
Investigation on Thermocatalytic CO2 

Hydrogenation by High Surface Area Silica 

Supported Transition Metal Catalysts 

A Thesis Submitted for the Degree of  

Doctor of Philosophy 

As a part of  

Ph.D. Programme (Chemical Science) 

by 

Mr. Arjun Cherevotan 

 

 

New Chemistry Unit 

Jawaharlal Nehru Centre for Advanced Scientific Research 

(A Deemed University) 

Bangalore-560064 (INDIA) 

January 2022



 



 

 

 

 

“It is right that we should stand by and act on our principles; but not right to hold them in 

obstinate blindness or retain them when proved to be erroneous.” 

-Michael Faraday 

 

 

 

Dedicated to Amma Achan and All my 
Gurus  

 

 

 

 

 

 

 

 



 



v 

 

Declaration 

 
I hereby declare that the matter embodied in the thesis entitled “Investigation on 

Thermocatalytic CO2 Hydrogenation by High Surface Area Silica Supported Transition 

Metal Catalysts” is the result of investigations carried out by me at the New Chemistry Unit, 

Jawaharlal Nehru Centre for Advanced Scientific Research, Bengaluru, India under the 

supervision of Prof. Sebastian C. Peter and that it has not been submitted elsewhere for the 

award of any degree or diploma. In keeping with the general practice in reporting scientific 

investigations, due acknowledgement has been made wherever the work described is based on 

findings of other investigators. Any omission that might have occurred by oversight or error of 

judgement is regretted. 

 

 
 

Date: 19 January 2022   

Bengaluru, India 

Arjun Cherevotan 

 

       

 

  



 



vii 

 

Certificate 

I hereby declare that the matter embodied in the thesis entitled “Investigation on 

Thermocatalytic CO2 Hydrogenation by High Surface Area Silica Supported Transition 

Metal Catalysts” has been carried out by Mr. Arjun Cherevotan at the New Chemistry Unit, 

Jawaharlal Nehru Centre for Advanced Scientific Research, Bengaluru, India under my 

supervision and that it has not been submitted elsewhere for the award of any degree or diploma. 

 

 

 

 

Date: 19 January 2022   

Bengaluru, India 

  

                                      

  Prof. Sebastian C. Peter 

Associate Professor 

New Chemistry Unit, JNCASR 

(Research Supervisor) 

     

  



 



ix 

 

Acknowledgement 

“A grateful heart is a magnet of miracles” 

The successful accomplishment of my Ph.D. thesis includes immense contribution from various 

people for their constant help, support and enthusiasm that motivated me to move ahead 

however, difficult the path be. The thesis would be incomplete without me expressing my 

gratitude towards them. 

First and foremost, with deepest gratitude and great humility I would like to extend my sincere 

thanks and gratitude to my mentor, supervisor and guide, Prof. Sebastian C. Peter for his 

contribution in shaping the foundation of my research career. His persistent support, advice, 

criticism and wisdom not only inspired me to do better work each day but also helped me grow 

as an individual. Apart from him being an excellent scientist I have known him as one the most 

extraordinary human beings. Not only I have learnt science from him but also each of his words 

stimulated optimism and confidence in me. He taught me perseverance and most importantly 

how to remain calm and composed in every situation. Whenever a paper got rejected and most 

of us would be dejected, he is the one to always remain hopeful and positive. He has been like 

an umbrella for our SCP lab family. I am always indebted to him more than he knows. Today 

words are too less to express my gratefulness to him. Thank you, sir, for being so kind, gracious 

and for everything that helped me to improve myself each day. 

I would like to express my sincere thanks to Prof. C. N. R. Rao, FRS, for being the epitome 

of inspiration, generous support and encouragement throughout my JNC life. I also thank him 

for providing the infrastructure and necessary facilities to carry out my research work. 



x 

 

I would like thank Prof. Subi J. George, the Chairman, New Chemistry Unit, Jawaharlal 

Nehru Centre for Advanced Scientific Research for an excellent and world class research 

environment provided in the centre. 

I would like to thank all my course instructors Prof. Sebastian C. Peter, Prof. Chandrabhas 

Narayana, Prof. A. Sundaresan, Prof. Kanishka Biswas, Dr. Sarit Agasti, Prof. Shobhana 

Narasimhan and Prof. Amitabh Joshi for their excellent courses. 

I take this opportunity to thank my collaborators: Prof. Umesh V. Waghmare, Prof. Peter Wells 

(University of Southampton), Dr. Chathakudath. P. Vinod (NCL Pune), Dr. Shaujon Xu 

(Cardiff University), Dr. Ujjal K. Gautam (IISER Mohali), Dr. Lakshay Dheer & Komalpreet 

Kaur (IISER Mohali). 

My sincere thanks to all the technical staff of JNCASR: Mr. Sreenivas, Mrs. Usha, Mr. Anil, 

Ms. Selvi, Mr. Mahesh, Mr. Vasu, Mr. Deepak, Mr. Shivakumar, Mr. Rahul and Ms. Meenakshi 

for their help with the various characterization techniques. I would like to thank Melissa, 

Naveen, JNCASR Administration and Academic Sections, Complab, Students’ Residence, 

Library, Dhanvantari and Security. 

I would like to thank University for Grants Commission (UGC) for research fellowship. I would 

like to thank JNCASR, DST and DESY-Germany for various fundings.  

I would like to express my gratitude to my Lab Family to whom I will always remain indebted: 

Present members: Dr. Shreya Sarkar, Dr. Sathyapal R. Churipard, Dr. Kousik Das, Dr. Veenu 

Mishra, Debabrata Bagchi, Ashutosh Kumar Singh, Risov Das, Bitan Ray, Devender Goud, 

Soumi Mondal, Subhajit Chakraborty, Nilutpal Dutta, Anish Yadav, Rahul Naskar and Jyoti 

Vashist. 

Breathe Members: Rahul K. Ravindran, Shan Royson and Manjunath Doddamani   



xi 

 

Past members: Dr. Saurav Chandra Sarma, Dr. Soumyabrata Roy, Dr. Sumanta Sarkar, Dr. 

Udumula Subbarao, Abhishek Rawat, Dr. Raghu Vamsy, Dr. Nithi Phukan, Jithu Raj, Vinay 

Naral, Kajol Tonk, Dundappa Mumbaraddi, Vamseedhara Vemuri, Md Javed Hossain, Jayesh 

Krishamoorthy, Dr. Tapas Paramanik, Dr. Vijaykumar Marakkatti, Vidyanshu Mishra, Dr. M. 

Kanagaraj, Dr. Subba Reddy Mari, Manoj Kaja Sai, Dr. A. R. Rajamani, Merin Vargheese, 

Chanachal; Summer Student who worked with me: Aswathy Mechoor, Atul Arware; 

Visiting faculties: Dr. Sudhakara Prasad and Dr. C. K. Sumesh. 

I take this opportunity to thank Jithu Raj, Anish, Bitan, Debabrata and Ashutosh for rendering 

their unconditional support that helped me accomplish few works. 

I extend my gratitude to Dr. Ashly P. C. for being an overwhelming host and for constant 

enthusiasm for lab trips and parties. She has always been encouraging and positive. I extend 

my love to the beautiful angels Caitlyn and Angelyn whose presence made all our activities 

more fun filled and memorable. 

I express my thanks to all my JNCASR friends and batchmates: Arka Som, Biswanath, Suman, 

Monis, Momin, Brinta, Yogender, Laha, Resmi, Rajarshi, Manjushree, Smitha, Nijitha, Surishi, 

Shashank, Brijesh. Specially I would thank Soumita Chakraborty and Suchismita for always 

having them by my side. 

I extend my gratitude and love to friends outside JNCASR: Vijil ATV, Anand K N, Ashwini, 

Shilpa, Sanoop, Binoy, Pranav, Mani, Uday, Naveenetan, Saraswati, Ambu, Maitreya, Dr. 

Jayashree for their gracious support throughout my life. 

I am grateful to my Alma Mater Kendriya Vidyalaya Payyannur, GASC Mathil & Chemistry 

Department NITK Surathkal. 

Most importantly, I am grateful to my Parents and Madhu Maman 

                    Arjun 



 



xiii 

 

Preface 

The thesis is majorly divided into five chapters. 

 Chapter 1. gives an introduction about the current climate changes caused by CO2 

emissions and over dependence on fossil fuels for meeting worlds hiking energy demands. The 

chapter describes how selective capture and conversion of CO2 to various value-added products 

serve as a solution for both climate change and hiking energy demands. Further, different 

catalytic routes to hydrogenate CO2 back to fuels are discussed in brief with more emphasis on 

thermocatalytic with its advantages over the others. The chapter gives more focus on the ways 

utilized to design the thermocatalyst which is divided into oxide support and active metals, or 

metal system loaded. The strategies to improve the surface area and textural properties of 

supports are described deeply. Finally, the chapter discuss in depth, the ways utilized for tuning 

electronic and structural properties active metal nanoparticles loaded such as intermetallic and 

bimetallic formations.  

 Chapter 2. describes how the physical textural properties of the supports can influence 

catalytic activity of CO2 hydrogenation. Ni on silica support is well known for CO2 

methanation, we impregnated more than 20% of Ni on various high surface area silica supports 

(SBA-15, MCM-41 & non-mesoporous silica(nMPS)) with different textural properties. The 

TEM analysis and textural property analysis shows that the Ni NPs are highly dispersed inside 

the channels of SBA with vacant space while in case of MCM-41 the pores are blocked 

completely by 8 nm particles. The catalytic screening results revealed that Ni/SBA-15 gave the 

best CO2 conversion (XCO2
) with 100 % methane selectivity (SCH4

) followed by Ni/MCM-41 

(XCO2
=79 % & SCH4

= 85%) and least by Ni/nMPS. The Diffused Reflectance Infra-Red 

Spectroscopy (DRIFTS) experiments were conducted to understand the pathway and the 
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intermediates during the methanation which reveals that a faster methanation pathway 

involving CO2 decomposition to CO and O, and hydrogenation to methane occurs over 

Ni/SBA-15, while in case of Ni/MCM-41 the pores are completely filled blocked by Ni 

nanoparticles and the methanation reaction proceeds through formate pathway generated on 

dangling -OH group which can be decomposed to CO and are relatively slower pathway. In 

case of Ni/nMPS the CO formed get stabilized and poisons the surface of Ni nanoparticles by 

forming Ni3-CO bridged intermediate reducing the conversion highly. Hence in this chapter 

we provide insight on how physical textural properties of support dictates metal particle 

distribution on them and affect the pathway CO2 methanation reaction.    

 Chapter 3. In this chapter we describe how the CO2 methanation activity of Ni gets 

optimized to yield methanol (MeOH) on formation of an operando generated metastable kinetic 

Ni3In intermetallic phase. Here we synthesized different ratio of Ni-In intermetallics on SBA-

15 support which all ended up in thermodynamically stable Ni7In3 triclinic phase. The catalytic 

screening of Ni7In3 at 573 K and 20 bar gave best activity towards methanol, and the spent 

catalyst XRD revealed an operando phase transition of Ni7In3 to Ni3In which is identified as the 

active species for CO2 to methanol conversion. Further, the XPS and XANES spectra revealed 

a In to Ni charge transfer on Ni3In formation affecting the electronic properties of Ni to optimize 

its reduction towards MeOH formation. The first principle calculations and DRIFTS studies 

revealed that the CO2 to MeOH conversion follows bidendate formate pathway. Hence, we 

designed a new CO2 to methanol catalyst by modifying Ni with Indium to generate an operando 

intermetallic catalyst with enhanced CO2 to methanol activity.  

  Chapter 4. describes about the promotional effect of non-coinage methanation 

catalyst in generating higher surface oxygen deficiency over In2O3 which acts as sites to activate 

CO2. Here we impregnated 10% In2O3 on SBA-15 along with different ratio of non-coinage 

methanation catalyst Ni & Co (3:1, 2:1, 1:1, 1:2 &1:3). The In 3d XPS revealed that the oxygen 
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vacancy on In2O3 is highest on Ni:Co (1:1)/In2O3/SBA-15 which yielded highest MeOH 

activity of 10.2 µmolMeOH/gcat.s surpassing all the reported Ni/In2O3 catalyst towards CO2 to 

MeOH. Also, a NiIn P6mmm intermetallic (IMC) phase was formed, it was concluded that the 

NiIn IMC along with Co helps in spill-over of incoming hydrogen molecule to yield higher 

surface oxygen vacancies over the In2O3. This was further confirmed by the DRIFTS studies 

since the CO2 to MeOH intermediates such as bidendate formate and carbonates were present 

with higher intensity on Ni:Co(1:1)/In2O3/SBA-15 compared with Ni/In2O3/SBA-15 and 

Co/In2O3/SBA-15. Thus, we found novel strategy to improve the surface oxygen vacancies of 

In2O3 by using non-coinage metals. 

 In Chapter 5, Pd containing bimetallic systems are dispersed over Schiff base 

functionalized silica and employed as catalyst for CO2 hydrogenation to formic acid (FA) in 

KHCO3 solution by batch technique. By condensing 3-aminpropyltriethoxysilane (APTES) 

with two different types of aldehydes, butyraldehyde (BUT) and glutaraldehyde (GLU), we 

were able to make four different types of Schiff bases functionalized SBA-15 with the help of 

two different synthetic route. The catalyst performance towards CO2 reduction to FA identified 

to have linear dependence on CO2 capture ability of support and charge polarization in the 

bimetallic system dispersed over them.  
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SUMMARY & FUTURE OUTLOOK 

The underlying motivation of this thesis is to develop cost-effective, durable, and 

scalable transition metal-based thermocatalysts for the efficient conversion of CO2 to useful 

chemicals and fuels. This strategy can be exploited to curb global warming and the rapidly 

escalating energy crisis. All the catalysts designed and screened in this thesis include support 

dispersed with transition metal based monometallic and bimetallic systems, the later can be 

classified as alloys and intermetallics. Throughout the thesis inert silica-based oxide 

mesoporous supports have been used which are reported to offer minimum or no contribution 

towards any catalytic reaction besides offering surface for high dispersion of the active metal 

centers into nanoparticles. A plethora of catalysts were synthesized by incipient wetness 

impregnation of TM into mesoporous silica, and their activities are evaluated in thermocatalytic 

screening. A brief overview of the thesis is schematically represented below.    

 

Figure 6.1. Schematic illustration describing the contents of thesis; Chapter 1 (a brief 

discussion of scientific solutions to curtail global warming), Chapter 2 (Describing the 

influence of support textural properties on CO2 to methanation catalyst), Chapter 3 (Operando 

generated Ni based intermetallic improving the selective CO2 to methanol), Chapter 4 

(Enhancing the Ov of In2O3 catalyst by non-coinage TM to improve the CO2 to methanol 

activity) and Chapter 5 (Rational tuning of hybridization and charge polarization of metal 

nanoparticles dispersed over Schiff Base functionalized SBA-15 to improve CO2 capture and 

conversion to FA). 
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The thesis is divided into 5 chapters with the Chapter 1 discussed about the 

environmental issues associated with CO2 emissions and its probable solutions. Chapters 2-5 

highlights the discovery of novel materials as the efficient catalysts for the conversion of CO2 

to methane, methanol and formic acid. For the first time, the physicochemical textural property 

of the inert support material on the activity, product selectivity and deactivation of a catalyst 

has been studied in chapter 2. For this study, the typical CO2 methanation catalyst, Ni on 

different silica supports (SBA-15, MCM-41 & non-mesoporous silica(nMPS)) were employed. 

The catalytic screening results revealed marked difference in the reactivity and product 

selectivity depending on the textural properties of the support. At 320 oC, Ni/SBA-15 provided 

best CO2 conversion (XCO2
) with 100 % methane selectivity (SCH4

) followed by Ni/MCM-41 

(XCO2
=79 % and SCH4

= 85%) and least by Ni/nMPS. For the first time, the relationship between 

support textural property, active metal distribution, intermediates formed, and CO2 

hydrogenation pathway were sketched with the help of operando DRIFTS. The basis of this 

understanding and the correlation study between CO2 to methanation activity and textural 

property in depth by spectroscopic technique helped to choose SBA-15 as the support material 

and laid foundation for other catalyst syntheses in this thesis. These studies can be further 

extended to other reducible metal oxide supports such as ceria, titania and zirconia or in other 

words silica based mixed oxide supports (silica-ceria, silica-titania or silica-zirconia) can be 

synthesized with different porosity and textural property to study the enhancement in activity. 

These textural property-based studies can be extended to other types of heterogenous catalysis 

process. 

In chapter 3, we strategically tuned the CO2 hydrogenation mechanistic pathway of 

Ni/SBA-15 by alloying it with an inactive metal indium to produce methanol instead of 

methane. Several attempts were made to synthesize different Ni-In phases (different Ni to In 

ratio) by incipient impregnation into SBA-15 followed by reduction in flowing hydrogen, but 

all the attempts led into the formation of more thermodynamically stable Ni7In3 phase. 

However, under operando conditions (temperature 573 K and pressure 20-50 bar) Ni7In3 phase 

transformed into Ni3In phase. Pressure controlled studies confirmed that this new kinetically 

stable Ni3In catalyst could efficiently convert CO2 selectively to methanol at low pressure, 

which is a very crucial advancement required in the industry as it can save energy cost in the 

economic calculation. We have performed several controlled experiments to map the 

mechanism on the phase transformation. The different reaction mechanistic pathways on Ni 

(for methane production) and Ni3In (for methanol production) are studied by DRIFTS, XPS and 
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XANES (experiment) and DFT calculation (theory), which suggested the mechanistic tunability 

can be attributed to the ordered arrangement of Ni and In atoms and strong difference in their 

electronegativity, leading to interatomic charge transfer. Further the operando generated 

catalyst of this sample is converts CO2 liquid methanol at much lower pressures (20 bar) than 

state of art catalysts (around 40-50 bar). We suggest this as one of the first steps towards the 

development of small-scale low-pressure devices for decentralised production of liquid fuels 

from CO2. This may be realized only if the hydrogen production is also decentralised and solar 

generated.  

The work in chapter 3 extended to Chapter 4 with the introduction of Co metal. Indium 

oxide-based catalysts supported on SBA-15 were studied for direct CO2 to methanol 

conversion. Here the effort was to enhance the catalytically active Ov (oxygen vacancies) of 

In2O3 by co-impregnating SBA-15 with different mole ratio of low-cost abundant TM based 

methanation catalyst Ni and Co having high hydrogen spill-over action. The calcined catalyst 

was screened for CO2 hydrogenation instead of the reduced catalyst. The spent catalyst after 

hydrogenation were characterized by XRD, TEM, XPS and EXAFS measurements. It was 

understood that the reducibility of indium oxide catalysts in a hydrogen atmosphere is directly 

linked to methanol production rates and selectivity. At optimized reaction condition, the MeOH 

activity and Ov were maximum when both Ni and Co were equally distributed over In2O3 

catalyst, further the spent catalyst characterisation shows that the in-situ formation of medium 

entropy Ni1-xCoxIn intermetallic along with oxygen vacant In2O3 are components responsible 

for the highest ever reported MeOH activity and STY over In2O3 based catalyst. Till date the 

Ov enhancement were done by using single metals with high methanation activity, here for the 

first time we co-impregnated two different 3d metals to improve the Ov of Indium oxide. There 

are other reducible supports with high CO2 gas activation tendency, this study of co-

impregnating 3d metals can be extended to these systems also. Further, these series of cost-

effective catalysts can be directly scaled up for industrial process or further studied with other 

oxide modifications such as zirconia, galena to improve the activity. 

In chapter 5, we have introduced capture of CO2 in addition to conversion. SBA-15 

functionalised Schiff’s base is used as the support for TM based bimetallic systems and applied 

for CO2 conversion in batch process. Here four different types of Schiff’s base functionalised 

SBA-15 is synthesized by following two routes of synthesis using two different aldehydes. 

Direct correlation between CO2 to formic acid reactivity and CO2 capture ability were first time 

done with the help of static and dynamic CO2 capture experiments. The condensation between 
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APTES and aldehydes tuned the hybridization of N in APTES from sp3 to sp2 favoured 

optimum adsorption of CO2. The hybridization changes was quantified with the help of XPS, 

which is in good agreement with the CO2 capture efficiency. Further, studies by XAS proved 

that the cost-effective Pd-Ni bimetallic catalyst owing to relatively larger electronegativity 

difference shows higher CO2 activation and reactivity than the Pd-Ag bimetallic combination. 

The most important findings from this chapter are that higher conversions in batch process is 

hampered by formation of formic acid itself. This is because the acidic medium due to formic 

acid resists further dissolution of CO2 into the reaction medium. Designing a pressurized flow 

process through reaction medium or engineering an effective method to timely remove the 

formed formic acid can improve the formic acid activity.  

In conclusion, this thesis has succeeded in the development of different categories of 

several novel transition metal-based systems encompassing a wide variety of structural and 

compositional diversity. The progress of CO2 reduction research strongly dependent on the 

catalysts, which dictates the CO2 reduction activity and selectivity towards a desired product. 

In view of this, this content of this thesis can be used as a handbook to those who are working 

in this area. Various strategies used in this thesis may be exploited for developing novel 

catalysts, which may be a revolutionary step towards the commercial CCU research and can be 

a handy solution to the issues related to energy and environment. 
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