesoporous Silica Solid Acid Catalysts 759
Heteropolyacids 764

Sulfated Metal Oxides 767

H-Form Zeolites 771

Carbon-based Acid Catalysts 776

Hydrophobicity Studies 781

Influence of Reactor Design and Operating Conditions 790
Future Directions 792

Acknowledgments 795

References 795



Volume 3

Contents

Part Three Nanocatalysis for Environmat Protection and Innovations in

30

30.1
30.1.1
30.1.2
30.1.2.1
30.1.2.2
30.2
30.2.1

30.2.2
30.2.2.1
30.2.2.2
30.2.2.3
30.2.3
30.2.3.1
30.2.3.2
30.2.4
30.2.5
30.2.5.1
30.2.5.2
30.2.6
30.3
30.3.1
30.3.2
30.3.3

31

31.1
31.2
313

Energy Research 803

Challenges and Role of Catalysis in CO, Conversion to Chemicals and
Fuels 805

Vitaly V. Ordomsky, Anne-Berend Dros, Renate Schwiedernoch, and Andrei
Y. Khodakov

Introduction 805

CO, Emission and Global Warming 805

How to Reduce CO, Content in the Atmosphere? 806

Carbon Capture and Storage (CCS) 806

Carbon Capture and Utilization 807

Different Ways of CO, Catalytic Utilization 809
Hydrogenation Reactions (Methanol, Formic Acid, Methane,
Hydrocarbons) 812

Hydrocarbon-Based Reactions 815

Methane Dry Reforming 815

Oxidation by CO, 816

Carboxylation 817

Carbonate and Polycarbonate Synthesis 820

CO, (Cyclo)Addition to Epoxides 820

Oxidative Carboxylation of Alcohols and Olefins 821
Electrocatalysis 822

Photocatalysis 823

Pure Photocatalysis 825

Photoelectrocatalysis 826

Thermal and Solar Cycles 827

Challenges, Outlook, and Perspectives 830

Thermodynamic Aspects 830

Economic Aspects 835

Catalytic Performance, Thermodynamics and Economics, Three
Criteria in the Design of Catalysts and CO,-Based Processes 839
Acknowledgment 842

References 842

Water Splitting on Particulate Semiconducting Photocatalysts under
Visible Light 851

Takashi Hisatomi, Tsuyoshi Takata, and Kazunari Domen

Introduction 851

Theory of Water Splitting on a Semiconductor Photocatalyst 852
Photocatalyst Material Design for Overall Water Splitting Under
Visible Light 854

XXV



XXVI| Contents

31.4 The Complex Perovskite-Type Oxynitride, LaMg,Ta;_,O143,N>_3,
for Overall Water Splitting Under Visible Light 856

315 Photocatalyst Sheet Devices for Two-Step Excitation Water
Splitting 861

31.6 Summary and Future Prospects 866

Acknowledgment 868
References 868

32 Visible Light Heterogeneous Nanophotocatalysts (From Catalyst
Formulation to Air, Water, and Surface Cleaning Application) 873
Paolo Ciambelli, Vincenzo Vaiano, and Diana Sannino

32.1 Introduction to Visible Light Active Photocatalysts 873

32.1.1 Semiconductor Sensitization with Dyes or Coupling with Other
Semiconductor 874

32.1.2 The Doping with Metals 874

32.1.3 The Doping with Nonmetals 874

322 Preparation Methods of Visible Light Responsive
Nanophotocatalysts 875

32.2.1 The Sol-Gel (SGM) Method 875

32.2.2 The Hydrothermal (HT) Method 875

32.2.3 The Precipitation (PM) Method 876

32.3 Characterization of Nanophotocatalysts: Consolidated and Innovative
Techniques 876
32.4 Innovation in Heterogeneous Photocatalytic Reactors (PR) 877

32.4.1 Innovative PRs for Water and Wastewater Treatment 877

324.2 PRs for the Depollution of Gaseous Streams 879

325 Removal of Pollutants from Water and Wastewater 880

32.5.1 Photocatalytic Degradation of Organic Dyes (OD) Under Visible Light
Irradiation 880

32.5.2 Photocatalytic Degradation of Emerging Contaminants under Visible
Light Irradiation 882

32.5.3 Effect of Solar Simulated Photocatalysis on the Inactivation
of E. coli 884

32.6 Removal of Pollutants from Gas Streams 884

32.7 Self-Cleaning Surfaces under Visible Light 885
References 886

33 Transferring Knowledge of Electrocatalysis to Photocatalysis:
Photocatalytic Water Splitting 891
Kazuhiro Takanabe

33.1 Introduction: Photocatalytic Water Splitting 891
33.2 Electrolyte Engineering 893

33.3 Electrocatalytic Performance in Photocatalysis 897
334 Conclusions 905

References 905



34

34.1
34.2
34.2.1
34.2.2

34.2.3
34.3

34.3.1
34.3.1.1
34.3.1.2
34.3.1.3
34.3.2

34.32.1
34.3.2.2
34.4

34.4.1
344.1.1
34.4.1.2
34.4.2
34.5
34.5.1
34.5.2
34.5.3
34.6

35

35.1
35.2
35.2.1
35.2.2
35.3
35.3.1

Contents

Integrated Solar Hydrogen Devices: Cell Design and Nanostructured
Components in Liquid and Vapor-Phase Water Splitting 907
Tom Bosserez, Jan Rongé, Lisa Geerts, Christos Trompoukis, and
Johan A. Martens

Introduction 907

Solar Hydrogen Generators: The Basics 908

Working Principle 908

Integrated versus Nonintegrated and Wired versus Wireless Solar
Hydrogen Generators 911

Setting the Scene: Large Scale Solar Hydrogen Production 913
Design Aspects for Safe and Scalable Solar Hydrogen
Generators 914

Liquid and Solid Electrolytes 915

Extreme pH Electrolytes 915

Near-Neutral pH Electrolytes 916

Bipolar Membranes 916

Scaling of Solar Hydrogen Generators: Cell Design and Current
Concentration 918

Cell Design 918

Current Concentration 918

Nanostructured Components in Monolithic Solar Hydrogen
Generators 921

Low-Cost Photoabsorbers 923

Silicon 923

Alternative Thin Film Technologies 925

Low-Cost Electrocatalysts 926

Vapor-Phase Solar Hydrogen Generators 928

Water Vapor Splitting: A New Concept 928

Modeling and Experimental Demonstrations 929

Remaining Challenges 931

Conclusions and Outlook 932

Acknowledgments 932

Abbreviations 932

References 933

Nanocatalysis in Solid Oxide Cells 939

Philippe Vernoux

Introduction 939

Nanocatalysts to Promote Electrochemical Reactions in SOCs 942
Selective NO, Electrochemical Reaction Into N, 942
Nanocatalysts for Energy Production in SOFCs 943
Electrochemical Promotion of Nanodispersed Catalysts 950
Catalytic Nanoparticles Dispersed in an Electronically Conducting
Matrix 951

XXVl



XXV

Contents

35.3.2

354

36

36.1

36.2

36.3
36.3.1
36.3.2
36.4
36.5

Part Four

37

37.1
37.2
37.21

37.2.2
37.2.2.1

37.222
37.3
37.3.1

37.3.1.1
37.3.1.2

37.3.1.3
37.3.2

37.3.3

Catalytic Nanoparticles Dispersed in a Mixed Ionic and Electronic
Conductive Layer 952

Conclusion 955

References 956

Coproduction of Hydrogen and Chemicals by Electrochemical
Reforming of Biomass-Derived Alcohols 961

Hamish Andrew Miller, Francesco Vizza, and Paolo Fornasiero
Introduction: Hydrogen Production by Electrochemical
Reforming 961

The Potential of Biomass-Derived Alcohols in Electrochemical
Reforming 964

Electrochemical Reforming Cell Performance 965

PEM Electrochemical Reforming 965

AEM Electrochemical Reforming 968

Cogeneration of Valuable Chemicals 972

Summary and Future Perspectives 975

References 976

Characterization of Nanocatalysts and Theoretical
Methodologies 979

Probing Inter- and Intraparticle Heterogeneity at the Micro- and
Nanoscale in Solid Catalysts Using Optical Techniques 981
Alexey Kubarev, Eva Plessers, and Maarten Roeffaers

Introduction 981

UV-Visible Microspectroscopy 983

Optical Microspectroscopic Studies Reveal Intraparticle
Heterogeneity 985

Optical Microscopy Reveals Interparticle Heterogeneity 987
Linking Physicochemical Properties to Catalytic Activity at the Single
Particle Level 987

Interparticle Structural Heterogeneity 988

Fluorescence Microscopy Techniques 989

Fluorescence Microscopy Studies Reveal Intraparticle
Heterogeneity 990

Dye Sorption Differs Between Crystal Facets and Regions 990
Fluorogenic Reaction Studies Reveal Suboptimal Catalytic
Performance 991

Variations in Photo- and Electrocatalysis 994

Fluorescence Microscopy Studies Reveal Interparticle
Heterogeneity 994

Conclusions 996



374
374.1

37.4.2
37.5

38

38.1
38.2
38.3
38.4
38.5

38.6
38.7
38.8
38.9

39

39.1
39.2
39.3
394
39.4.1

39.4.2
39.4.3

39.4.4

39.4.5
39.5

40

40.1
40.2

Contents

Raman Scattering Microspectroscopy Techniques 996
Raman Microscopy Studies Reveal Inter- and Intraparticle
Heterogeneity 997

Conclusions 998

General Conclusion and Outlook 999

References 999

Investigation of Catalytic Surfaces with Surface-Enhanced Solid-State
NMR Spectroscopy 1003

Frédéric Blanc

Introduction 1003

High Field Solid-State Dynamic Nuclear Polarization (DNP) 1004
Surface-Enhanced NMR Spectroscopy (SENS) 1005

SENS of Oxide Supports 1009

Pd-NHC-, Ir-NHC-Based Materials and y-Al,O3-Supported Pd
Nanoparticle Catalysts for Hydrogenation Reaction 1011
Rh-Based Catalyst for Cyclopropanation Reaction 1013
Well-Defined Olefin Metathesis Catalysts 1016

Lewis Acid Sn-p Zeolites Catalysts 1020

Conclusion 1023

Acknowledgments 1023

References 1023

State-of-the-Art X-Ray Spectroscopy in Catalysis 1029

Jeroen A. van Bokhoven and Carlo Lamberti

Introduction 1029

X-Ray Absorption and X-Ray Emission Spectroscopy 1030
Extended X-Ray Absorption Fine Structure, EXAFS 1032
Selected Examples 1034

Hydrogen in and on Palladium: X-Ray Absorption Near Edge
Spectroscopy, XANES 1034

Direct Detection of Valence Structure by X-Ray Emission 1037
From Spectator to Active Species: Time-Resolved In Situ and
Operando Spectroscopy on a Ceria-Based Oxidation Catalyst 1039
Redox Chemistry of UiO-67-Cu 1043

MOF Followed by In Situ EXAFS and XANES 1043
Conclusions 1047

Acknowledgments 1048

References 1048

Theoretical Tool Box for a Better Catalytic Understanding 1055
Michel Waroquier, Kristof De Wispelaere, Julianna Hajek, Sven Rogge,
Jeroen Van Der Mynsbrugge, and Veronique Van Speybroeck
Introduction 1055

Modeling the Catalytic Active Site 1058

XXIX



XXX

Contents

40.2.1
40.2.2
40.3

40.3.1

40.3.1.1
40.3.2

40.4

40.4.1
40.4.2
40.5
40.6

Taking Into Account Topology 1058

Determining the Nature of the Active Site 1060

General Characteristics of a Heterogeneous-Catalyzed
Reaction 1065

Determining Critical Points Along the Reaction Pathway:
Adsorption 1066

Levels of Theory (LOTs) in Periodic Codes 1069
Identifying Transition-State Regions for Complex Chemical
Transformations 1072

First Principle Chemical Kinetics from Static and Dynamic
Calculations 1080

Static Approach —Transition State Theory (TST) 1080
Dynamic Approach 1082

Complementary Insights from Spectroscopy 1085
Conclusions and Perspectives 1091

Appendix A Chemical Kinetics 1091

Appendix B Free Energy and Partition Function in Statistical
Physics 1092

Acknowledgments 1094

References 1094

Index 1101



	Contents

