
 
 

INDEX 

 

CHAPTER 1. INTRODUCTION ................................................. 1 

1.1 NITROGENATED COMPOUNDS: SYNTHESIS, 

APPLICATIONS, AND INDUSTRIAL SIGNIFICANCE ................... 3 

1.2 RENEWABLE C1 RESOURCES ............................................ 7 

1.3 RENEWABLE N1 RESOURCES .......................................... 14 

1.4 SYNTHESIS OF N-COMPOUNDS THROUGH CATALYTIC C-

N COUPLING ............................................................................... 23 

1.4.1 Conversion of methane and ammonia ................................. 24 

1.4.2 Reactions of carbon oxides (CO2 and CO) and ammonia ... 28 

1.4.2.1 Reactions of carbon dioxide and ammonia ................ 29 

1.4.2.2 Reactions of carbon monoxide and ammonia ............ 31 

1.4.3 Reactions of methanol and ammonia .................................. 38 

1.5 BI- AND MULTIMETALLIC MATERIALS IN CATALYSIS .... 43 

1.5.1 Solid catalysts: concept, surface and bulk interactions and in 

situ/operando development of active phases ....................... 43 

1.5.2 Bimetallic effects in heterogeneous catalysis ...................... 48 

1.5.3 Solid solutions ..................................................................... 49 

1.5.3.1 Substitutional solutions ............................................... 49 

1.5.3.2 Interstitial solid solutions ............................................ 52 



1.5.3.2.1 Lattice defects in solid solutions ................................. 54 

1.5.3.2.2 Interstitial alloys in catalysis ....................................... 57 

1.5.4 Intermetallic compounds ...................................................... 60 

1.6 REFERENCES .................................................................... 63 

CHAPTER 2. OBJECTIVES ................................................... 83 

CHAPTER 3. METHODS ........................................................ 89 

3.1 CATALYST SYNTHESIS ..................................................... 91 

3.1.1 Co-precipitation method ....................................................... 91 

3.1.2 Thermal treatment under NH3/syngas mixture ..................... 92 

3.1.3 Reduction-nitridation treatment ............................................ 92 

3.1.4 Impregnation method ........................................................... 93 

3.1.5 Reduction treatment ............................................................ 94 

3.2 CATALYST CHARACTERIZATION ..................................... 94 

3.2.1 Inductively coupled plasma optical-emission spectrometry 

(ICP-OES) ........................................................................... 94 

3.2.2 Elemental (C, N, H, S) analysis ........................................... 94 

3.2.3 N2-physisorption .................................................................. 95 

3.2.4 Temperature programmed reduction (H2-TPR).................... 96 

3.2.5 Raman spectroscopy ........................................................... 96 

3.2.6 X-Ray Diffraction.................................................................. 96 

3.2.6.1 Ex situ powder X-ray diffraction (XRPD) .................... 97 



 
 

3.2.6.2 In situ temperature-resolved X-ray powder diffraction .... 

  ................................................................................. 100 

3.2.7 X-ray photoelectron spectroscopy (XPS) ........................... 102 

3.2.8 Synchrotron radiation techniques ...................................... 105 

3.2.8.1 Total X-ray scattering analysis ................................. 105 

3.2.8.2 Synchrotron-radiation X-ray photoelectron spectroscopy 

(SR-XPS) ......................................................................... 106 

3.2.8.3 X-ray absorption spectroscopy (XAS) ...................... 107 

3.2.8.4 In situ/operando high-resolution X-ray powder 

diffraction and X-ray adsorption spectroscopy ................. 111 

3.2.9 Electron microscopy techniques ........................................ 114 

3.2.9.1 Scanning electron microscopy (SEM) ...................... 115 

3.2.9.2 High-resolution transmission electron microscopy (HR-

TEM) and high-angle annular dark-field scanning-

transmission electron microcopy (HAADF-STEM) ........... 116 

3.3 COMPUTATIONAL METHODS ......................................... 119 

3.3.1 Mechanistic studies on NH3/syngas conversion reaction on 

Mo2N(100) ......................................................................... 119 

3.3.2 First principles thermochemistry of (Mn-doped) Mo oxynitride 

catalysts ............................................................................. 120 

3.4 CATALYST TESTING ........................................................ 123 

3.4.1 Microactivity XS15 reactor ................................................. 123 



3.4.1.1 Reactor configuration for conversion tests with syngas 

and ammonia gas feeds ................................................... 124 

3.4.1.2 Reactor configuration for conversion tests with 

methanol and ammonia gas feeds ................................... 124 

3.4.2 Analytics ............................................................................ 126 

3.4.2.1 Gas Chromatography ............................................... 126 

3.4.2.2 Calculation of catalytic performance parameters ..... 131 

3.4.2.3 Mass spectrometry ................................................... 132 

3.5 REFERENCES .................................................................. 133 

CHAPTER 4. NITRILE SYNTHESIS BY REACTION OF 

NH3/SYNGAS MIXTURES ON MOLYBDENUM NITRIDE: 

INSIGHTS INTO THE REACTION MECHANISM ...................... 137 

4.1 INTRODUCTION ............................................................... 139 

4.2 RESULTS AND DISCUSSION .......................................... 140 

4.3 THEORETICAL INSIGHTS INTO THE REACTION 

MECHANISM ............................................................................. 148 

4.3.1 Reactant activation ............................................................ 150 

4.3.2 C-N coupling reactions ...................................................... 155 

4.3.3 Acetonitrile formation ......................................................... 156 

4.4 CONCLUSION ................................................................... 159 

4.5 REFERENCES .................................................................. 160 



 
 

CHAPTER 5. BIMETALLIC PROMOTIONAL EFFECTS IN 

MOLYBDENUM BASED CATALYSTS FOR ACETONITRILE 

SYNTHESIS FROM SYNGAS AND AMMONIA ........................ 163 

5.1 INTRODUCTION ............................................................... 165 

5.2 BIMETALLIC MOLYBDENUM COMPOUNDS AS CATALYST 

PRECURSORS .......................................................................... 167 

5.3 SYNTHESIS OF ACETONITRILE WITH A BIMETALLIC 

MANGANESE-MOLYBDENUM CATALYST .............................. 170 

5.4 EVOLUTION OF LONG-RANGE STRUCTURE OF THE 

BIMETALLIC MANGANESE-MOLYBDENUM CATALYST UNDER 

REACTION CONDITIONS ......................................................... 175 

5.5 FIRST-PRINCIPLES DFT AND THERMOCHEMISTRY 

INSIGHTS INTO METAL AND MIXED-METAL NITRIDES ........ 181 

5.6 EVOLUTION OF SHORT-RANGE STRUCTURE OF THE 

BIMETALLIC MANGANESE-MOLYBDENUM CATALYST UNDER 

REACTION CONDITIONS ......................................................... 186 

5.7 DEPTH-SENSITIVE NEAR-SURFACE TRACKING OF 

CATALYST NITRIDATION UNDER PROCESS CONDITIONS . 189 

5.8 NANOSTRUCTURE AND METAL NANOSPATIAL 

DISTRIBUTION .......................................................................... 192 

5.9 DFT INSIGHTS INTO SURFACE CHEMISTRY AND MIXED 

METAL PROMOTIONAL EFFECTS .......................................... 194 



5.10 CONCLUSIONS ................................................................ 196 

5.11 REFERENCES .................................................................. 198 

CHAPTER 6. SYNTHESIS OF N-COMPOUNDS FROM 

NH3/METHANOL MIXTURES ON NICKEL-GALLIUM 

CATALYSTS: ALLOYS VS INTERMETALLIC COMPOUNDS . 201 

6.1 INTRODUCTION ............................................................... 203 

6.2 RESULTS AND DISCUSSION .......................................... 205 

6.2.1 Bulk properties of Ni-Ga pre-catalyst series ...................... 205 

6.2.2 Catalytic performance in the conversion of NH3/methanol 

mixtures ............................................................................. 209 

6.2.3 Catalyst nanostructure and near-surface structure prior to and 

after catalysis ..................................................................... 219 

6.2.4 In situ and operando HRXRD and XAS studies ................. 226 

6.2.4.1 Structure of the Ni-based catalysts after in situ 

reduction .......................................................................... 226 

6.2.4.2 In situ and operando XRD/XAS studies on Ni/SiO2 .. 229 

6.2.4.3 In situ and operando XRD/XAS studies on 

Ga0.05Ni0.95/SiO2 ............................................................... 233 

6.2.4.3.1 Operando XRD studies on Ga0.05Ni0.95 /SiO2 ............ 233 

6.2.4.3.2 In situ XAS studies on Ga0.05Ni0.95 /SiO2 ................... 237 

6.2.4.3.3 Structural dynamics of Ga0.05Ni0.95 /SiO2 upon selected 

reactant removal .............................................................. 239 



 
 

6.2.4.4 In situ and operando XRD/XAS studies on 

Ga0.60Ni0.40/SiO2 ............................................................... 242 

6.2.4.4.1 Operando XRD studies on Ga0.60Ni0.40 /SiO2 ............ 242 

6.2.4.4.2 In situ XAS studies on Ga0.60Ni0.40 /SiO2 ................... 245 

6.3 CONCLUSIONS ................................................................ 247 

6.4 REFERENCES .................................................................. 249 

CHAPTER 7. GENERAL CONCLUSIONS ........................... 253 

APPENDICES  ........................................................................ 259 

Appendix I: List of figures and tables ......................................... 261 

Appendix II: List of symbol and acronyms .................................. 277 

Appendix III: Supporting information for Chapter 3 .................... 281 

Appendix IV: Supporting information for Chapter 4 .................... 283 

Appendix V: Supporting information for Chapter 5 ..................... 285 

Appendix VI: ASPEN-HYSYS simulation: Thermodynamic analysis

  ................................................................................... 299 

 

  


