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Abstract 

 
Nowadays, increasing global energy demand, fossil fuel dependence for energy generation, and 

resulting CO2 emissions multiply economic and environmental concerns. On the other hand, 

hydrogen is a clean energy carrier that can eliminate greenhouse gas emissions and meet future 

energy needs. Sulfur-Iodine (SI) thermochemical cycle is a highly efficient, eco-friendly, and 

lower temperature (~900oC) water-splitting process for hydrogen production. There are three 

main reactions in the cycle: Bunsen reaction, sulphuric-acid decomposition, and hydrogen 

iodide (HI) decomposition. HI decomposition is an essential step of this cycle because 

hydrogen is formed here. It is an endothermic, reversible, and equilibrium-limiting reaction. 

There is no remarkable conversion of HI without the catalyst, even at 550oC. The literature 

primarily focussed on Pt-based catalysts and costly hydrogen-permeable membranes, which 

affect the overall cost of the cycle. Hence, there is a need for cost-effective, active, and stable 

catalysts and a feasible approach for attaining conversion above equilibrium in a fixed bed 

continuous flow reactor. In the present study, NiO-ZrO2 in xerogel form was synthesized by a 

single-step epoxide-driven sol-gel method with different nickel content that showed HI 

conversion of 23.6% at 550oC. The catalyst (5 wt% NiO-ZrO2) was tested with an adsorbent 

for iodine removal to increase the conversion above equilibrium. Activated Carbon (AC) was 

selected as an iodine adsorbent and potentially exhibited catalytic properties for HI 

decomposition reaction. The catalyst and adsorbent were arranged in different assemblies 

inside the reactor bed to find a suitable configuration. The intermixed assembly showed 

maximum conversion at 500oC, i.e., 25.6%, which was 2.6% above the equilibrium value. The 

catalyst and synthesized adsorbent (5 wt% iodine impregnated on AC) were investigated to 

confirm the role of adsorbed iodine in intermixed assembly at 500oC. It has been observed that 

a significant conversion of ~35% was achieved, indicating I2/AC adsorbent triggered the 

conversion owing to its intervention that allowed the system to cross the equilibrium barrier. 

The long endurance test measured with catalyst and I2/AC in the intermixed assembly at 500oC 

showed excellent stability of ~50 h. Thus, this increase in conversion beyond equilibrium 

through iodine removal in a packed bed continuous flow reactor is a practically feasible, stable, 

and economical approach. 

 

  



सार 

 
आजकल, बढ़ती वैश्विक ऊजजा मजांग, ऊजजा उत्पजदन के श्वलए जीवजश्म ईांधन पर श्वनर्ारतज और 

पररणजमस्वरूप CO2 उत्सजान से आश्वथाक और पर्जावरणीर् श्व ांतजएँ बढ़ गई हैं। दूसरी ओर, हजइड्र ोजन एक 

स्वच्छ ऊजजा वजहक है जो ग्रीनहजउस गैस उत्सजान को खत्म कर सकतज है और र्श्ववष्य की ऊजजा जरूरतोां 

को पूरज कर सकतज है। सल्फर-आर्ोड्ीन (SI) थमोकेश्वमकल  क्र हजइड्र ोजन उत्पजदन के श्वलए एक 

अत्यश्वधक कुशल, पर्जावरण-अनुकूल और कम तजपमजन (~900oC) जल-श्ववर्जजन प्रश्वक्रर्ज है।  क्र में 

तीन मुख्य ररएक्शन हैं: बने्सन ररएक्शन, सल्फ्यूररक-एश्वसड् अपघटन, और हजइड्र ोजन आर्ोड्जइड् (HI) 

अपघटन। HI अपघटन इस  क्र कज एक आवश्यक  रण है क्ोांश्वक हजइड्र ोजन र्ही ां बनतज है। र्ह एक 

एां ड्ोथश्वमाक, प्रश्वतवती और ईक्वश्वलब्रीअम-सीश्वमत ररएक्शन है। उते्प्ररक के श्वबनज 550oC पर र्ी HI कज 

कोई उले्लखनीर् कन्वर्जान नही ां होतज है। सजश्वहत्य मुख्य रूप से पै्लश्वटनम-आधजररत उते्प्ररक और महांगी 

हजइड्र ोजन-पजरगम्य श्विल्लल्लर्ोां पर कें श्वित है, जो  क्र की समग्र लजगत को प्रर्जश्ववत करते हैं। इसश्वलए, 

एक पैक्ड्-बेड् श्वनरांतर प्रवजह ररएक्टर में सांतुलन से ऊपर कन्वर्जान प्रजप्त करने के श्वलए लजगत प्रर्जवी, 

सश्वक्रर् और ल्लिर उते्प्ररक और एक व्यवहजर्ा दृश्विकोण की आवश्यकतज है। वतामजन अध्यर्न में, रे्जरोजैल 

रूप में NiO-ZrO2 को अलग-अलग Ni wt% के सजथ एकल- रण एपॉक्सजइड्-सां जश्वलत सोल- जैल 

श्ववश्वध द्वजरज सांशे्लश्वित श्वकर्ज गर्ज थज, श्वजसमें 550oC पर 23.6% कज HI कन्वर्जान श्वदखजर्ज गर्ज थज। 

ईक्वश्वलब्रीअम से ऊपर कन्वर्जान बढ़जने के श्वलए उते्प्ररक (5 wt% NiO-ZrO2) कज आर्ोड्ीन हटजने के 

श्वलए एक अश्वधशोिक के सजथ परीक्षण श्वकर्ज गर्ज थज। एल्लक्टवेटेड् कजबान (AC) को आर्ोड्ीन अवशोिक 

के रूप में  ुनज गर्ज थज और सांर्जश्ववत रूप से HI अपघटन प्रश्वतश्वक्रर्ज के श्वलए उते्प्ररक गुण प्रदश्वशात श्वकए 

गए थे। उपरु्क्त श्ववन्यजस खोजने के श्वलए उते्प्ररक और अवशोिक को ररएक्टर-बेड् के अांदर अलग-

अलग असेंबली में व्यवल्लित श्वकर्ज गर्ज थज। इांटरश्वमक्स्ड असेंबली ने 500oC पर अश्वधकतम कन्वर्जान 

श्वदखजर्ज, र्जनी, 25.6%, जो ईक्वश्वलब्रीअम मूल्य से 2.6% अश्वधक थज। 500oC पर इांटरश्वमक्स्ड असेंबली में 

सोखने वजले आर्ोड्ीन की रू्श्वमकज की पुश्वि करने के श्वलए उते्प्ररक और सांशे्लश्वित अश्वधशोिक (AC पर 

सांसेश्व त 5 wt% आर्ोड्ीन) की जजां  की गई। र्ह देखज गर्ज है श्वक ~35% कज एक महत्वपूणा कन्वर्जान 

प्रजप्त श्वकर्ज गर्ज थज, जो दशजातज है श्वक I2/AC अश्वधशोिक ने अपने इांटरवेंशन के कजरण कन्वर्जान को 

श्वटर गर श्वकर्ज श्वजसने श्वसस्टम को सांतुलन बजधज को पजर करने की अनुमश्वत दी। 500oC पर इांटरश्वमक्स्ड 

असेंबली में उते्प्ररक और I2/AC के सजथ मजपे गए लांबे एां डु्रेंस परीक्षण ने ~50 घांटे की उतृ्कि ल्लिरतज 

श्वदखजई। इस प्रकजर, एक पैक्ड्-बेड् श्वनरांतर प्रवजह ररएक्टर में आर्ोड्ीन हटजने के मजध्यम से सांतुलन से 

परे कन्वर्जान में र्ह वृल्लि व्यजवहजररक रूप से व्यवहजर्ा, ल्लिर और श्वकफजर्ती दृश्विकोण है। 



 

v 
 

TABLE OF CONTENTS 

 

Certificate .................................................................................................................................. i 

Acknowledgement .................................................................................................................... ii 

Abstract .................................................................................................................................... iv 

List of Figures ....................................................................................................................... viii 

List of Tables ........................................................................................................................... xi 

List of Nomenclatures and Symbols ..................................................................................... xii 

 

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

1.1. General ........................................................................................................................... 1 

1.2. Hydrogen and its Production ....................................................................................... 2 

1.3. Sulphur-Iodine (SI) Cycle ............................................................................................ 3 

1.4. Motivation and Significance of Present Work ........................................................... 6 

1.5. Aim and Scope of the Work ......................................................................................... 6 

1.5.1. Objectives of the Present Study .................................................................................. 6 

1.6. Structure of the Thesis.................................................................................................. 7 

 

CHAPTER 2. LITERATURE REVIEW ............................................................................... 8 

2.1. General ........................................................................................................................... 8 

2.2. Decomposition of Gaseous Hydrogen Iodide (HI) over Various Catalysts ........... 10 

2.2.1. Brief history............................................................................................................... 10 

2.2.2. Noble metal-based catalysts ...................................................................................... 10 

2.2.3. Non-noble metal-based and no metal-based catalysts............................................... 16 

2.3. Preparation of Metal-Doped Xerogel Catalysts ....................................................... 30 

2.4. Techniques to Improve Hydrogen Yield in HI Decomposition Reaction .............. 33 

2.4.1. Continuous removal of hydrogen from the reaction zone ......................................... 34 

2.4.2. Continuous removal of iodine from the reaction zone .............................................. 35 

2.5. Selection of Adsorbents for Iodine Removal ............................................................ 38 

2.6. Concluding Remarks from Literature Studies......................................................... 39 

 

CHAPTER 3. EXPERIMENTAL WORK .......................................................................... 40 

3.1. Catalyst Preparation ................................................................................................... 40 

3.1.1. Chemicals used .......................................................................................................... 40 

3.1.2. Synthesis method used for catalyst preparation ........................................................ 41 



 

vi 
 

3.1.3. Synthesis method used for adsorbents ...................................................................... 41 

3.2. Catalyst Characterization .......................................................................................... 42 

3.2.1. X-ray photoelectron spectroscopy (XPS) .................................................................. 43 

3.2.2. X-ray diffraction (XRD)............................................................................................ 43 

3.2.3. Raman spectroscopy .................................................................................................. 44 

3.2.4. Surface area measurements ....................................................................................... 44 

3.2.5. Fourier transform infrared spectroscopy (FTIR) ....................................................... 44 

3.2.6. Field-emission scanning electron microscopy (FESEM) and energy-dispersive X-ray 

spectroscopy (EDX) ................................................................................................................. 45 

3.2.7. High-resolution transmission electron microscopy (HRTEM) ................................. 45 

3.3. HI Decomposition Studies .......................................................................................... 46 

3.3.1. Experimental set-up................................................................................................... 46 

3.3.2. Experimental procedure ............................................................................................ 47 

3.3.2.1. Representative observations for HI decomposition studies ................................... 49 

3.3.3. Arrangement of catalyst and adsorbent together in the reactor bed .......................... 50 

3.3.4. Catalyst and adsorbent stability studies .................................................................... 51 

 

CHAPTER 4. RESULTS AND DISCUSSION .................................................................... 54 

4.1. Catalyst and Adsorbent Characterization ................................................................ 54 

4.1.1. X-ray photoelectron spectroscopy (XPS) .................................................................. 54 

4.1.2. X-ray diffraction (XRD)............................................................................................ 56 

4.1.3. Raman spectroscopy .................................................................................................. 59 

4.1.4. Surface area measurement, pore volume, and pore-size distribution ........................ 61 

4.1.5. Fourier transform infrared spectroscopy (FTIR) ....................................................... 65 

4.1.6. Field emission scanning electron microscopy (FESEM) and energy-dispersive x-ray 

spectroscopy (EDX) ................................................................................................................. 67 

4.1.7. High-resolution transmission electron microscopy (HRTEM) ................................. 69 

4.2. HI Decomposition Studies with Different Catalysts, Adsorbents, and their 

Combinations.......................................................................................................................... 71 

4.2.1. HI decomposition studies at different temperatures with NiO-ZrO2 xerogel catalysts 

of different compositions ......................................................................................................... 71 

4.2.2. HI decomposition studies on activated carbon (AC) at different temperatures ........ 77 

4.2.3. Catalyst and activated carbon (AC) combined effect studies ................................... 79 

4.2.3.1. Effect of catalyst and activated carbon (AC) weight ............................................. 79 

4.2.3.2. Effect of catalyst and activated carbon (AC) arrangement in the reactor ............ 80 



 

vii 
 

4.2.3.3. Effect of temperature in the intermixed assembly ................................................. 84 

4.2.3.4. Effect of change in contact time in the intermixed assembly ................................. 85 

4.3. Catalyst and Activated Carbon Stability and Deactivation Studies ...................... 86 

4.3.1. Catalysts stability and deactivation studies ............................................................... 86 

4.3.2. Catalyst and activated carbon combined stability and deactivation studies.............. 91 

4.3.3. HI decomposition investigation with synthesized activated carbons in intermixed 

assembly ................................................................................................................................... 95 

4.3.3.1. 5 wt% KI impregnated on AC (SA1) activity and stability studies with 5 wt% NiO-

ZrO2 catalyst in intermixed assembly ...................................................................................... 95 

4.3.3.2. 5 wt% KI3 impregnated on AC (SA2) activity and stability studies with 5 wt% 

NiO-ZrO2 catalyst in intermixed assembly .............................................................................. 97 

4.3.3.3. Iodine impregnated on AC (SA3) activity and stability studies with 5 wt% NiO-

ZrO2 catalyst in intermixed assembly ...................................................................................... 98 

4.3.3.4. Time on stream studies with catalyst and SA3 system ......................................... 100 

4.3.3.5. A comparative study with I2/AC and catalyst system in intermixed assembly ..... 102 

4.3.3.6. A hypothetical mechanism for catalyst and AC or I2/AC hybrid system ............. 103 

 

CHAPTER 5. CONCLUSIONS AND RECOMMENDATIONS .................................... 104 

5.1. Conclusions ................................................................................................................ 104 

5.2. Recommendations for Further Studies ................................................................... 106 

 

References ............................................................................................................................. 107 

 

APPENDIX-1........................................................................................................................ 122 

APPENDIX-2........................................................................................................................ 131 

APPENDIX-3........................................................................................................................ 133 

APPENDIX-C ....................................................................................................................... 135 

 

Author’s Bio-data................................................................................................................. 143 

 

  



 

viii 
 

LIST OF FIGURES 

 

Figure 1.1. Sources and selective approaches for hydrogen generation and current technologies 

for its large-scale production. .................................................................................................... 3 

Figure 1.2. Sulfur-Iodine thermochemical cycle for hydrogen production. .............................. 5 

Figure 3.1. The synthesis steps for the catalyst preparation. ................................................... 41 

Figure 3.2. Schematic representation of the experimental set-up. ........................................... 48 

Figure 3.3. 5 wt% NiO-ZrO2 xerogel catalyst tested at 550oC for 200 minutes. ..................... 49 

Figure 3.4. Schematic representation of (a) single-stage and (b) different assemblies. .......... 50 

Figure 4.1. XPS of (a) Ni 2p, (b) O 1s, and (c) Zr 3d in 5 wt% NiO-ZrO2 catalyst. ............... 55 

Figure 4.2. XPS of (a) C 1s in fresh AC, (b) C 1s in fresh KI/AC, and (c) I 3d in fresh KI/AC.

.................................................................................................................................................. 56 

Figure 4.3. XRD patterns of ZrO2, 5wt%, 10 wt%, and 15 wt% NiO-ZrO2 xerogel catalyst 

calcined at 550oC. .................................................................................................................... 57 

Figure 4.4. XRD pattern of AC, I2/AC, KI/AC, and KI3/AC. ................................................. 58 

Figure 4.5. Raman spectra for Ni-Zr composite samples. ....................................................... 59 

Figure 4.6. Raman spectra of AC and synthesized AC samples. ............................................. 60 

Figure 4.7. Nitrogen adsorption-desorption isotherms of zirconia xerogel, 5 wt% NiO-ZrO2, 10 

wt% NiO-ZrO2, and 15 wt% NiO-ZrO2 calcined at 550oC. .................................................... 62 

Figure 4.8. Pore-size distribution curve of (a) 5 wt% NiO-ZrO2, (b) 10 wt% NiO-ZrO2, and (c) 

15 wt% NiO-ZrO2. ................................................................................................................... 63 

Figure 4.9. Nitrogen adsorption-desorption isotherms of AC and synthesized ACs. .............. 64 

Figure 4.10. FTIR spectra of NiO-ZrO2 with different Ni loadings (a) 5 wt%, (b) 10 wt%, and 

(c) 15 wt%. ............................................................................................................................... 65 

Figure 4.11. FTIR spectra of AC and 5 wt% iodine-impregnated AC. ................................... 66 

Figure 4.12. FESEM of (a) 5wt% NiO-ZrO2, (b) 10wt% NiO-ZrO2, and (c) 15wt% NiO-ZrO2. 

Magnification of all the FESEM images:100000X. The EDX spectra and elemental 

compositions of (d) 5wt%, (e) 10wt%, and (f) 15wt% NiO-ZrO2. .......................................... 67 

Figure 4.13. SEM image of (a) AC and (b) iodine-impregnated AC with their EDX spectra (a1) 

AC, (b1) I2/AC. ........................................................................................................................ 68 



 

ix 
 

Figure 4.14. HR-TEM images, SAED pattern, lattice fringes (3-4), and particle size 

distributions of (a1-a5) 5 wt% NiO-ZrO2, (b1-b5) 10 wt% NiO-ZrO2, and (c1-c5) 15 wt% NiO-

ZrO2.......................................................................................................................................... 70 

Figure 4.15. HR-TEM images, SAED pattern, and lattice fringes of (a1-a3) AC, (b1-b3) 5 wt% 

iodine impregnated AC. ........................................................................................................... 71 

Figure 4.16. Hydrogen Iodide conversion versus time for the 5 wt% NiO-ZrO2 catalyst at 

different temperatures. ............................................................................................................. 72 

Figure 4.17. Hydrogen Iodide conversion versus time for (a) 10 wt% NiO-ZrO2 catalyst and 

(b) 15 wt% NiO-ZrO2 catalyst at different temperatures. ........................................................ 73 

Figure 4.18. HI decomposition with a different nickel content in NiO-ZrO2 catalyst tested at 

500oC........................................................................................................................................ 74 

Figure 4.19. HI-decomposition tested on NiO-ZrO2 catalysts at different temperatures with 

WHSV of 12.9 h-1. ................................................................................................................... 75 

Figure 4.20. HI conversion on NiO-ZrO2 catalyst tested at 500oC plotted as a function of 

varying parameters. (a = 5 wt% NiO-ZrO2 calcined at 350oC, b = 5 wt% NiO-ZrO2 calcined at 

450oC, c =  5 wt% NiO-ZrO2 calcined at 550oC, d= reduced 5 wt% NiO-ZrO2 calcined at 550oC, 

and e = 5wt% NiO/ZrO2 calcined at 550oC). ........................................................................... 77 

Figure 4.21. HI-decomposition tested on AC catalyst at different temperatures with WHSV of 

12.9 h-1. .................................................................................................................................... 78 

Figure 4.22. HI decomposition over 1 and 2 g of 5wt% NiO-ZrO2 catalyst tested at 500oC. . 79 

Figure 4.23. HI decomposition over 1 and 2 g of activated carbon tested at 500oC. ............... 80 

Figure 4.24. HI decomposition on 1 g catalyst and 1 g AC together in 2 stages assembly at 

500oC........................................................................................................................................ 81 

Figure 4.25. Hydrogen Iodide decomposition on 1 g catalyst and 2 g AC together in 4 stages 

assembly at 500oC. ................................................................................................................... 82 

Figure 4.26. Hydrogen iodide decomposition on 1 g catalyst and 2 g AC at 500oC in different 

assemblies. ............................................................................................................................... 83 

Figure 4.27. Hydrogen iodide decomposition in an intermixed assembly at temperatures 350-

500oC tested for 200 minutes. .................................................................................................. 85 

Figure 4.28. HI conversion versus time in intermixed assembly for different contact times. . 86 

Figure 4.29. Stability tests on NiO-ZrO2 catalysts at 500oC for 10 hours with a WHSV of 12.9 

h-1. ............................................................................................................................................ 87 

Figure 4.30. XPS of (a) Ni 2p and (b) I 3d in the spent 5wt% NiO-ZrO2 catalyst tested at 500oC.

.................................................................................................................................................. 88 



 

x 
 

Figure 4.31. XRD patterns of spent 5 wt% NiO-ZrO2, 10 wt% NiO-ZrO2, and 15 wt% NiO-

ZrO2 tested at 500oC. ............................................................................................................... 89 

Figure 4.32. (a) Spent 5 wt% NiO-ZrO2 (b) Spent 10 wt% NiO-ZrO2 (c) Spent 15 wt% NiO-

ZrO2. All samples were tested at 500oC and had a magnification of 100000x. ....................... 90 

Figure 4.33. SEM and EDX of spent 5 wt% NiO-ZrO2 catalyst tested at 500oC. ................... 90 

Figure 4.34. Formation of NiI2 on the catalyst surface and its transport. ................................ 91 

Figure 4.35. TOS studies were performed for HI decomposition in the intermixed assembly at 

500oC with 5 wt% NiO-ZrO2 catalyst and AC. ....................................................................... 92 

Figure 4.36. XPS of (a) C 1 s and (b) I 3d in the spent AC tested at 500oC. ........................... 93 

Figure 4.37. (a) SEM image and (b) EDX spectra of spent 5 wt% wt% NiO-ZrO2, (c) SEM 

image and (d) EDX spectra of spent AC after day 1 of the experiment at 500oC in intermixed 

assembly. .................................................................................................................................. 94 

Figure 4.38. (a) SEM image and (b) EDX spectra of spent 5 wt% wt% NiO-ZrO2, (c) SEM 

image and (d) EDX spectra of spent AC after day 2 of the experiment at 500oC in intermixed 

assembly. .................................................................................................................................. 94 

Figure 4.39. Time on stream studies of HI decomposition in intermixed assembly with catalyst 

and KI/AC at 500oC. ................................................................................................................ 95 

Figure 4.40. XPS of spent KI on AC (a) C 1s and (b) I 3d tested at 500oC............................. 96 

Figure 4.41. Spent KI/AC after day 3 test in intermixed assembly at 500oC (a) SEM image, (b) 

EDX spectra. ............................................................................................................................ 97 

Figure 4.42. Time on stream studies of HI decomposition in intermixed assembly with catalyst 

and KI3/AC at 500oC. ............................................................................................................... 98 

Figure 4.43. Time on stream studies of HI decomposition in intermixed assembly with catalyst 

and I2/AC at 500oC................................................................................................................... 99 

Figure 4.44. Spent I2/AC tested at 500oC in the intermixed assembly after day 1 (a) SEM image, 

(b) EDX spectra. ...................................................................................................................... 99 

Figure 4.45. Stability studies for HI decomposition in intermixed assembly with catalyst and 

I2/AC at 500oC. ...................................................................................................................... 101 

Figure 4.46. (a) SEM image and (b) EDX spectra of Spent SA3, (c) SEM image and (d) EDX 

spectra of Spent 5 wt% NiO-ZrO2 tested at 500oC for 50 h in intermixed assembly. ........... 101 

Figure 4.47. A thorough examination of I2/AC with the catalyst in intermixed assembly. ... 102 

  



 

xi 
 

LIST OF TABLES 

 

Table 2.1. Summary of different catalysts reported for the HI decomposition in the SI cycle.

.................................................................................................................................................. 22 

Table 2.2 Literature review on epoxide-driven sol-gel method for xerogel-based catalysts. .. 32 

Table 2.3. Literature review on technologies associated with high hydrogen yield in HI 

decomposition reaction. ........................................................................................................... 36 

Table 3.1. Chemicals used for catalyst synthesis with their make. .......................................... 40 

Table 3.2. Nomenclature for synthesized adsorbents. ............................................................. 42 

Table 3.3. Experimental conditions for HI decomposition studies. ......................................... 51 

Table 3.4. A consolidated list of performed experiments and experimental conditions. ......... 52 

Table 4.1. Physico-chemical properties of the synthesized catalyst samples calcined at 550oC 

for 5 hours. ............................................................................................................................... 63 

Table 4.2. Textural properties of AC and impregnated AC samples. ...................................... 64 

 

  



 

xii 
 

LIST OF NOMENCLATURES AND SYMBOLS 

 

 
Å  Angstrom  

AC  Activated carbon  

atm  Atmosphere  

BE  Binding energy  

BET  Braunauer-Emmett-Teller  

BJH  Barret-Johner-Halenda  

BTOE Billion tons of oil equivalent 

CB  

CEA 

Carbon black 

French Alternative Energies and Atomic Energy Commission 

CMS  Carbon molecular sieve  

CNT  Carbon nanotube  

CRT Cathode ray tube 

CTAB Hexadecyltrimethylammonium bromide 

DDR Deca dodecasil rhombohedral 

dhkl Interplanar distance of the crystal, å  

DI  Deionized  

Dp  Average crystallite  size (mm)  

EDX  Energy dispersive x-ray spectroscopy  

EDX Energy dispersive x-ray spectroscopy 

ENEA Agency for energy efficiency 

FESEM Field-emission scanning electron microscopy 

FTIR  Fourier transform infrared 

FWHM Full-width half maxima 

GA  General atomics  

GC  Gas chromatography  



 

xiii 
 

GHG Green house gas 

GNS  Graphene nanosheet  

GR  Graphite  

Gt Gigatonne 

HC Hydrocarbon 

HRTEM  High-resolution transmission electron microscopy  

HTGR High-temperature gas-cooled reactor 

IAEA International atomic energy agency 

ICP-MS Inductively coupled plasma-mass spectroscopy 

ID  Intensity of D band  

IEA Interantional energy agency 

IG  Intensity of G band  

IUPAC  International union of pure and applied chemistry  

JAERI Japan atomic energy agency 

JCPDS  Joint committee on powder diffraction standards  

JRC Joint research center 

keV  Kilo electron volt  

KIER Korea institute of energy research 

La  Crystallite lateral diameter  

MOFs Metal-organic frameworks 

MWCNT  Multiwalled carbon nanotube  

NCLI  National chemical laboratory for industry  

nm  Nanometer  

ppm Parts per million 

SAED Selective area electron diffraction 

SBET  Surface area of catalyst (m2 g-1)  

SEM  Scanning electron microscopy  



 

xiv 
 

SI Sulphur iodine 

SSA Specific surface area 

T  Temperature (°C)  

TCD  Thermal conductivity detector  

TOS Time on stream 

TPD Temperature programmed desorption  

TPR Temperature programmed reduction 

XPS X-ray photoelectron spectroscopy 

XRD  X-ray diffraction  

ΔG  Gibb’s free energy (kJ/mol)  

ΔH  Heat of reaction (kJ/mol)  

θ Diffraction angle (degree) 

λ 

η 

Wavelength (nm) 

Active site 


