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Abstract 

This thesis offers a comprehensive exploration into the development, exploration, and 

practical implications of various catalysts, with a particular focus on their performance and critical 

roles in the efficient and sustainable conversion of CO2 through thermo-catalytic processes. In 

particular, this thesis focused on the exploration of potential catalysts for CO2 conversion and 

hydrogenation processes including various catalyst systems such as Co-Mo carbides and oxides, 

Fe/Al2O3, and CeO2-based materials. The study combines experimental and theoretical approaches 

to discover new insights and avenues for catalysis development. In the study of Cobalt-

Molybdenum oxide and carbide catalysts for the reverse water gas shift (RWGS) reaction, the 

studies conducted in this thesis identified promising activity at specific conditions but also 

highlighted the need for further improvements in carburization and synthesis processes. The 

investigation into Al2O3-supported iron catalysts for CO2 hydrogenation reveals that the RME 

Fe/Al2O3 catalysts, prepared through the RME method, exhibit superior performance, particularly 

in terms of CO2 conversion rate and selectivity towards C2+ hydrocarbons. This finding 

underscores the importance of synthesis methods and reaction conditions in catalytic performance. 

Moreover, the study conducted on CeO2-based catalysts for RWGS showed that Cu/CeO2 and 

Fe/CeO2 catalysts synthesized by reverse microemulsion method are favored in CO2 reduction to 

CO, maintaining high selectivity to CO across a broad temperature range. This is attributed to the 

effective doping with transition metals like Cu and Fe, which enhances CO2 adsorption on CeO2 

surfaces, also underscoring the significant role of oxygen vacancies generated by doping in CO2 

adsorption and activation. These insights paved the way for a more nuanced understanding of the 

factors influencing adsorption and subsequent catalytic activity. These findings contribute 
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significantly to the field of catalysis, providing a robust foundation for developing more efficient 

and resilient catalysts for RWGS reactions and CO2 conversion. The novel integration of 

experimental and computational methods in this thesis offers a comprehensive understanding of 

the catalytic processes, setting new benchmarks for catalyst design and advancing sustainable 

energy initiatives. This thesis integrates theoretical research with practical application, providing 

insights and guidelines that hold substantial promise for the future of environmental sustainability 

and efficient, selective CO2 conversion processes. 
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Chapter 1 Introduction 

1.1 Motivation 

This research is motivated by two interconnected global challenges that demand urgent 

attention: the continuous surge in carbon dioxide (CO2) emissions and the unceasing pursuit of 

sustainable energy solutions. 

In recent decades, the world has awakened to the stark reality of soaring CO2 emissions and 

their profound consequences on the environment. [2] The relentless combustion of fossil fuels due 

to anthropological activities, combined with industrial production and land-use changes, have 

propelled atmospheric CO2 concentrations to unprecedented levels. [3] This alarming trend has 

given rise to global warming, erratic climatic patterns, and a host of ecological crises, underscoring 

the pressing need to reduce emissions to mitigate their adverse effects.  Amidst these pressing 

concerns lies a transformative vision: CO2 utilization. This paradigm shift aims to convert CO2 

from a pollutant or natural respiration into a valuable resource—a concept known as carbon capture 

and utilization (CCU). [4-6] At the core of this endeavor, catalysts and materials emerge as pivotal 

components since they are essential for the steps from the initial capture and storage of CO2 to the 

conversion step which can enhance the reaction efficiency (conversion and selectivity). Catalysts 

play a foundational role, facilitating the conversion of CO2 into valuable synthesis gas (syngas) 

and hydrocarbons. The catalysts employed in the reactions for CO2 conversion must be carefully 

designed to optimize reaction conversion, selectivity, and sustainability of the production of the 

materials utilized for the CO2 conversion process. 

Transition metal-based catalysts have emerged as catalysts for transformative change. 

Transition metals such as copper (Cu), nickel (Ni), cobalt (Co) and iron (Fe) are commonly used 



2 
 
 

as catalysts for the hydrogenation of CO2 to produce chemicals like CO, CH4 or hydrocarbons and 

they exhibits great potential facilitating the reduction of CO2 to these valuable compounds. [7-12] 

Ceria (CeO2) is a versatile material used in various catalytic applications due to its unique 

properties. It is often employed as a support or promoter in catalysts for a wide range of reactions, 

including oxidation, reduction, and catalytic processes involving hydrogenation and 

dehydrogenation. [13-17] The catalytic activity of ceria-based catalysts in CO2 hydrogenation is 

attributed to oxygen storage capacity, redox properties, and the ability to enhance reaction rates 

and selectivity. [18, 19] These catalysts, especially integrating multiple metals when used as 

dopants or bimetallic materials, exhibit unique properties and synergistic effects that elevate their 

catalytic performance. [20-22] The potential of transition metal and ceria-based catalysts lies in 

improving the efficiency of CO2 conversion reactions, offering a pathway to synthesize syngas 

and hydrocarbons while mitigating the carbon footprint. Despite the laboratory experimental work, 

conducting the theoretical studies, such as Density Functional Theory (DFT), has the potential in 

the context of CO2 conversion and catalyst development which lies in their potential to provide 

crucial insights and guidance for experimental research. DFT calculations allow for the prediction 

of catalytic activity, identifying materials that have the potential to be effective catalysts  and this 

aids in the screening of a wide range of candidate materials before conducting time-consuming 

experimental work. 

The method of synthesis is a key point to the catalytic performance for CO2 conversion since 

different synthesis methods can lead to various morphology, particle sizes, even altered active 

phase. This research focuses on an innovative approach—synthesizing multi-metallic transition 

metal-based catalysts via reverse microemulsions (RME), which is particularly beneficial to 

synthesis of nano-scale particles with enhanced surface area and leads to superior catalytic 
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performance. This method provides meticulous control over catalyst composition, particle size, 

and morphology, aligning with the broader objective of creating sustainable, scalable, and 

reproducible catalyst synthesis techniques. This is a pivotal step towards realiz ing the full potential 

of CO2 utilization. 

In essence, this work aspires to contribute to the development of catalysts and processes that 

facilitate the conversion of CO2 into syngas and hydrocarbons. High activity, selectivity and 

durable non-noble metal catalysts are required for CCU systems; hence, this work aims to explore 

the advantage of the novel preparation methods and the synergistic effect that the combinations of 

metals could bring to reverse water gas shift reaction, CO2 methanation and CO2 direct 

hydrogenation to hydrocarbons. The deeper motivation underlying this research converges at the 

intersection of environmental stewardship and sustainable energy production. It endeavors to 

bridge the gap between the imperative to reduce CO2 emissions and the potential to harness CO2 

as a resource for clean and renewable energy generation. By doing so, it addresses the pressing 

challenges of our time while paving the way toward a more sustainable and energy-efficient future. 

1.2 Research hypothesis and objectives 

The overarching hypothesis of this thesis is established on that the efficiency of CO2 

conversion processes can be significantly enhanced and approach to the equilibrium conversion 

limit through the development and improvement of catalyst systems, including Co-Mo carbides 

and oxides, Fe/Al2O3, and CeO2-based materials. The choice of these materials is based on their 

unique properties and catalytic potentials. Co-Mo carbides and oxides are known for their 

exceptional thermal stability and resistance to poisoning, making them suitable for high -

temperature reverse water gas shift (RWGS) reaction. [1] Fe is a well-known catalyst for the 
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Fischer-Tropsch synthesis and CO2 hydrogenation due to its cost-effectiveness and availability 

[23]. The ceria (CeO2), is a support and active material due to its unique oxygen storage capacity 

and ability to shuttle oxygen, when doped with transition metals it shows improved performance. 

[13] 

It is proposed that by elucidating the underlying mechanisms and interactions at the 

molecular level, particularly through the advanced synthesis method, synergistic effects of 

bimetallic compositions and support interactions, one can achieve improved catalytic performance. 

In this PhD Thesis, the catalytic performance refers to higher CO2 conversion rates, selectivity 

towards desired products compared to monometallic materials, and stability under operation 

conditions. The hypothesis extends to the belief that a detailed understanding of the 

physiochemical properties of the catalysts, combined with insights from computer-aided materials 

modeling, can lead to the development of tailored catalysts that are more efficient and 

environmentally sustainable. 

To validate this hypothesis, this research aims to systematically investigate the impact of 

various synthesis methods, reaction conditions, and doping strategies on the catalytic activity and 

stability of the selected systems. This involves a comprehensive examination of the structural, 

electronic, and surface properties of the catalysts and their correlation with catalytic performance. 

The study hypothesizes that the integration of experimental findings with theoretical insights 

obtained from first-principles atomistic simulations will uncover near-optimal catalyst structures 

that promote enhanced CO2 adsorption, activation, and conversion pathways. Through this holistic 

approach, this PhD thesis seeks to contribute with novel methodologies and insights to the field of 
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catalysis, paving the way for the development of next-generation catalysts that offer a viable 

solution to the challenges posed by CO2 emissions and the need for sustainable energy sources.  

The primary objective of this thesis is to investigate and explore various catalysts for their 

efficacy and stability in CO2 thermo-catalytic conversion processes. This thesis aims to provide 

insights on the impact of synthesis methods on the catalyst structural properties and subsequent 

activity and selectivity during the CO2 conversion processes. The specific research objectives 

pursued in this thesis are as follows: 

• Exploration of reverse micro-emulsion method prepared cobalt (Co) and 

molybdenum (Mo) based bimetallic oxide and carbide catalysts for CO2 methanation. 

Assess the characterization and catalytic performance of the CoMo oxide and carbide 

and determine the carburization process of the bimetallic carbide. 

• Synthesis and characterization of Fe/Al2O3 catalysts prepared by reverse micro-

emulsion method for CO2 direct reduction to hydrocarbons. Evaluate the catalytic 

activity of the developed catalyst, and analyze the impact of the synthesis method on 

morphology and active phase. 

• Perform laboratory-scale tests on Cu doped CeO2 catalysts to assess the catalytic 

activity for reverse water gas shift reaction, and reveal the synergistic effects caused 

by introducing Cu to CeO2 lattice.  

• Provide insights on the underlying mechanisms during CO2 reduction on transition 

metal-doped CeO2 surfaces, and screen and identity suitable dopant material for CO2 

reduction with desired catalytic property via DFT analysis and laboratory-scale tests. 
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By establishing correlations between structural attributes, reaction conditions, and catalytic 

performance, this PhD thesis aims to provide insightful guidance for the future design and 

development of advanced CO2 hydrogenation catalysts, contributing to the broader goal of 

environmental preservation and sustainable energy. 

1.3 Thesis organization 

This thesis is structured to provide a comprehensive exploration of the research objectives 

and findings, addressing the pressing need to mitigate carbon dioxide (CO2) emissions and develop 

sustainable energy solutions. The organization is as follows: 

Chapter 1 offers an introductory overview of the global CO2 emissionss problem, 

highlighting the increasing urgency of addressing this issue, and sets the stage for the subsequent 

research. Chapter 1 also establishes the foundational aspects of the research, presenting the 

motivation behind the study and outlining the specific objectives to be achieved throughout the 

thesis. 

Chapter 2 presents an in-depth review of pertinent literature, covering topics such as CO2 

emissionss, utilization, and Power-to-Gas (PtG) technology, while delving into the theoretical 

underpinnings of CO2 conversion reactions and heterogeneous catalysis. 

Chapter 3 describes the methods employed in this research, encompassing catalyst synthesis, 

characterization techniques, and the computational tools used to gain insights into the studied 

reactions. 

In Chapter 4, the synthesis, characterization, and performance evaluation of cobalt (Co) and 

molybdenum (Mo) based bimetallic oxide and carbide catalysts for the reverse water gas shift 



7 
 
 

(RWGS) reaction are comprehensively discussed, shedding light on their viability for CO2 

conversion. The potential of reverse micro-emulsion synthesis methods in crafting novel cobalt 

(Co) and molybdenum (Mo) based bimetallic oxide and carbide catalysts designed for CO 2 

methanation are analysed. 

Chapter 5 centers on the development of iron/aluminum oxide (Fe/Al2O3) catalysts using the 

reverse micro-emulsion technique. This chapter aims to synthesize and characterize Fe/Al2O3 

catalysts for the direct reduction of CO2 to hydrocarbons. The catalytic activity of the developed 

catalyst is evaluated, and the impact of synthesis method on morphology and active phase will be 

analyzed.  

Chapter 6 presents the experimental investigation of copper-doped ceria (Cu/CeO2) catalysts 

for RWGS. This chapter provides insights into the synthesis, characterization, and performance 

evaluation of copper-doped ceria catalysts, particularly their applicability in the reverse water gas 

shift reaction. The intermediates and the mechanism of CO2 reduction on Cu/CeO2 surfaces are 

also investigated by experimental techniques. 

Chapters 7 presents a Density Functional Theory (DFT) analysis to investigate CO2 

adsorption on doped ceria catalysts and the reverse water gas shift reaction on transition metal 

doped ceria surfaces. This chapter combines DFT calculations and laboratory-scale experiments 

to screen and identify suitable dopant materials for CO2 reduction on doped CeO2 surface, while 

seeking to understand the factors in terms of electronic properties that influence catalytic stability 

and performance. 
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In Chapter 8, the key findings of the research are summarized. Additionally, 

recommendations for future research avenues are presented, including optimization of catalyst 

synthesis methods and the potential utilization of machine learning for material screening in CO2 

hydrogenation applications. This chapter serves as a comprehensive conclusion to the thesis, 

summarises the research's contributions and implications for future endeavors in this field.  
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Chapter 2  Literature review and theoretical background 

2.1 CO2 emissions, CO2 utilization, and Power-to-Gas 

The role of human activity in global warming is still under discussion. NASA has been 

tracking the activity of sun over the decades, but the average energy from the sun remained 

constant [24]. Another justification is that the temperature of the upper layer of the atmosphere 

experienced a decrease, but the lower layer is becoming warmer because the greenhouse gases are 

trapping the heat reflected from the earth’s surface [25]. 

The greenhouse gases can be produced by natural processes such as respiration and human 

activity such as the combustion of fossil fuels. There is plenty of evidence showing that the main 

reason for global warming is the rising concentration of greenhouse gas in the atmosphere [26], 

which is mainly caused by anthropological activities, primarily industrial and agriculture. 

Therefore, the accentuation of the greenhouse effect is the most possible cause of global warming.  

Among all the greenhouse gases, water vapour is the richest in the atmosphere, but it can 

participate into the natural cycle. Carbon dioxide (CO2) is not a strong greenhouse gas yet an 

abundant component in the atmosphere but controlling the CO2 emissions is a critical global issue. 

The concentration of CO2 in the atmosphere has increased by one-third since the onset of the 

Industrial Revolution, and large amounts of CO2 is still being released into the atmosphere [26]. 

In Canada, the total greenhouse gas emissions were 716 megatons of CO2 equivalent (Mt 

CO2 eq) in 2017, which is 2.0% lower than the 2005 level [27]. Canada has diligently worked to 

reduce the emission by various approaches, including switching fuel (e.g. to renewable sources), 

develop the process to increase efficiency and pricing carbon pollution.  [28-30] The biggest 
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component of GHG emission is energy production, which can be summarized into three sectors, 

transport, stationary combustion and fugitive. [27] 

Renewable energy might replace fossil fuel energy in the long-term future. The proportion 

of renewable energy has been pushed up gradually in the energy mix. In Canada, renewable energy 

sources currently provide about 19% of Canada’s total primary energy supply [31]. However, most 

renewable energy sources, such as solar, wind and hydro, are fluctuating and intermittent. For 

example, wind power is intermittent daily, and the maximum output may appear at night when the 

consumption of electricity is relatively low. Solar can be considered as a efficient, economical and 

clean energy, and the advantage of solar energy systems lies in their efficiency, scalability, and 

potential for aggregation with other processes to generate higher energy outputs, while their 

disadvantage is their dependency on meteorological factors, which directly impact energy 

outputs.[32] Biomass is also an attractive direction, particularly through Anaerobic Digestion (AD), 

is highlighted as an attractive and flexible renewable energy source with the potential to reduce 

water pollution, generate biogas, and contribute to decarbonizing energy systems by transforming 

organic materials into valuable fuels and fertilizers. [33-35] With the increasing number of 

renewable energies being developed, the utility of surplus electricity needs to be considered wisely; 

hence, advanced computational and prediction tools must be implemented in real-time to improve 

the efficiency in the operation of these systems when integrated with existing power and CO2 

capture and utilization systems such as chemical looping combustion system (CLC). [36-39] 

To avoid waste of the energy generated off-peak, power to gas (PtG) is a promising way to 

store the electricity in the form of chemical energy inside chemical bonds [40]. The main idea of 

PtG is to use green electrical power to produce hydrogen by water electrolysis. The resulted 

hydrogen can be used directly or as the reactant for further conversion. To make this whole process 
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renewable, the electricity consumed during water electrolysis should come from renewable energy 

such as surplus electricity as described above. From the utilization of this renewable H2, the fuels 

and chemicals generated from CO2 can also be renewable and eventually leads to fewer net carbon 

emissions. 

A disadvantage that needs to be overcome in the PtG chain is the low efficiency of water 

electrolysis [41]. The total energy will lose 30% from renewable electricity to compressed 

hydrogen delivered from the electrolysis. Nowadays, there are three favoured electrolysis 

approaches, alkaline electrolysis, Proton Exchange Membrane (PEM) electrolysis, and solid oxide 

electrolysis. Among them, alkaline electrolysis is the most wildly used method for economic 

reasons. However, if the cost of PEM electrolysis can be cut down by more advanced technologies, 

PEM will be the most suitable electrolysis method for practical industrial production [41]. 

2.2 CO2 conversion to fuels and chemicals 

2.2.1 CO2 hydrogenation reactions 

To date, the proportion of renewable energy has been increased gradually in the energy mix. 

To avoid losses of the renewable energy generated off-peak, [42] power to gas (PtG) is a promising 

way to store the electricity in the form of chemical energy. [1] One of the concepts of PtG is to use 

renewable power to produce renewable hydrogen (H2) via water electrolysis.  

This renewable H2 can be coupled with the captured CO2 to generate renewable synthetic 

fuels and chemicals. This pathway leads to lower net carbon emissions through the displacement 

of fossil fuels via artificial carbon recycle. [40] There are three main pathways for CO2 reduction: 

thermocatalytic, photochemical, and electrochemical. Photochemical and electrochemical 

reduction have certain limitations of efficiency and capacity, as well as several advantages, such 

as low operation temperature and in situ H2 generation. [43, 44] Thermocatalytic conversion of 
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CO2 is favoured by high reaction rates resulting from the high-temperature reaction conditions, 

allowing large scale production. Probably the main disadvantage of the thermocatalytic pathway 

is that it requires gaseous H2, making reduction of the electrocatalytic H2 production cost 

imperative.   

Several pathways of thermocatalytic CO2 conversion have been studied in recent decades. 

Sabatier reaction (eq. 1-1) [45] is the CO2 methanation process that can be used for renewable 

natural gas (RNG) production. On different catalysts and under different reaction conditions, 

syngas (a mixture of CO and H2) can be obtained from CO2 via reverse water gas shift (RWGS, 

eq. 2-2). [40] Syngas is an essential feed for various downstream processes including CO 

methanation (eq. 2-3), methanol production (eq. 2-4) [46], and Fischer-Tropsch (FT) synthesis (eq. 

2-5). [47] 

2 2 4 24 2CO H CH H O+ +     298 164
kJ

H
mol

 = −         (2-1) 

2 2 2CO H CO H O+ +     298 41
kJ

H
mol

 = +         (2-2) 

2 4 23CO H CH H O+ +     298 206
kJ

H
mol

 = −         (2-3) 

2 32CO H CH OH+     298 91
kJ

H
mol

 = −         (2-4) 

2 2 2 2(2 1) n nnCO n H C H nH O++ + → +   298 165
kJ

H
mol

 = −         (2-5) 

2.2.2 Mechanisms of CO2 conversion using heterogeneous catalysis 
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i Mechanism of reverse water gas shift 

Depending on the conditions, hydrogenation of CO2 can lead to various products such as CO, 

methane, methanol, and other valuable chemicals. Methanation of CO2 (Sabatier reaction) and 

reforming to methanol are the two most competitive side reactions when it is under the RWGS 

operation condition. Understanding the underlying mechanism of the reactions is essential to 

identify attractive materials that can be further optimized thus accelerating the discovery of novel 

catalyst materials. [48, 49]  

Table 2-1 Element reactions of three RWGS mechanisms. [59] 

 

The mechanism of reverse water gas shift is still under investigation. Depends on different 

kinds of catalysts, reaction conditions including temperature, pressure and CO2/H2 ratio, the 

pathways and reaction order may differ. [50] Through the studies proposed so far, mechanisms on 

copper and Pt-based catalysts attracted attention intensively. [51] The mechanism of WGS is often 

discussed together with RWGS since the elementary reactions can be reversible. As shown Table 

2-1, three reaction mechanisms have been widely recognized for the RWGS reaction (i) The CO2 

is reduced by the metal to form a metal oxide and CO while the oxidized metal is further reduced 

by hydrogen returning to metal state. [52, 53] (ii) A reactive radical intermediate, formate (HCOO) 

is involved throughout the reaction and split to hydroxyl and CO, as shown in Figure 2-1. [54, 55] 
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(iii) A relatively new pathway was also reported recently, that a reactive radical intermediate, 

carboxyl (COOH) is dominant on Cu(111) during the reaction. [56-58] 

 

Figure 2-1 RWGS mechanism over K-Cu/SiO2 catalyst. [55] 

 

 

Figure 2-2 RWGS mechanism over Pt/CeO2 catalyst [53] 

Goguet et al, [53] proposed a direct re-oxidation reaction scheme of RWGS on Pt-CeO2 

catalyst. The dominated intermediate was the surface carbonates as shown in  Figure 2-2. CO2 

molecules were adsorbed on the CeO2 support and react with oxygen vacancies to form carbonate 

species. Then CO was released via two parallel routes, which are directly released by the 

carbonates or the carbonates can migrate to the platinum-ceria interface and released CO by 
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forming Pt-bound carbonyl intermediates. Although formate and carbonyls were detected as well, 

they were all demonstrated not to be the main routes and the CO generated from those two 

intermediates is limited.  

Shido et al. [54] suggested that the intermediate on ZnO during RWGS was bidentate formate 

and the decomposition of the formate species was highly promoted by the co-adsorption of H2 but 

inhibited by the co-adsorption of CO2. They also claimed that the water gas shift reaction also took 

place through bidentate formate but at different active sites. RWGS on Cu/SiO2 promoted by 

potassium was reported to follow a formate mechanism and the potassium can improve the 

adsorption ability of CeO2. [55] As indicated in Figure 2-2, adsorbed hydrogen atoms can spill to 

the interface between K2O and copper to form formate and H2O, followed by releasing CO and 

H2O. 

Recently, some experimental and DFT studies on water gas shift over Cu and Pt-based 

catalysts suggested that on some catalysts, even formate species were generated during reaction 

but they were not involved in the elementary reactions and were more count as spectator species. 

[56, 58] Moreover, in other studies, formate species were reported to block the active sites instead 

of being intermediates. Carboxyl (COOH) formed from adsorbed CO2 and H was identified to be 

the critical intermediate on the contrary, which was highly reactive yet hard to identify. [58] 

ii Mechanism of CO2 hydrogenation to hydrocarbons 

CO2 can also be hydrogenated to hydrocarbons through direct or indirect pathways. The 

indirect routes are often RWGS reaction (eq. 2-2) followed by Fischer-Tropsch process (eq. 2-5). 

𝐶𝑂2 + 𝐶𝐻4 ⇌  2𝐶𝑂 + 2𝐻2 
Δ𝐻298

° = +248
𝑘𝐽

𝑚𝑜𝑙
 

(eq. 2-2) [40] 
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𝐶𝑂 + 2𝐻2 ⇌ (𝐶𝐻2)+ 𝐻2𝑂 
𝛥𝐻298

° = −154.1
𝑘𝐽

𝑚𝑜𝑙
 

(eq. 2-5)[59] 

 

Figure 2-3 Reaction mechanism of CO2 hydrogenation to hydrocarbons. [60] 

Lee et al. [60] proposed a modified mechanism of direct conversion to hydrocarbon on Fe-

based catalysts and the deactivation of Fe catalysts was also included (Figure 2-3). Formate species 

are the intermediates and with the attacking of H, Fe-CH2 radical can be formed which was the 

chain growth step. A lower H2 uptake was proposed to be beneficial to the selectivity towards 

long-chain hydrocarbons, which means a suitable hydrogen ratio in the feed is crucial to the 

reaction behaviour. 
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iii Mechanisms of other CO2 hydrogenation reactions 

The mechanism of CO2 methanation also remains controversial and the two mainstream 

opinions are: [61] (i) CO2 is first converted to CO and the routes are identical as RWGS followed 

by CO methanation reaction [62] (ii) direct methanation occurs without forming CO as 

intermediate. [63] Marwood et al. [62] demonstrated that the CO2 methanation over 2 wt% 

Ru/TiO2 experienced a pathway that first forms formate species to produce CO then followed by 

CO methanation (Figure 2-4). On Pd/ZrO2 catalyst, the generation pathway of CH4 was proposed 

to be the direct hydrogenation of adsorbed surface formate and no CO intermediate was observed. 

[63] 

 

Figure 2-4 Reaction pathway of formation of methanol on Cu/ZrO2 catalyst. [64] 

Methanol is also an important product for CO2 hydrogenation. Two reaction pathways were 

proposed, [65] formate pathway and hydrocarboxyl (trans-HOCO) pathway. [66] On Cu/ZrO2 

catalyst, methanol can be produced through a dual-site reaction. [64] Figure 2-5 indicates the 

reaction mechanism that metal-oxide interface was critical for the formation of intermediate 

formate. The migration of H subsequently resulted in the release of methanol and H2O.  
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Figure 2-5 Mechanism of CO2 methanation over 2 wt% Ru/TiO2. [62] 

2.3 Heterogeneous catalysts for CO2 hydrogenation 

2.3.1 Catalysts for reverse water gas shift 

The most studied materials for RWGS are copper-based catalysts, noble metal catalysts and 

supported ceria. Copper is advantageous for RWGS to perform activity even at low temperature 

(~165 °C) and high selectivity towards CO [52]. However, CO2 is difficult to dissociate on clean 

copper metal surface when the ratio of H2/CO2 is low [67, 68], which leads to numerous studies 

focused on various supports and promoters cooperating with copper. Copper is also used in the 

reverse reaction, waster gas shift reaction.  

Chen et al. investigated the behaviour of Cu-based catalysts supported on Al2O3 and SiO2 

[69-71]. With the increase of H2/CO2 ratio, a small amount of methane will start to form from 

H2/CO2ratio is 1 at 500 °C. They emphasised the necessity of hydrogen in the dissociation of CO2 

on the catalyst surface and the formation of intermediates to CO. The mechanism was also 

proposed in several studies that the key intermediate of RWGS is formate species and the 

decomposition of formate is the dominated pathway of the reaction [70]. 

The promotion effect of potassium on Cu/SiO2 catalysts was studied by Chen et al. as well 

[55]. At 600 °C, with the presence of potassium, the conversion of CO2 was doubled compared to 
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monometallic catalyst Cu/SiO2. The role of K is to generate new active interfacial sites between K 

and Cu; hence the adsorbing capacity of CeO2 is an order of magnitude greater than Cu/SiO2. Iron 

can also promote the catalytic performance of Cu [72], as Figure 2-6 depicts, not only to create 

new active sites but also can strengthen the stability of Cu at higher temperatures, which means 

preventing sintering and inhibiting the oxidation of Cu. 

  

Figure 2-6 The comparison of 10 wt% Cu/Al2O3 with and without 0.3wt% Fe: (A) the 

dependence of CO2 conversion on reaction time for H2/CO2 with 1:1 ratio. [72] 

Noble metals (Pt, Pd and Rh) exhibit good stability during the reaction compared to copper 

catalysts, especially at high temperatures, and the sintering and coking effect is much lower on 

noble metal catalysts. Nevertheless, the notable weakness of noble metal catalysts lies in their 

substantially higher cost. Platinum supported on Ceria catalysts were reported to have catalytic 

activity at low temperature (100-300 °C). On Pt/TiO2 catalyst, with 1 wt% Pt loading, a 20% 

conversion of CO2 and 95% selectivity towards CO can be achieved at 400 °C with a gas hourly 
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space velocity (GHSV) of 6,000 mL h -1gcat
-1, CO2/H2/N2=45/45/10. Pt-Ov-Ti3+ sites are the active 

sites during the RWGS reaction, while the Pt-CO formed only on Pt particle cannot produce CO 

at low temperature [73]. K was also reported to promote Pt/mullite catalyst visibly as shown in 

Figure 2-7. The participation of K between Pt and CO assisted the formation of formate 

intermediates and the interaction between Pt and K facilitated the decomposition of formate to CO 

which result in enhancement of CO2 conversion as well as the selectivity to CO [74]. 

 

Figure 2-7 Catalyst performance of Pt/TiO2 as a function of temperature. Reaction 

conditions: GHSV=30,000 mL h-1gcat-1, CO2/H2/N2=45/45/10. [74] 

Inoue et al. [75] reported the performance of rhodium on various supports (ZrO2, Nb2O5, 

MgO and TiO2). Rh/ZrO2 and Rh/Nb2O6 showed the highest activity towards CO2 methanation 

while on Rh/TiO2 CO is produced immediately. However, some studies suggested that on Ru/TiO2, 

the formation of CO is not evident and most of the product is methane [76]. The product is highly 

dependent on the precursor and preparation condition [77]. The combination of Fe and Ru can 

increase the selectivity to CO on Ru/TiO2 (around 40%), but still incomparable to Fe/TiO2 (around 

90%) [78]. 
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Transition metals are considered as more valuable catalysts for RWGS since most of them 

are affordable and can provide similar catalytic activity as some precious metals. Nickel-based 

catalysts (NiO/CeO2) with low Ni loading (<3 wt%) were observed to have 100% selectivity 

towards CO [20]. NiO/CeO2 was tested by Lu and Kawamoto at atmospheric pressure in a range 

of 400-900 °C with H2:CO2=1, GHSV=14,400 mL h-1gcat
-1. With the increasing of NiO loading, 

the conversion of CO2 increased but the by-product methane started to form when Ni loading was 

higher than 3 wt%. However, when the temperature continued to rise to 900 °C, the selectivity 

could reach 100% approximately and the conversion differences are narrowed [20]. Kim et al. [79] 

reported the performance of Fe-based catalysts. Unsupported Fe oxide was tested for 19 hours, at 

600 °C, atmospheric pressure, GHSV=6,000 mL h -1gcat
-1, H2:CO2=1, and the conversion was 

stabilized at 31%, with 100% selectivity to CO during the reaction which exhibited good activity 

and stability [79].  

Table 2-2 Summary of conversion, TOF and selectivity of Mo catalysts and selected bi-

metallic catalysts. [22] 

Catalysts Conversion [%] TOF [min -1] CO:CH4 Ratio 

PtCo/CeO2 6.6 14.6 4.5 

PdNi/CeO2 2.5 5.6 0.6 

Mo2C 8.7 25.7 14.5 

Co-Mo2C 9.5 16.1 51.3 

 

Molybdenum has been interested for its impact on both H2 dissociation and CO2 scission 

[22]. Mo2C showed superior performance in RWGS than precious metal based catalysts as 
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summarized in Table 2-1, PtCo/CeO2 and PdNi/CeO2, which are proposed to be more active than 

monometallic catalysts, Pt or Pd [22]. The addition of Co to Mo carbide can further promote the 

performance which will be introduced in part 2.5 in detail. Gao [80] et al. successfully synthesized 

α-MoC1-x and β-Mo2C (XRD patterns showed in Figure 2-8) by controlling the preparation 

conditions and both catalysts performed excellent catalytic activity, selectivity and stability. At 

600 °C, 1 atm, GHSV=36,000 mL h -1gcat
-1, H2:CO2=4, the conversion of CO2 was around 60% 

which almost approached the equilibrium conversion and no other by-products observed [80]. 

 

Figure 2-8 TEM images of α-MoC1-x (a and b) and β-Mo2C (c and d); XRD patterns (e) of 

Mo2C samples calcined at different temperatures. [80] 

Ceria (CeO2) is well known in catalysis and widely used as a support material due to its high 

oxygen storage capacity. Ceria has the ability to reversibly store and release oxygen while 

switching the cerium charge from Ce4+ to Ce3+. The oxygen vacancies formed can act as active 

sites for catalytic reactions [81, 82]. Ceria can exist in different morphologies (cube, rod and 

particle) with different crystalline planes exposed on the surface [83]. While the use of ceria as a 

support or a promoter is well documented, only a few studies have been reported on the RWGS 

reaction over pure ceria.  
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Liu et al. [84] explored the properties of ceria nanocubes, nanorods, and nanooctahedra 

crafted through hydrothermal synthesis techniques. These catalysts uniformly showcased a 100% 

preference for generating CO, with nanocubes featuring six distinct (100) planes achieving the 

highest conversion rates. Specifically, a 45% conversion of CO2 was attained at 800 °C, whereas 

at a lower temperature of 500 °C, the conversion significantly dropped to 5%. In a related study, 

Konsolakis et al. [85] documented a 45% conversion of CO2 and a 90% selectivity for CO when 

using ceria nanorods and nanocubes, also synthesized hydrothermally, under conditions of 500 °C, 

1 atm, and a gas flow rate of 20,000 mL g-1 h-1 in a quartz fixed bed reactor. The experiments were 

conducted with a H2/CO2 feed ratio of 9. Dai et al. [86] investigated the RWGS reaction using 

purely synthesized ceria via hard template, complex, and precipitation methods. Tested under 1 

atm, with a H2/CO2 ratio of 4 and a gas flow rate of 60,000 mL/(g h) across temperatures ranging 

from 300-580 °C in a quartz reactor, these catalysts demonstrated a perfect CO selectivity and a 

CO2 conversion rate varying between 9-16% at 580 °C, compared to the equilibrium conversion 

of 65%. Mordekovitz et al. [21] studied the effects of gas adsorption on Ca- and Ti-doped CeO2 

surfaces. Their catalytic efficacy was evaluated in a quartz reactor across a temperature range of 

450-700 °C, at 1 atm, using a H2/CO2 ratio of 1 and a flow rate of 72,000 ml/(g h). The findings 

revealed that pure CeO2 reached a peak conversion of 20% at 700 °C, with a 3% conversion 

observed at 500 °C. A modest enhancement in CO2 conversion to 23% at 700 °C was seen with 

Ce0.88Ti0.12O2, attributed to its improved reducibility. 

2.3.2 Catalysts for CO2 hydrogenation to hydrocarbons 

Recent studies have proved that at certain conditions and on certain catalysts, CO2 can be 

converted directly to hydrocarbons, including alkanes and olefins, which can be regarded to as 

modified FT process. C2+-based products, namely C2H4, C2H6, alcohols, CH3OCH3 (DME), 

gasoline, and jet fuel, are of increased energy density, wider application range, and higher 
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economic value with increasing demand. [87] The design of catalysts for CO2 hydrogenation to 

hydrocarbons via thermocatalytic conversion is among the most important challenges to be 

addressed since an appropriate catalyst must be active for both RWGS (eq. 2) and FT (eq. 5). 

Moreover, CO2 and CO methanation are competing reactions, making the selectivity towards C-C 

bond formation imperative.  

Multiple factors may contribute to the catalyst activity and selectivity towards formation of 

long carbon chains. Increasing amount of literature is devoted to the development of highly 

selective and cost-effective catalysts (cost considerations are important for practical applications). 

Various metal-based catalysts have been studied for Fischer-Tropsch synthesis. These catalysts 

could be typically considered as candidates for modified FT conversion as well. Iron (Fe) have 

been employed as a conventional FT catalyst for decades, [88-92], and is still the most favoured 

catalyst for converting CO2 to hydrocarbons directly. Studies on Fe-based catalysts mainly focuses 

on various promoters, as well as on different types of supports. Several promoters, including K, 

Cr, Mo, Zn, and La [93-95] have been reported to enhance the activity; however, the most 

challenging issue is to improve the selectivity to C2+ hydrocarbons, i.e., reduce the conversion of 

CO2 towards CO and CH4, but promote the C-C coupling reaction which leads to C2+ 

hydrocarbons. Initial observations from earlier studies have suggested that K is the most prominent 

promoter. A comprehensive study of Fe-based catalysts doped with various promoters for CO2 

conversion to small hydrocarbons was conducted by Barrios et al. [96] Among 15 promoters 

investigated, the Cs-promoted Fe catalyst showed the highest conversion with space time yield 

(STY) of approximately 3.5 mmol g-1 h-1  at 10 bar and 350 °C, while all promoters studied showed 

suppression effect on CO2 conversion. Ding et al. reported the Fe0.30Co0.15Zr0.30K0.10O1.63 catalyst 
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for light olefin production with a STY of 4.93 mmol g-1 h-1 at 310 °C and 2.0 MPa, and revealed 

the importance of surface oxygen vacancies and hydroxyl groups for catalytic performance. [97] 

Riedel et al. [98] indicated that RWGS is the first step of CO2 hydrogenation and, 

subsequently, hydrocarbons are produced via FT reaction on alkalised iron catalysts. Supports also 

can influence CO2 conversion, selectivity, and hydrocarbon yields. Riedel et al. observed the 

highest CO2 conversion on Al2O3 as compared to SiO2 and TiO2, due to the increasing amount of 

adsorbed CO2, with the selectivity remaining virtually unaffected by the support type. [98] With 

the addition of K (alkali promotion), not only the CO2 conversion was increased, but also the 

carbon product distribution moved significantly to higher hydrocarbons and olefins, which was 

explained by the facilitating effect of K for Fe carburization under the reaction conditions.  [98] 

Cu-Fe bimetallic catalysts attracted wide interest because of the synergetic promoting effect, 

preventing the formation of CH4 and enhancing the selectivity towards C2+ hydrocarbons. [99] 

Choi et al. [47] proposed that Cu-Fe catalysts synthesized from delafossite-CuFeO2 precursor 

enhanced the formation of Hägg carbide (χ-Fe5C2), which is considered the primary active phase 

for Fe-based FT synthesis. K-doped Fe-Co bimetallic catalysts were successfully synthesized 

through a pore-filling incipient wetness impregnation method by Satthawong et al. [100] The 

selectivity to C2+ hydrocarbons and the chain growth probability of gas-phase hydrocarbons were 

significantly improved by the presence of K.  

Chen et al. [101] reported the possibility of Mo2C-supported metal catalysts for C2+ 

hydrocarbon synthesis. The reaction was carried out at relatively low temperatures (135 °C and 

200 °C), and several different metals (Cu, Pd, Co, and Fe) were dispersed onto the Mo 2C support. 

Cu- and Pd-based catalysts promoted the formation of methanol, while the addition of Co and Fe 

facilitated the formation of C2+ hydrocarbons.  
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2.3.3 Catalysts for other CO2 hydrogenation reactions 

RNG can be stored or distributed to end users through pre-existing natural gas infrastructure. 

Additionally, the system can be utilized to store excess energy from intermitted renewable sources 

through the power-to-gas (PtG) approach [40]. The technical and economic feasibility of such a 

system will depend on multiple factors, including the type of catalyst. Proper catalyst selection to 

achieve high activity, selectivity and stability at low cost is the key. Sabatier reaction is 

thermodynamically favorable at high pressure and low temperature [102]; however, searching for 

materials that can result in fast reaction rates at low temperature is challenging. Therefore, there is 

strong need to develop highly active and stable catalytic materials that selective to CH4 formation. 

Normally, elements of group VIII to X of the periodic table can be used to synthesize Sabatier 

catalysts. Activities and selectivities for different metals have been compared in the literature: 

Mills et al. ranked the activity towards Sabatier reaction as Ru > Fe > Ni > Co > Mo  [103]. In the 

same study, the selectivity was ranked as follows: Ni > Co > Fe > Ru [103]. Typically, metal 

oxides such as alumina (Al2O3) are used as supports to provide increased surface area [104]. 

The highest catalytic activity reported thus far was for the Ru-based catalyst. Abe et al. 

reported 100% CO2 conversion and selectivity with a 0.8wt% Ru/TiO2 at 160 C, but at very low 

GHSV of 0.24 mL gcat
-1 h-1 [105]. A different study on a 5wt% Ru/Al2O3 catalyst found conversion 

and selectivity to be 55% and 95% respectively at 350 C [106]. In another study, the performance 

of Rh-based catalysts was compared while manipulating the support materials. It was found that 

ZrO2 had the highest conversion, followed by Al2O3 and SiO2 [107]. Swalus et al. investigated the 

synergetic effect of mechanically mixed Rh/γ-Al2O3 and Ni/C [108]. They found that the mixed 

catalyst is 100% selective towards CH4 and observed higher CH4 production compared to the 

single catalyst. It was suggested that Rh/γ-Al2O3 allows for quick adsorption of CO2 while H2 is 
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adsorbed by the Ni/C, resulting in higher CH4 production. Xu et al. found that Ru/TiO2 is more 

active in CO2 methanation than Ru/Al2O3 (3 times higher reaction rate) [109]. Sharma et al. 

reported 55% CO2 conversion with 99% CH4 selectivity for ceria doped Ru catalyst [110]. Other 

precious metals, such as Pt and Pd, were studied as well, showing good conversion and selectivity 

to Sabatier reaction [111, 112]. Martins et al. studied CO2 methanation over the shape-controlled 

Pd nanoparticles encapsulated in mesoporous silica [113]. Encapsulation improved the stability of 

the nano-particles against sintering. However, despite their excellent catalytic properties precious 

metals are not feasible for industrial, large scale RNG generation systems, simply due to their high 

cost [104]. Especially considering the fact that RNG is a low-value commodity and its selling price 

should be comparable, or at least reasonably close to the price of natural gas.   

Unlike precious metals, non-noble transition metals are promising candidates for large-scale 

commercial applications due to their high availability, low cost, and reasonably high catalytic 

activity [114]. Ni-based catalysts have been studied quite extensively for Sabatier reaction [115]. 

Garbarino et al. studied  CO2 hydrogenation over a 20wt% Ni/Al2O3 catalyst at 400 C and GHSV 

of 55,000 mL gcat
-1 h-1 [116]. They obtained 81% CO2 conversion with 96% CH4 selectivity. Cai 

et al. modified the Ni/Al2O3 catalyst by the addition of ZrO2, resulting in better activity and 

stability [117]. Takano et al. reported 82% CO2 conversion with 100% CH4 selectivity over Ni 

supported on Y-doped ZrO2 at 350 °C, indicating that the oxygen vacancies formed due to the 

doping of Y+3 to ZrO2 are responsible for high activity [118]. Rahamani et al. studied the 

performance of different Ni supported mesoporous Al2O3 catalysts [119]. They observed a 

decrease in specific surface area from 177 to 130 m2/g as the Ni content increased from 10 to 

25wt%, with the 20wt% Ni/Al2O3 catalyst showing the highest CO2 conversion (~79%) with 100% 

selectivity to CH4 formation at 350 °C. Tada et el. carried out CO2 hydrogenation over a sponge 
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Ni catalyst (the sponge has high thermal conductivity avoiding hot spots) and observed 83% CO2 

conversion at 250 °C and GHSV of 4200  mL gcat
-1 h-1 [120]. However, despite good catalytic 

activity and selectivity, Ni catalysts are vulnerable to deactivation. At typical operation 

temperatures of Sabatier reaction (700-800 K), catalyst deactivation is predominately due to 

carbon deposition on the catalyst surface (coking). Coking further results in surface fouling, 

blocked active sites and reduction in overall catalyst activity overtime  [121]. 

In several studies non-noble transition metals other than Ni were investigated for their 

catalytic performance in CO2 methanation. Alrafei et al. studied CO2 methanation over alumina-

supported Ni-Co catalysts for various loading of Ni and Co. They observed that the presence of 

Co increased the activity and selectivity towards CH4 due to its positive effect on Ni reducibility 

[122]. Primo et al. investigated CO2 methanation over MoS2 supported on graphene (MoS2/G) 

[123]. The experiments showed promising results for MoS2/G as a methanation catalyst as 

compared to bulk MoS2 that favors the RWGS reaction. Recently, Zhong et al. utilized LaNi5H5 

for CO2 methanation [124]. LaNi5H5 plays a dual role, serving as a solid state H2 source and 

providing at the same time reduced Ni for catalytic reduction. Despite a considerable amount of 

work on Sabatier reaction catalysis, most of studies focused on expensive noble metals. Ni-based 

catalysts are low-cost but vulnerable to deactivation.  

2.3.4 Bi-metallic and multi-metallic catalysts 

i. Bi-metallic and multi-metallic oxide catalysts 

It has been reported that the combination of two or even more metal elements can contribute 

to the advantages of individual metals such that they provide unique properties that result from the 

synergy between the metals. The utilization of bi-metallic catalysts has been investigated for 

various applications. For instance, Jiang et al. [125] studied the Pd-Cu bimetallic catalysts for CO2 
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hydrogenation to methanol. The XRD patterns indicated the formation of CuPdO2 after calcination 

and the bi-metallic oxide was reduced to PdCu3 alloy in the pre-reduction. The synergistic effect 

was observed on the alloy which led to the promotion of the methanol formation rate which was 

higher than the sum of the monometallic Cu and Pd catalysts. Huang et al. [126] reported a CoO-

NiO-Al2O3 system for CO2 reforming of CH4. The presence of Co conduced to superior stability 

than NiO-Al2O3 catalyst owing to the mesoporous monometallic alloy from reduction before the 

reaction. 

Regarding RWGS, bi-metallic and multi-metallic catalysts have also made an important 

contribution to development of RWGS catalysts. It has been reported that the addition of Mo to 

Fe/γ-Al2O3 can improve the activity due to better Fe dispersion and smaller particle size of Fe 

species. From the TPR patterns (Figure 2-9), it can be seen that the temperature of the H2 

consumption peaks of Fe-Mo/Al2O3 are higher than for the monometallic catalysts. The structure 

of the Fe-O-Mo is monoclinic Fe2(MoO4)3 and this bi-metallic oxide is harder to reduce than Fe 

oxide which provides the enhancement of stability by inhibiting the reduction of the catalyst under 

reaction condition. [127] 

Ye et al. [128] demonstrated that, compared with Pd/SiO2 catalyst, bi-metallic Pd-In/SiO2 

exhibited lower activity (Figure 2-10) and the number of active sites on the surface for H2 

chemisorption was less, which leads to lower conversion of CO2. However, the selectivity towards 

CO at high temperature is much higher than Pd/SiO2 which because of weaker adsorption of CO 

on PdIn surface. Ro et al. [129] reported the AuMox/SiO2 catalysts with different Au/Mo ratios 

that were synthesized by controlled surface reactions and the performance for RWGS was tested 

with and without the addition of visible light. It showed that Au 1Mo0.1/SiO2 is the most active 

catalyst and is 30 times more active than monometallic Au catalyst benefited from the formation 
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of interfacial sites. Furthermore, the addition of visible light can also increase the activity by 

around 5 times. 

 

Figure 2-9 The H2-TPR patterns of calcined Mo/Al2O3, Fe/Al2O3 and Fe-Mo/Al2O3 catalysts. 

[128] 

Barium zirconate-based perovskite-type catalysts have also been tested for RWGS reaction. 

At 600 °C, Zn- and Y- doped catalyst (BaZr0.8Y0.16Zn0.04O3) showed superior activity but the 

introduction of Ce into the catalyst can decrease the activity. [130] It was reported that both 

promotion and restraining effects were caused by vacant oxygen sites. On the one hand, increasing 

the vacant oxygen sites can be beneficial to the activity, but they can also can decrease the stability 

of the catalyst during reaction. Mg-Fe-Al-O catalysts were prepared by Dharanipragada et al. [131] 

and a MgFeAlOx phase was confirmed in all samples. The presence of the spinel improved the 

activity also the stability of the Fe catalyst to a great extent. The CO yield obtained on this catalyst 
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was 10 times higher than 10 wt% Fe2O3/Al2O3 and was stable throughout over 60 cycles of 

reduction and re-oxidation between Fe3+ to Fe2+ at 750 °C.  

 

Figure 2-10 Pd–In/SiO2 and Pd/SiO2 catalysts catalytic performance and XRD patterns (a) 

CO2 conversion (b) CH4 yield and (c) X-ray diffraction patterns. [128] 

ii. Bi-metallic and multi-metallic carbide catalysts 

Most of the transition metals can form different carbides and nitrides, except for some second 

and third-row elements. Recent studies indicated that transition metal carbides have outstanding 

catalytic performance in terms of activity, selectivity and poisoning resistance. Due to those 

advantages, transition metal carbides have been investigated on plenty of thermo -catalytic 

reactions. To modify the catalysts and search for preferable performance, addition of another metal 

as promoter on the surface or introduce another metal atom into the lattice can modify the catalyst 

properties, which may contribute to various improvements. 

Co3WO4 was used as the precursor of Co6W6C catalyst after a multi-step carburization 

process in the mixture of CO2 and CO. [132] The synthesized Co6W6C is a decent heterogeneous 

catalyst for dry reforming of methane at high temperature. The bi-metallic carbide was not efficient 

at a range of 500-850 °C, however, when the temperature reaches 850 °C, an active and stable 

phase which contains Co, WC and C can be formed and was active even at lower temperature. Du 
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et al. [133] reported Co-Mo carbide catalysts applied in dry reforming of methane. Though no 

CoMoCx phase is observed in XRD patterns, they indicated that cobalt incorporated into the Mo2C 

carbide by replacing the atoms inside lattice while the framework was not changed significantly. 

When the loading of the bi-metallic carbide reached 15 wt%, the conversion of CO2 and CH4 were 

both increased significantly with the addition of Co.  

Co-W carbides were also investigated in the application of CH4 partial oxidation and the 

results showed that the catalytic performance was better than molybdenum carbide. [134] Zhao et 

al. [135] prepared a series of Ni-Mo carbide catalysts by sol-gel method for CO hydrogenation. 

For catalysts with Ni/Mo ratio over 0.17, Ni6Mo6C might form but for the catalysts with a ratio 

equalled 0.17, no bimetallic carbide peaks were observed while the catalyst consists of NiO and 

β-Mo2C. The highest conversion and selectivity towards alcohol was achieved on Ni0.5MoC 

sample and the active site for alcohol formation was the Ni6Mo6C phase derived from 

characterization results. 

There have been relatively few studies that specifically concentrate on bi-metallic carbides 

for reverse water gas shift (or water gas shift) reaction. Most of the bi-metallic carbide catalysts 

developed were one metal dispersed on another type of metal carbide and more often, only small 

proportion of bi-metallic carbide phase was observed. Most of the studies were based on Mo2C 

because of its outstanding properties in RWGS. [50] Various promoters and modifications have 

been applied to Mo2C to improve the catalytic performance especially on the activity while the 

Mo2C itself exhibited superior stability during the reaction.  
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Figure 2-11 Left: Electron microscopic characterizations of 1 wt % Cu/β-Mo2C sample: (a) 

TEM image (scale bar, 10 nm) and (b) STEM image. Element mapping of (c) C (d) Mo (e) Cu and 

(f) Cu + Mo. Right: XRD patterns of Cu-Mo2C catalysts. [136] 

As summarized in Table 2-2, Mo2C outperforms PtCo/CeO2 and PdNi/CeO2, and with the 

promotion of Co, the conversion of CO2 was even higher. [22] The ability of Co-Mo2C to 

dissociate CH4 strengthen the selectivity to CO and Mo2C was maintained in carbide state by re-

carburization effect during the reaction. CoMoCyOz was formed and considered to be responsible 

for the superior performance of RWGS. Zhang et al. [136] synthesized highly dispersed metal 

copper over β-Mo2C for RWGS; however, no bi-metallic carbide phase was detected in XRD 

pattern (Figure 2-11). Copper is highly active for RWGS but can easily deactivate due to 

aggregation at a high temperature which is required for high conversion for RWGS. With the 

presence of β-Mo2C, the dispersion of Cu was enhanced on 1 wt% Cu/β-Mo2C as the element 

mapping indicates in Figure 2-11, and no aggregation or sintering of Cu was detected after a 40h 

RWGS reaction at 600 °C. Moreover, Cu+ was detected in the sample which revealed the 

interaction between Cu and Mo2C, making Cu species more active for CO2 hydrogenation.  
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Figure 2-12 (A) CO2 conversion (B) CO and CH4 selectivity for the β-Mo2C, Cu-Mo2C, Cs-

Mo2C, Cu-Cs-Mo2C and commercial Mo2C. [137] 

The role of Cs and Cu on Mo2C catalysts was also proposed by Zhang et al. [137]. The CO2 

conversion on Cu-Mo2C and Cu-Cs-Mo2C were quite similar to β-Mo2C which were close to the 

equilibrium conversion and Cu-Mo2C exhibited higher selectivity towards CO (Figure 2-12). Cs-

Mo2C showed relatively lower conversion compared to other counterparts but the selectivity 

outperformed other catalysts particularly at low temperature which may attribute to the electronic 

effects of Cs on Mo2C. Furthermore, the Cs-Mo2C catalyst showed higher activity (conversion 

from 54.8% to 66%) after 50 hours on stream and exceeded the conversion on β-Mo2C (stable at 

around 60%). 
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Nagai et al. [1] particularly discussed the Co-Mo carbide catalysts for water gas shift with 

different Co/Mo ratios and Co3Mo3C phase was detected when Co/Mo is 1 or higher (Figure 2-13). 

Co-Mo carbide with Co/Mo ratio of 1 was found to be the most active catalyst among all Co-Mo 

carbides (Figure 2-13) but the conversion of CO was higher than commercial CuZn catalyst only 

at the first 5 minutes on the stream but less after. Though Co 3Mo3C phase was observed in 

Co0.5Mo0.5C, the amorphous Co-Mo oxycarbide was considered as an active phase responsible for 

the high activity. 

a 

b 

c 

d 

e 

Figure 2-13 Left: (A) Conversion of CO over (a) CuZn catalyst (b) Co0.5Mo0.5C, and 

(c) MoCx. (B) Conversion of CO at (d) 5 and (e) 300 min over the Co–Mo carbides with 

various Co/Mo ratios. Right: XRD patterns of catalysts carburized at 875K: (a) Mo2C, (b) 

Co0.25Mo0.75C, (c) Co0.5Mo0.5C, and (d) Co0.75Mo0.25C [1] 
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Based on the above, the literature indicates that bi-metallic catalysts have been reported to 

be active and selective to RWGS. While there have been numerous studies on various types of bi-

metallic catalysts for different applications, there is a relative scarcity of studies specifically 

focused on bi-metallic carbides for RWGS or water gas shift reactions. Most of the attention in 

this field has been on monometallic carbides, particularly Mo2C, due to their exceptional properties 

in RWGS. The promising results achieved with Co-Mo carbide catalysts in dry reforming of 

methane emphasizes the potential for enhanced CO2 conversion and CH4 conversion with the 

addition of Co. [1] These findings suggest that Co-Mo carbides may hold untapped potential for 

improving RWGS catalysis. 

2.4 Density functional theory (DFT) modeling of CO2 reduction & hydrogenation 

2.4.1 Density functional theory simulations of CO2 hydrogenation reactions 

Computational methods have been developed for material property investigation and 

catalysts design. Density Functional Theory (DFT) is a computational technique widely used in 

quantum mechanics to model the electronic structure of many-body systems, especially atoms, 

molecules, and solids. In material science and condensed matter physics, DFT is an indispensable 

tool for understanding and predicting the properties of materials at the electronic level. For catalyst 

design, DFT allows the study of surface reactions at the atomic level. It provides insights into the 

adsorption energy, reaction pathways, and activation energy barriers for different reactants and 

intermediates. The investigation of catalysts using DFT is an essential part of modern 

computational catalysis and material science. The main aim is to understand the mechanisms by 

which a catalyst accelerates a particular reaction, as well as to design new, more efficient catalysts. 

[138-140] 
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DFT can be employed to screen various materials like metals, metal alloys, and metal oxides 

to find candidates that show promising activity for CO2 hydrogenation. [141] The screening is 

often performed using descriptors like binding energies or d-band centers that correlate with the 

catalytic activity. Once a candidate material is identified, DFT can be used to map out the potential 

energy surface (PES) for the reaction pathway. This includes the estimation of the activation 

energy barriers and identifying intermediates and transition states. For CO2 hydrogenation, DFT 

is particularly useful to elucidate the competing pathways of the conversion of CO2 to various 

products (e.g., carbon monoxide, methane, methanol) and identify the rate-limiting steps. DFT can 

also estimate the adsorption energies of CO2 and hydrogen on different catalyst surfaces. [142] 

Strong adsorption energies are often indicative of higher reactivity, but they must be balanced to 

allow for efficient formation of attractive products, e.g., CO, CH4 and methanol. DFT is used to 

calculate the energy barriers for crucial steps in the reaction mechanism, such as CO2 activation, 

hydrogen activation, and C-H bond formation. These reaction barriers for the rate limiting steps 

significantly influence the reaction rate. One of the challenges in CO2 hydrogenation is the 

molecule's thermodynamic stability, which makes it difficult to activate. DFT studies can provide 

insights into how a catalyst can lower the energy barrier for CO2 activation, a critical step for its 

hydrogenation. [143] 

2.4.2 Density functional theory simulations of CeO2 (ceria) catalysts for RWGS reaction 

As indicated in 2.2.2, studies have proposed two principal mechanisms of RWGS reaction, 

namely the Surface Redox Mechanism and the Associative Mechanism, which have been 

elucidated through a combination of reaction kinetics studies, spectroscopy, and density functional 

theory (DFT) simulations. However, these redox and associative mechanisms have been  the 

subject of intensive DFT studies of RWGS on different materials.  
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In the RWGS reaction's redox mechanism [52, 53, 144], CO2 is reduced to CO while the 

catalyst undergoes direct oxidation. Subsequently, H2 reduces the catalyst to complete the catalytic 

turnover. This mechanism relies on two key conditions: (i) the ability of H2 to reduce the catalyst 

surface, and (ii) effective reoxidation of the partially reduced catalyst surface under RWGS 

experimental conditions. Reducible oxide catalysts, easily reducible and oxidizable due to the 

oxygen provided by the support, predominantly follow this mechanism [145]. For example, in the 

case of CeO2, CO adsorbs on a metal surface, oxidized by oxygen atoms from ceria. [146] Catalysts 

with different supports, such as Pt/CeO2-TiO2, have shown that both redox and dissociation 

mechanisms coexist in the RWGS reaction by DFT simulations. Additionally, the catalytic 

mechanisms of RWGS on ceria nanocrystals involve oxygen vacancies in ceria. Oxygen vacancy 

transport through bulk active oxygen was observed in ceria, and the nanostructure of ceria 

enhanced oxygen-ion conductivity and surface oxygen vacancy density [84, 147], which also 

opens the direction of using DFT calculations to investigate oxygen vacancy effects. Note that this 

is an emerging topic that has been widely studied for different applications given their potential to 

explain enhanced performance in materials’ design. [48, 147] In summary, the redox mechanism 

plays a vital role in the RWGS reaction, particularly with reducible oxide catalysts like CeO2.  

One notable mechanism, termed the "associative mechanism," entails CO2 adsorption on the 

catalyst surface, followed by interactions with dissociated hydrogen (H*) to form transitional 

molecules like formate (*HCOO), carboxyl (*COOH), carbonate (CO3
2-), and bicarbonate (HCO3

+) 

species. [54-58] These intermediates then undergo transformations, ultimately yielding the final 

RWGS products, CO and H2O. Importantly, the decomposition of formates and the carbonate route 

are both significant pathways in the RWGS reaction. [138] Surface carbonates are considered 
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reaction intermediates, while formates are termed "minor intermediates" due to their stronger 

bonding and lower exchange rates. [148]  

Based on the above, the redox mechanism emerges as a critical focal point in CO2 

hydrogenation reactions. The CO2 reduction on the catalyst surfaces will be discussed in Chapter 

7 based on this mechanism. This is supported by the fact that the RWGS reaction's redox 

mechanism, as outlined in previous reports [52, 53, 144], elucidates the interplay of reactions 

occurring on the catalyst surface. Despite the discussion of mechanism of RWGS, DFT calculation 

is a powerful tool to explore and benchmark the activity of the material, providing theoretical 

descriptors of the performance such as adsorption energy of CO2 and binding energy of surface O 

to evaluate a catalyst before examining in the laboratory experiments. Section 2.3.1 focused on the 

discussion of catalysts for RWGS including CeO2 based catalysts in terms of experimental works, 

while there are also theoretical studies focus on exploration of effective doped CeO2 catalysts for 

RWGS. Metallic Cu [149] and Fe [150] were both reported in DFT studies to have activity for 

RWGS. [151] Their corresponding oxides were also good catalysts that are theoretically 

energetically preferred for reverse water gas shift. [151] The best active surface to be CuO among 

Cu oxides [152, 153] and Fe3O4 [154, 155] among Fe oxides. Ni[156] and Co[157] are reported to 

be active for CO2 hydrogenation but are more favored for CO2 methanation with enhanced 

selectivity towards CH4. These elements may have the potential to be effective dopants to promote 

the catalytic activity of CeO2 since all the candidates exhibit good CO2 hydrogenation ability. 

Studies have been conducted to investigate synergistic effects of these transition metals to the 

performance of CeO2 system. [158-160] However, a comparison between all these transition 

metals (Cu, Fe, Co and Ni) using DFT, and their cross validation with experimental results 
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conducted for consistent synthesized materials and similar transition metal content at same 

reaction conditions, still require a comprehensive exploration, especially for RWGS reaction. 

2.5 Reverse microemulsion (RME) for heterogenous catalysts preparation 

2.5.1 Thermodynamic and kinetic properties of reverse microemulsions 

In general, the preparation methods of the catalysts often influence catalytic performance. 

For instance, the particle size may differ from different synthesis methods and normally, smaller 

particle size and volume to area ratio will lead to higher specific surface area of the material thus 

providing more active sites which is beneficial to the catalytic performance. Various innovation 

synthesis methods have been developed and applied to catalyst preparation and one of the common 

objectives in those methods is to reduce the catalyst particle size and to control the particle  size 

distribution in a limited range.   

In the study presented herein, reverse microemulsion (RME) method was implemented with 

the aim to obtain smaller particle size and narrower size distribution. [161] A microemulsion 

system consists of the water phase, oil phase and surfactant. The microemulsion looks 

homogeneous in appearance but at the molecular level, it contains two separate phases. In this 

study, as shown in Figure 2-14, the continuous phase is the oil phase and small water phase droplets 

are surrounded by surfactant molecules inside the oil phase. This water in oil system is defined as 

reverse microemulsion (RME). The hydrophilic heads of the surfactant molecules are attracted by 

the water phase and point into the water droplet, while their hydrophobic tails extend out of the 

droplets. Co-surfactant is also introduced to the system to increase stability. During the reaction of 

different RMEs, the nano-droplets act as micro reactors to limit the amount of reactant to restrain 

the resulted particle size. When two micelles meet, the surfactant shell may aggregate, and the 

content inside may react. 
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RME method is favored by the advantages of the higher specific surface area of the resulting 

particles. The particle size of the product can be controlled by varying the composition of the RME 

system, the mole ratio of water to surfactant, etc. RME method was also reported to be a suitable 

way for bimetallic catalysts synthesis and has its advantages. RME method is applied to obtain 

core-shell-structure particles which was reported by Yang et al. They coated CdTe particles with 

SiO2 by RME method and the particle size was controlled between 45 to 109 nm and the SiO2 coat 

also performs decent enhancement towards photostability of the CdTe encapsulated. [162] 

 

 

Figure 2-14 RME nano-droplets and reaction sketch. [1] 

2.5.2 Applications of reverse microemulsion method to catalyst synthesis 

Regarding CO2 conversion, Park et al. [163] studied the impact of preparation methods on 

the Pd-Mg/SiO2 catalytic performance for CO2 methanation. The Pd-Mg/SiO2 catalyst prepared 

by RME showed higher activity and selectivity to methane than traditionally wet impregnation 

Mg/Pd/SiO2 catalyst and was stable after 10 hours reaction at the reaction temperature. However, 
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the particle size before the reaction is ~10 nm while aggregation occurred after the 10 hours 

reaction leading to an increase to ~20 nm. γ-Al2O3 supported NiMg was successfully synthesized 

by Dieguez [164] and tested for dry reforming of methane and propane. The RME system enhanced 

the interaction of Mg and Ni phase which resulted in homogeneous and stable bimetallic catalyst 

phase. Kishida [165] [166] also proposed that the particle size of CO2 hydrogenation catalyst 

prepared by RME method, Rh/SiO2 is 50% smaller than conventional impregnation method.  

Santana et al. [167] investigated the effect of synthesis method on Nb-promoted Cu/Zn 

catalysts for CO2 hydrogenation to methanol. Among coprecipitation, deposition-precipitation, 

wet impregnation, and incipient wetness impregnation, small particle size and higher specific 

surface area were achieved on the catalyst prepared by coprecipitation. Another study focused on 

CO2 hydrogenation to methanol indicated the importance of preparation method. [168] The activity 

(both conversion and selectivity to methanol) of the Cu/ZnO/Al2O3 catalyst prepared by oxalate-

gel coprecipitation was significantly enhanced as compared to the conventional coprecipitation 

sample. According to a study by Iablokov et al. [169], the regulation of particle size is crucial for 

CO2 hydrogenation. It was found that Co nanoparticles within the range of 3-10 nm, obtained 

through precise control of the synthesis conditions using the hot injection method, exhibited higher 

turnover frequency compared to larger particles. Sathyamurthy et al. [170] employed the RME 

method to synthesize polyhedral-shaped CeO2 nanoparticles with an average size of ca. 5 nm and 

a surface area of 168.3 m2/g for use as a UV absorbent. Paschalidou & Theocharis [171] 

investigated the effect of the tail length of Triton-X surfactants on the surface properties of CeO2 

synthesized via the RME method, resulted in the nanoparticle size distributions in the 2 -50 nm 

range, with the highest specific surface area of 134.8 m2/g obtained after calcination at 300 °C. 

Bumajdad et al. [172] employed the RME method to prepare the nanosized (6-13 nm) cubic CeO2 
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for combustion catalysis. The highest obtained surface area before calcination was 250 m 2/g for 

the RME method compared to 119 m2/g by thermal decomposition. After the high-temperature 

calcination at 800 °C, the surface area was reduced to 45-55 m2/g. 

The RME-based catalysts also showed superior catalytic performance which can be 

explained by the higher specific surface area and the composition of the metal atoms on the support.  

The increasing radiative forcing caused by accelerating emissions of greenhouse gases is calling 

attention and becoming a worldwide consensus, and thus heightened interests for controlling 

greenhouse gases emissions, particularly antropogenic CeO2. [173-175] Carbon capture and 

utilization (CCU) has recently attracted attention due to its great potential for reducing CO2 

emissions.  As opposed to carbon capture and storage (CCS), the output of captured CO2 in CCU 

process is a commercial product, used either as a chemical feedstock or for direct utilization, e.g., 

for enhanced oil recovery (EOR). [176] 

2.6 Summary 

Power-to-Gas (PtG) technology is introduced as a promising means of storing surplus 

electricity through hydrogen production via water electrolysis, potentially leading to reduced 

carbon emissions. The review on existing reports on various catalysts used in the Reverse Water 

Gas Shift (RWGS) reaction has highlighted the importance of copper-based catalysts, 

molybdenum, and ceria in facilitating CO2 conversion to CO. Also, recent studies has indicated 

that CO2 can be directly transformed into hydrocarbons, underscoring the potential of non-noble 

transition metals as catalysts for these reactions. Additionally, the use of innovative reverse 

microemulsion (RME) method for catalyst synthesis is key to achieve smaller particle sizes and 

improved control over size distribution. The use of Density Functional Theory (DFT) modeling to 

understand and evaluate catalyst performance in CO2 hydrogenation and RWGS reactions provides 
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insights into atomic-level mechanisms and offers valuable insights into critical aspects of catalysis, 

such as adsorption energy, reaction pathways, and activation energy barriers for different reactants 

and intermediates. 
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Chapter 3 Experimental and computational methods 

3.1 Catalyst synthesis by reverse microemulsion method 

3.1.1 Catalyst synthesis 

i. Cobalt-molybdenum oxide and carbide catalysts 

The RME system, comprising three segments—surfactant, oil, and water in a 2:8:7 ratio—

employs a Triton X-100 and Co-surfactant blend, cyclohexane, and a specific salt/alkali solution, 

respectively. Initial mixing involves the surfactant components, followed by the oil phase, and 

then gradual inclusion of the aqueous part. Translucency post-mix indicates the need for additional 

co-surfactant until clarity is regained, with a further 30-minute stir to ensure system stability. 

Uniform synthesis of cobalt and molybdenum within the RME system required multiple 

attempts to perfect composition and procedure. This method promotes the creation of nano-sized, 

evenly spread bimetallic particles. Instability issues of Ammonium heptamolybdate tetrahydrate 

(AHM) with cobalt nitrate were resolved by dissolving AHM in excess ammonia, aiding in 

aluminum and Co precipitation while maintaining RME translucency. Separate RMEs are 

combined slowly, ensuring no premature reactions and a clear mixture. This blend is then 

incrementally introduced to RME #3 with continuous stirring for uniform aluminum and cobalt 

distribution. Despite the system's translucent appearance, the absence of visible particles indicates 

extremely small precipitate sizes. A final 8-hour stir guarantees thorough reaction completion. 

ii. Al2O3-supported iron catalysts 

Three reverse microemulsions (RME) containing appropriate amounts of ferric nitrate 

(Fe(NO3)29H2O, Sigma-Aldrich), aluminum nitrate (Al(NO3)39H2O, Fisher Scientific) and 
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ammonium hydroxide (1M NH4OH, LabChem Inc.) were prepared by mixing aqueous phase (DI 

water), surfactant (Triton X-100, Acros Organics), co-surfactant (propanol-2, Sigma-Aldrich), and 

oil phase (cyclohexane, Sigma-Aldrich). Briefly, aluminum nitrate RME was first mixed with 

NH4OH RME (acting as a precipitation agent), and then ferric nitrate RME was added dropwise 

immediately to prevent precipitation of large particles resulted from the separation of phases. The 

resulted mixture was mixed using a magnetic stirrer for 8 h and then aged overnight (12 h) for 

stratification (settle the precipitation for easy separation).  

The resulted gel-like precipitate was separated by centrifugation with subsequent washing 

by a mixture of ethanol and deionized water (3:1). This centrifugation/washing procedure was 

repeated 4 times. The washed precipitate was collected and dried overnigh t at 100 °C. K was 

subsequently added by wet impregnation using a diluted K2CO3 solution (0.13 mol/L) as an 

impregnation medium. After that the precipitate was calcined at 400 °C for 3 h under flow of air. 

To prepare for reaction, the powder catalysts was pelletized and sieved to 250-425 µm pellets. The 

catalyst synthesized using the method described above was denoted as RME Fe/Al2O3.  

Two reference catalysts were prepared for comparison. The Fe/RME-Al2O3 catalyst was 

synthesized by loading Fe via wet (aqueous) impregnation (using Fe(NO3)29H2O) onto the RME 

-Al2O3 support. The RME -Al2O3 support was prepared by the same RME method as described 

above, but without Fe and K introduction. The Fe/Al2O3 catalyst was synthesized via wet (aqueous) 

impregnation using Fe(NO3)29H2O as Fe precursor and a commercial support -Al2O3 (Alfa 

Aesar). Prior to reaction tests, all powder catalysts were pelletized and sieved to 250-425 µm 

pellets.  
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iii. CeO2-based catalysts 

Three reverse microemulsions (RMEs) were synthesized by combining an aqueous phase 

comprising cerium nitrate (99.5% Ce(NO3)3·6H2O, Alfa Aesar), copper nitrate (CuNO3·9H2O, 

Sigma-Aldrich), and ammonium hydroxide (28-30% NH4OH, LabChem Inc.) with a surfactant 

(Triton X-100, Acros Organics), a co-surfactant (propanol-2, Sigma-Aldrich), and an oil phase 

(cyclohexane, Sigma-Aldrich) in a proportion of 1:1:4.5:3.5. The RME containing copper nitrate 

was introduced gradually into the RME with cerium nitrate, while continuously stirring for 4 hours. 

Subsequently, the RME containing ammonia was incrementally added to the mixture, maintaining 

a consistent stirring for another 4 hours, until a precipitate emerged. This precipitate was 

thoroughly rinsed four times using deionized (DI) water and then subjected to centrifugation. 

Afterward, the cleaned precipitate was left to dry overnight and subsequently calcined at 275°C 

for a duration of 4 hours. For catalytic reactions, the resultant powdered catalyst was molded into 

pellets and sifted to yield pellet sizes ranging from 250-425 µm. 

3.2 Catalysts characterization  

X-ray diffraction (XRD) patterns of the fresh and spent catalysts were obtained on a powder 

diffractometer (D8 Discover, Bruker). Temperature programmed reduction (H2-TPR) of fresh and 

spent catalysts were carried out under pure hydrogen from 100 °C to 800 °C, with a ramping rate 

of 10 °C /min with the help of a catalyst characterization instrument (AMI-300Lite). Surface area 

analysis (SAA) was performed on the same instrument with the single-point BET method. The 

degree of coking of the spent catalysts will be investigated by thermal gravimetric analysis (TGA) 

with an in-Line FTIR analyzer (MultiGasTM 2030, MKS Instruments) conducted (referred to In-

situ TGA-FTIR). Scanning electron microscope (SEM), scanning electron microscopy coupled 

energy dispersive spectroscopy (SEM-EDS) and Transmission electron microscopy (TEM) 
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micrographs will be obtained by a Zeiss microscopy to determine the shape and particle size 

distribution of as-prepared catalysts. 

 

3.2.1 X-ray powder diffraction (XRD) 

To understand the components and the crystal forms of the existing phases, X-ray powder 

diffraction is a commonly used technology. In 1912, German physicist M. von Laue proposed that 

crystal lattice can diffract X-rays since the wavelength of X-ray is at the same magnitude as the 

distance between atoms in the crystal. [177] Constructive interference can be generated when 

filtered X-rays passes through the crystal phases from many directions. The superposition of the 

diffracted waves will intensify the signal in some directions and weakened in others then provide 

a unique “fingerprint” of the sample. 

 
Figure 3-1 Bragg’s law schematic. 

In 1913, the British physicist Dr. Bragg [178] proposed an equation based on Laue's theory, 

Brag's law: 2d sinθ=nλ. By analyzing the XRD profile obtained on the photographic film, the 

crystalline structure can be obtained. Each crystal plane will have its own peak positions and 

intensities. Comparing with the standard JCPDS card, the components can be identified. [179] 
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3.2.2 Inductively coupled plasma – optical emission spectrometry (ICP-EOS) 

ICP-EOS method is applied in this study to determine the composition of the elements in the 

catalyst samples. An ICP-OES schematic diagram is shown in Figure 3-2. When an atom or ion in 

the ground state is under the plasma, its extranuclear electrons will be excited to a higher energy 

level. The unstable extranuclear electron will transit back to the ground and release the energy in 

the form of electromagnetic wave. Atoms can release various characteristic emission spectra of 

different wavelengths under the plasma, which will provide the element information. The 

concentration of an element in the sample can be acquired by comparing the intensity of the waves 

with the standard curve. In this study, ICP-EOS is capable to analyse the elements including K, 

Co, Mo, Fe and Al, but some non-metal elements such as C or O are unable to define since they 

are already included in the acid solution. [180] 

 
Figure 3-2 ICP-OES schematic diagram. [181]  

3.2.3 Temperature-programmed experiments 

i. Temperature-programmed reduction (TPR)  
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The TPR method is a useful experiment to study the reducibility of the catalysts. In a typical 

TPR experiment setup (Figure 3-3), a certain amount of metal catalyst is fixed in a tube reactor, 

and a low concentration hydrogen stream is passed through the catalyst with a constant flow rate. 

At the same time, the reactor is being heated programmatically. The oxide component inside the 

catalysts will be reduced when the temperature inside the reactor rises. The consumed hydrogen is 

proportional to the amount of reduced catalyst. H2 concentration in the outlet steam is continuously 

detected by a gas thermal conductivity detector (TCD detector), and the recorded data can deduce 

a TPR curve. Each peak in the curve generally represents the transformation of a reducible species, 

for example from one type of oxide to another with different oxidation states, or metal. The area 

integrated is proportional to the amount of consumed hydrogen in the stream. TPR profile can 

reflect the change of metal oxidation states, the interaction between two metals and the interaction 

between metal oxide and support. 

 
Figure 3-3 Temperature programmed experiments schematic diagram. 

i. Temperature-programmed desorption (TPD)  

The results of CO2-TPD could reflect the adsorption strength of CO2. Before performing 

TPD, the samples were heated in 30 mL/min 10% H2/Ar with a ramping rate of 10 C/min. TPD 



51 
 

adsorption step was conducted at 25 C after dehydration, with CO2 flow rate at 25 mL/min, then 

flushed He at the same temperature for 1 hour to remove gas phase CO2 in the tube, followed by 

heating in the same flowrate of He with a ramping rate of 10 C/min from 25 to 800 C.  

3.2.4 Surface area analysis (SAA) 

The specific surface areas of the catalysts are analyzed by one point BET method. Surface 

area analysis is the application of the BET (Brunauer–Emmett–Teller) theory [182] which 

describes the physical adsorption of gas molecules on the solid surface. At atmospheric pressure, 

gas nitrogen molecules can physically adsorb on the surface of the catalyst when the sample is 

immersed in liquid nitrogen. The specific surface area of the sample can be calculated base on the 

amount of adsorbed gas. Removing the liquid nitrogen and bring the system back to room 

temperature will release the adsorbed nitrogen molecules. Usually, the change of the nitrogen in 

the stream is analyzed by a TCD detector which will generate two peaks in the TCD signal curve. 

The amount of adsorbed and desorbed molecules can be calculated by the area of the peaks which 

will rise to two surface area numbers. In this study, the specific surface areas are obtained by taking 

the average number of adsorption and desorption. 

3.2.5 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for chemical 

analysis (ESCA), is a sophisticated surface analytical technique that reveals the elemental 

composition, electronic state, and chemical environment of atoms within a material. Based on the 

photoelectric effect, it measures the kinetic energy of electrons ejected from a sample's surface 

when irradiated with X-ray photons. Because of its inherent surface sensitivity—typically probing 

the topmost 1-10 nanometers—XPS is invaluable in various scientific and industrial realms. 

Specifically, it's instrumental in studying thin film compositions, evaluating surface contamination, 
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characterizing catalysts, investigating battery materials, and understanding the chemistry of 

semiconductor interfaces. Its precision offers a comprehensive view of material surfaces, making 

it pivotal in advancements in nanotechnology, renewable energy, and electronics. 

3.2.6 Transmission electron microscopy (TEM)  

The morphology of the catalysts is studied by TEM and SEM electron microscopy. 

Transmission electron microscopy is a high-resolution electro-optical technique that the image is 

generated by transmitting a beam of focused electrons through the sample. To obtain a clear vision 

of the sample, the thickness of the sample should be as small as possible to allow the electron to 

go through. The ideal occasion is that only one layer of atoms is penetrated by the electron beam. 

TEM consists of an electro-optical system, a power supply and control system, and a vacuum 

system. The electrons after the sample are received by an imaging system consist of a phosphor 

screen and after processing and magnification, the information of the material can be provided as 

pictures. [183] 

3.2.7 Scanning Electron Microscope (SEM) 

Scanning Electron Microscope (SEM) is an electron microscope developed after TEM. The 

difference is that the information collected is the reflected signal of the electron beam generated 

from the source after scanning the surface of the sample point-by-point. [184] A 2-dimensional 

image of a selected area (usually from 1 cm to 5 microns in width) on the sample surface can be 

generated. SEM is favoured in generating stereoscopic images, large magnification range, 

continuous adjustment, high resolution and the sample preparation is simpler than TEM. The 

dispersion of elements on the surface is also an important characteristic of a catalyst. By combining 

the SEM and energy-dispersive X-ray spectroscopy (EDS), the element distribution shown as an 

elemental mapping can be obtained. 
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3.2.8 Thermogravimetric analysis (TGA) 

Thermogravimetric Analysis (TG or TGA) is conducted to analyze the thermal stability, 

carbon existence and oxidation behaviour of the catalysts. The change of mass along with the 

temperature can be derived from the experiment. Usually, the sample is heated  programmatically 

in a continuous stream then the relation of weight change and the temperature is recorded. The 

thermogravimetric method is widely used due to its accuracy measuring the mass change. [185] 

TGA can analyze processes involving weight change such as sublimation, vaporization, adsorption, 

desorption.  

In this study, the TGA instrument is conducted to execute temperature-programmed 

oxidation with air as the oxidation gas stream. The weight change in this study is mainly caused 

by desorption of the water and CO2, and the oxidation of the deposition carbon or catalysts itself. 

The outlet stream from the TGA instrument is also analyzed by an FTIR to determine the products 

released from the sample then the information related to deposition carbon, etc., can be revea led. 

3.2.9 Fourier transform infrared spectroscopy (FTIR) for gas composition analysis  

Infrared spectroscopy is a technique that analyses the infrared spectrum after the absorption 

of the sample. The beam contains many frequencies generated from the source and will pass 

through to the sample at the same time and repeat several times in a short period. The adsorbed 

infrared wavelengths, intensities and shapes depend on the category of the chemical bond and the 

atomic weight of the atoms connected at both ends. [186] The chemical bonds that reflect the 

structure of compounds can be revealed by infrared spectroscopy.  

In this study, the outlet stream from a process is measured continuously by in -line FTIR 

analyzers. Target gases were set up in advance and a single beam infrared goes through specially 
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designed narrow band-pass optical filters and the energy of the inferred is limited to obtain the 

specified signal. The adsorption intensity was compared with a standard comparator to measure 

the concentration quantitatively in the stream. 

3.2.10 In-situ FTIR 

A transition type in-situ FTIR instrument (Figure 3-4) is also used to determine the 

intermediates during the reaction. The inferred signal generated from the source transmits the 

sample pellet, which consists of the mixture of sample catalyst and KBr and then arrives at the 

detector. When the reactions take place on the catalyst's surface, the adsorbed species, as well as 

the gas phase in the reactor, can be identified. Spectra at different temperatures and different time-

on-stream are obtained to study the possible pathway of reactions. Background spectra a re 

collected at the same temperature as reaction condition in inert gas to eliminate the interference of 

lab environment.  

 
Figure 3-4 in-situ FTIR schematic diagram 

3.3 Catalytic performance evaluation  
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3.3.1 Flow system setup 

The flow system conducted to address the catalytic evaluation is demonstrated in 

 

Figure 3-5. Reaction feedstock is regulated by three mass flow controllers connected to the 

cylinders and the pressure is adjusted by a back pressure regulator (BPR, S01094789B, Swagelok). 

The reactor is assembled by stainless-steel parts (Swage Lock) and placed inside a programmable 

furnace (Lindberg/Blue MTM Mini-MiteTM, thermo Fisher Scientific). The internal space of a 

stainless-steel reducer (1/4" to 1/2") is used as the fix bed reactor and the catalysts are fixed 

between quartz wood. A 1/4" stainless steel tube and a 1/2" tube are attached to the reducer to 

conduct the flow system. 1/2" tube is applied for a larger opening to load and unload the catalysts. 

The temperature of the catalyst bed is measured and controlled precisely by a K-type thermocouple 

(TC, 1/8″, Omega Engineering) installing from the outlet tubing and connected to the controller 

(UP150, Yokogawa) of the furnace (Lindberg/Blue MTM Mini-MiteTM, thermo Fisher Scientific). 

Moisture in the outlet stream is removed by a mist trap (AFM40-N02-Z-A, SMC Corporation) and 

a silica gel (Fisher Scientific) column. An IR analyzer (IR-208, Infrared Industries) is applied to 
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measure the concentration of CO2, CO and CH4 in the outlet stream while the data are recorded by 

an analog-to-digital converter (ADC, USB 6008, National Instruments) and LabView (National 

Instruments).  

Figure 3-5 and Figure 3-6 indicates the modified flow system setup for hydrocarbon 

detecting. N2 purge line was merged into the outlet from the reactor to dilute the concentration of 

hydrocarbon components (10-fold) for more accurate measuring. FTIR analyzer was conducted to 

detect products up to C4 hydrocarbons. 
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Figure 3-5 Flow system setup. Abbreviations: BPR – back pressure regulator, FTIR – Fourier 

transform infrared gas analyzer, GC – gas chromatograph, MFC – mass flow controller, PI – 

pressure indicator, PC – personal computer, TC – thermocouple, TI – temperature TI – temperature 

indicator, RH – relative humidity sensor.  

 

Figure 3-6 Flow system conducted for catalytic performance tests. 

3.3.2 Catalytic performance evaluation 

The catalytic performance of the prepared catalysts is tested in terms of temperature and 

pressure, gas hourly space velocity (GHSV), and the stability of the catalysts.  

In RWGS reaction tests (in Chapter 4, 6 and 7), the CO2/H2 ratio is maintained at 4 by mass 

flow controllers in all experiments. The temperature effect is evaluated in a range of 300 °C to 

600 °C with constant GHSV and pressure. GHSV test will also be carried out from 5,000 mL h -

1gcat
-1 to 200,000 mL h-1gcat

-1 with other parameter fixed. Before each test, the catalysts are reduced 

in pure hydrogen f to expose the active site and activate the catalysts. In temperature -dependent 

test (T-test) and GHSV test, at each reaction condition point, a 2-hour duration is given to reach 
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the steady state and the interval for staging is 30 min. Detailed reaction conditions of each 

experiment will be described in Chapter 4, Chapter 5 and Chapter 6. 

Gas hourly space velocity (GHSV) is calculated using the following equation: 

f

C

Q
GHSV

W
=                                                                                                                                  (3-1) 

In eq.3-1  𝑄𝑓 and 𝑊𝐶  are the volumetric flow rate and the weight of the catalysts, respectively. 

In RWGS reaction, CO2 conversion and CO selectivity were defined by eq. (3-2) and eq. (3-3) for 

RWGS. 𝑦𝐶𝑂2  , 𝑦𝐶𝐻4 
and 𝑦𝐶𝑂 are the mole fraction of CO2, CH4, and CO respectively on a dry 

basis.  X is the conversion and S is the selectivity. 
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Carbon balance is defined as the total rate of carbon fed to the reactor divided by the rate of 

carbon exiting the reactor. Carbon balance (CB) was continuously monitored and recorded in all 

experiments (using LabVIEW). The carbon balance of the system is given by eq. (3-4), where 𝛼 

is the ratio of H2/CO2 in the feed, which is 4 in RWGS. 𝑓𝑖  is the conversion towards product i. 
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Eq. (3-4) is obtained from the carbon balance definition, Eq. (3-8), using Eq (3-5 to 3-7) and 

Eq. (3-9) to define the total outlet molar flow rate (𝐹𝐶 ,𝑜𝑢𝑡 is the outlet molar flow rate of all carbon-

containing species, FCO,out and FCH4,out correspond to H2 consumption in RWGS and methanation, 

according to reaction stoichiometry): 

                      (3-8) 

2 2 4, , , , ,4t out CO f H f CO out CH outF F F F F= + − −               (3-9) 

In CO2 hydrogenation to hydrocarbon reactions, the reaction can be described as: 
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The CO2/H2 ratio is controlled from 1 to 4 (in Chapter 5) with a constant GHSV= 3000 mL 

h-1gcat
-1. The temperature effect is evaluated in a range of 300 °C to 375°C with a constant GHSV 

and a pressure of 10 bar. Before each test, the catalysts are reduced in pure hydrogen at 400 °C for 

3 hours. At each reaction condition point, a 5-hour duration is given to reach the steady state and 

the interval for staging is 10 min. The hydrocarbon distribution was calculated based on carbon 

moles and the related calculation equations are listed below.  
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Carbon balance is given by eq. (3-14 to 3-18), where 𝛼 is the H2/CO2 ratio in the feed, 𝑦𝑖  and 

 𝑓𝑖  is the mole fraction and CO2 conversion to species i, respectively, and 𝐶𝑡𝑜𝑡𝑎𝑙  is the total mole 

fraction of carbon-containing species which calculated by the mole fraction of each species 

multiply by the number of carbon in the corresponding molecule, as shown in eq. (3-15). To 

calculate the carbon balance, the total carbon mole fraction formula was substituted into eq. (3-

16). The conversion to each species was introduced and rearranged to eq. (3-17) and eq. (3-18).  

𝐶𝑂2 +
4𝑥+𝑦

2𝑥
𝐻2 =

1

𝑥
𝐶𝑥𝐻𝑦 + 2𝐻2𝑂            (3-14) 

𝐶𝑡𝑜𝑡𝑎𝑙 = 𝑦𝐶𝑂2
+ 𝑦𝐶𝐻4

+ 𝑦𝐶𝑂 + ∑ 𝑥 ∙ 𝑦𝐶𝑥𝐻𝑦
            (3-15) 

𝐶𝐵 = 𝐶𝑡𝑜𝑡𝑎𝑙 ∗ (1 + 𝛼 −
𝑦𝐶𝐻4 +4𝑦𝐶𝑂+∑

4𝑥+𝑦

2𝑥
∙𝑦𝐶𝑥 𝐻𝑦

𝐶𝑡𝑜𝑡𝑎𝑙
)          (3-16) 

𝐶𝐵 = 𝐶𝑡𝑜𝑡𝑎𝑙 ∗ (1 + 𝛼 − 𝑓𝐶𝑂 − 4𝑓𝐶𝐻4
− ∑ 4𝑥+𝑦

2𝑥
⋅ 𝑓𝐶𝑥𝐻𝑦

)          (3-17) 

𝐶𝐵 = (𝑦𝐶𝑂2
+ 𝑦𝐶𝑂 + 𝑦𝐶𝐻4

+ ∑ 𝑥 ⋅ 𝑦𝐶𝑥𝐻𝑦
) ⋅ (1 + 𝛼 − 𝑓𝐶𝑂 − 4𝑓𝐶𝐻4

− ∑ 4𝑥+𝑦

2𝑥
⋅ 𝑓𝐶𝑥𝐻𝑦

)      (3-18) 

 

3.3.3 Mass and heat transfer criterion 

The Mears criterion [187] is applied to estimate if mass transfer heat transfer from the bulk 

gas phase to the catalyst surface can be neglected because of the low reaction rate. Weisz-Prater 

criterion is used to determine if internal diffusion is limiting the reaction. [187] When Eq 3-19 and 

3-22 can be satisfied, the absence of interphase, and intraparticle, mass and heat transfer limitations 

was confirmed by calculating corresponding [187, 188] criteria (all symbols are in the List of 

Symbols): 

2 ,

0.15
obs b p

c CO b

R r

k C


           (Mears criterion for interphase mass transfer)       (3-19) 

0.15RWGS obs b p g

a

H R r TR

hT E


           (Mears criterion for interphase heat transfer)       (3-20) 
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2

2

,

1
obs c p

m CO s

R r

D C


    (Weisz-Prater criterion for internal diffusion)     (3-21) 

2 0.75RWGS obs b p s g

s s a

H R r T R

T E






              (isothermal pellet criterion)       (3-22) 

Interphase mass and heat transfer coefficients (kc and h) were calculated using the following 

correlations: 

11

32Sh 2 0.6Re Sc
c p

m

k d

D
= = +               (3-23) 

                     (3-24) 

Calculations were conducted for low and high conversions in the 300-375 C range and for the 

wide range of activation energies (Ea = 20-200 kJ/mol). In all cases, all transport limitations were 

completely negligible, as expected for the small size of catalyst pellets (350-425 m) used in the 

experiments. 

3.4 Computational methods 

3.4.1 Model construction 

Density Functional Theory (DFT) calculations were carried out using the Vienna Ab Initio 

Simulation Program (VASP) [189] package. A plane-wave basis set was employed, with a cut-off 

kinetic energy set at 450 eV. The simulation utilized the Projector-Augmented Wave (PAW) [190] 

methodology for describing the core-valence interaction, alongside the Perdew–Burke–Ernzerhof 

(PBE) [191] functional, corrected with the van der Waals Density Functional Theory (vdw-DFT). 

The spin-polarized Generalized Gradient Approximation plus Hubbard U (GGA+U) [192] method 

was applied to ceria and transition metals to properly characterize the electronic structure and 

correct the on-site coulomb repulsion of Ce 4f orbital. [18, 193, 194] 

11

32Nu 2 0.6Re Pr
p

g

hd


= = +
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Bulk CeO2 structure was optimized, and the lattice parameters were carefully confirmed with 

those reported in the literature. [195] Then (111), (100), and (110) surfaces of the CeO2 were 

constructed and optimized. A 15 Å vacuum thickness was introduced between periodic slabs to 

mitigate interaction between the periodic cells. The periodic cell consist of 3 layers of Ce and the 

top layer was allowed for relaxation whereas the bottom layers of the structure were fixed at 

structure optimization to mimic the bulk region. Modifications and doping were performed to the 

top Ce layer. The convergence criteria were set to 10 -5 eV for system energy and 0.01 eV/Å for 

interatomic forces. Due to the relatively large slab cell, Brillouin zone sampling was conducted 

using a (2 × 2 × 1) Monkhorst–Pack grid, this was chosen since it has been previously reported to 

achieve an acceptable convergence performance [196].  

3.4.2 Calculation of oxygen vacancy formation energy, binding energies and activation 

energies 

The oxygen vacancy formation energy (EOV) on a certain surface can be calculated by the 

following equation.   

EOV = Eslab(OV)+ 
1

2
EO2 - Eslab(stoi)       ` (3-25) 

Where the Eslab(OV), EO2 and Eslab(stoi) corresponding to the energy of a slab with one oxygen 

vacancy, energy of gas phase oxygen molecule and energy of a stoichiometric slab without oxygen 

vacancy. 

Binding energies of an adsorbed species were calculated based on the following formula (3-

26).  Eads, E(slab+ads*), Eads(g)  and Eslab(OV) represent to the total energy of the adsorbed system, energy 

of the gas phase adsorbate, and the energy of the bare surface, respectively. 

Eads =  E(slab+ads*) - (Eads (g)  + Eslab(OV))       (3-26) 
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Transition states were identified using the Nudged Elastic Band (NEB) method the activation 

energy (Ea) was calculated using the energy difference between the initial state and transition state 

and were verified through vibrational frequency calculations by identifying imaginary frequencies. 

To calculate the free energies of the process, entropy, zero-point energy, and enthalpy correction 

were determined for all adsorbed structures using statistical thermodynamics. The VASPKIT code 

was used for post-processing of the VASP calculated data for temperature corrections. [197, 198] 

Eact =  ETS – EIS      `     (3-27) 
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Chapter 4 Cobalt-molybdenum oxide and carbide catalysts for reverse water 

gas shift 

This chapter explores the CoMo-based bimetallic catalysts for CO2 thermo-catalytic 

conversion, with a particular focus on their potential for the Reverse Water Gas Shift (RWGS) 

reaction at 600°C. The investigation including the impact of gas hour space velocity (GHSV), 

stability assessment, and extensive characterization experiments is considered. As the global 

pursuit of sustainable energy solutions intensifies, the development of efficient catalysts for CO2 

conversion becomes increasingly imperative. CoMo-based catalysts offer promise in this context, 

and this chapter aims to unravel their performance, behavior, and underlying mechanisms in the 

quest for more effective and eco-friendly CO2 conversion processes.  

4.1 Catalyst synthesis 

The RME system consists of three parts, surfactant phase, oil phase and water phase in a 

ratio of 2:8:7. The surfactant phase is a combination of Triton X-100 (Acros Organics), and Co-

surfactant (propanol-2, Sigma-Aldrich). Cyclohexane is employed to be the oil phase and the water 

phase is the solution of demand salt or alkali. Under vigorous stirring, the surfactant and co -

surfactant are mixed first and then the oil phase is introduced. After 15 minutes of mixing the 

surfactant and co-surfactant phase, the aqueous phase is added to the system dropwise. When the 

solution is completely introduced, the mixture is translucent which demands additional co -

surfactant. Extra 2-propanol is added dropwise carefully till the system turns transparent again. 

RMEs are stirred for extra 30 minutes before mixing with other RMEs to enhance the stability of 

the system.  
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Figure 4-1 Process schematic for synthesizing CoMoOx/Al2O3 and CoMoCx/Al2O3 catalysts 

by RME method. 

To synthesize a uniform RME system containing both cobalt and molybdenum, several trials 

of RME composition and mixing order have been made. RME method allows a uniform system 

that is beneficial to the formation of nanometric and well dispersed bimetallic particles. Since 

AHM (Ammonium heptamolybdate tetrahydrate) solution can be unstable and tend to precipitate 

when mixing with cobalt nitrate solution, AHM was dissolved into the excess ammonia, which 

serves as the precipitator for aluminum and Co. The excess ammonia dilutes the AHM and with 

the insulation of the RME micelles, AHM RME remains translucent instead of forming chunky 

precipitates when mixing with cobalt RME. 

Table 4-1 RME composition of CoMo catalysts. 

RME #1. Co(NO3)2 #2. Al(NO3)3 
#3. NH4OH + 

AHM 

Volume 

ratio 

Aqueous 

phase 

0.0826 g cobalt 

nitrate hexahydrate + 

2.25 mL DI 

1.499 g aluminium 

nitrate nonahydrate + 

6.65 mL DI 

160 mL 1M 

ammonia + 

0.05g AHM 

15 
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Surfactant 1.5 mL Triton X-100 4.45 mL Triton X-100 
17.78 mL Triton 

X-100 
10 

Co-

surfactant 
6 mL Propanol-2 17.72 mL Propanol-2 

71.1 mL 

Propanol-2 
40 

Oil phase 5.5 mL cyclohexane 15.6 mL cyclohexane 
62.2 mL 

cyclohexane 
35 

 

The detailed compositions of each RME and the preparation procedure are showed in Table 

4-1 and Figure 4-1 separately. Separate RMEs are prepared for mixing and RME #1 and RME #2 

were mixed slowly. At this time, no reaction occurs in the RME and a transparent RME mixture 

is obtained as shown in Figure 4-2. Then the mixture was added into RME #3 dropwise under 

magnetic stirring to make sure the aluminum and cobalt are dispersed evenly onto the alumina 

support. The system is translucent (Figure 4-3), but no recognizable particles were observed which 

means the size of the resulted precipitate is minuscule. The mixture of all RMEs is stirred for 8 

hours to allow a complete reaction.  

 

Figure 4-2 RME appearance of RME #1, RME #2 and the mixture 
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Figure 4-3 RME appearance of RME #3 and the mixture of three RMEs. 

 

Figure 4-4 CoMo hydroxide precursor (a) and oxide catalysts (b). 

After the RMEs are well mixed and precipitated completely, the system is aged overnight to 

delaminate. The cloudy precipitate is settled at the bottom and the supernatant fluid is removed by 

centrifugation. The catalyst gel is washed by DI water and ethanol (water : ethanol =1:3) four times 

to fully removed the surfactant and oil phase. The precipitate is dried at 100 °C overnight and 

ground to powder and this is the precursor of the CoMo bimetallic oxide. Oxide catalysts are 

obtained after 4 hours of calcination at 550 °C to remove the water and remaining organic 

components. The colour of the pink powder transformed to pale blue which indicated the phase 

change as shown in Figure 4-4. Besides the alumina support, the oxide catalyst contains a mixture 
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of mono-oxide (cobalt oxide and molybdenum oxide) and bi-metallic oxide which can be identified 

in the XRD pattern. 

To obtain the carbide catalysts, a temperature-programmed carburization process was 

conducted. The oxide catalysts are placed in a quartz tube under the mixture of CH4 and H2 (CH4: 

H2 = 1:4) and the tube is heated with a 1 °C/min ramping rate till 250 °C and hold for 1 hour to 

remove moisture and the physically adsorbed species inside the sample, and then continue heated 

to 800 °C. The catalysts are held at 800 °C for 2 hours followed by 1 hour reduction with pure H2 

at the same temperature. The acquired catalysts are pure black. The outlet stream from the system 

is analyzed by in-line FTIR (MultiGasTM 2030, MKS Instruments). As indicated in Figure 4-5, 

most of the moisture was removed at 250 ° C and the products detected were CO2 and CO 

generated from 500 °C. 

 

Figure 4-5 Products profile of carburization process. 

4.2 Catalyst characterization 
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4.2.1 Crystallinity 

To understand the samples, several characterization techniques were applied. The 

composition of the catalysts was determined by ICP-OES. Specific surface areas are obtained by 

one-point BET. XRD patterns were recorded to identify the existing phase. TPR was conducted to 

study the reducibility. The morphology of the samples was investigated by SEM and TEM 

microscopy. Specific surface area values are listed in Table 4-2. The calcined oxide catalyst 

showed extremely high surface area which indicates the success of RME method, however, the 

specific surface area of the catalyst after the carburization process dropped over 50% which 

probably due to the sintering effect occurred during the extremely high temperature treatment. This 

pointed out a potential orientation of future work to optimize the carburization conditions.  

The XRD patterns are shown in Figure 4-6. Peaks were unable to identify in CoMoOx 

sample and the possible reason is that the particles synthesized from RME method were too small 

also amorphous. After carburization, the alumina, as well as other Co and Mo related phases, can 

be recognized.  A bimetallic carbide Co3Mo3C was detected in the fresh carbide samples and a 

bimetallic oxide CoMoO4 was also identified. The bimetallic oxide is considered as the precursor 

of the carbide species and remained as a leftover of incomplete carburization.  

Table 4-2 Characterization results of CoMo catalysts. 

 
specific surface area 

(m2/g) 
Co loading (wt%) Mo loading (wt%) 

Fresh CoMoOx 410.5 12.5 8.4 

Fresh CoMoCx 173.2 15.4 9.6 
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Figure 4-6 XRD patterns of fresh and spent Co/Mo catalysts. (•: γ-Al2O3; ▼: Cobalt metal; 

♥: CoMoO4; ★:Co3Mo3C.) 

4.2.2 Reducibility 

The reducibility of the two fresh catalysts was studied by temperature-programmed reduction. 

With the increase of the temperature, the catalysts were reduced by hydrogen and the consumption 

of the hydrogen was detected by TCD and recorded. Figure 4-7 shows the TPR profiles of the two 

fresh CoMo catalysts. In general, oxide catalysts can be reduced at higher temperatures than 

carbides. The peak around 400 °C is related to the reduction of CoMoO4 to another oxide, CoMoO3. 

Deep reduction to metal alloy happened after 550 °C and mostly around 700 °C, indicating the 

difficulty of reduction to metal for CoMo oxide. 
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The CoMo carbide tended to be reduced at a relatively low temperature before 700 °C. The 

sharp peak showed at 310 °C represented the reduction of oxycarbide species weakly bonded to 

the alumina support while the peak above 600 °C was a deep reduction of carbide species to metal. 

It is worth noting that a mild peak appeared at around 400 °C in carbide sample which has the 

identical position as in the oxide catalyst, corresponding to the reduction of CoMoO4 to CoMoO3, 

possibly indicating there was still bimetallic oxide in the carbide sample. 

 

Figure 4-7 TPR patterns of fresh CoMoOx and CoMoCx. 

4.3 Catalytic performance evaluation 

The catalytic performance was tested in terms of temperature and time dependence. The CO2 

conversion and selectivity towards CO as a function of temperature are shown in Figure 4-8. The 

temperature tests were conducted from 300 °C to 600 °C with an interval of 50 °C at 3 bar with 
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GHSV = 60,000 mL h-1gcat
-1 (HG4) and GHSV = 10,000 mL h -1gcat

-1 (LG4). The volumetric ratio 

of H2:CH4 was kept at 4 for all experiments. The catalysts were reduced at 350 °C under 300 ccm 

H2 for 2 hours before the introduction of reaction gases. The equilibrium conversion curve (Eq4 

in Figure 4-8) of RWGS was added for comparison as well. 

CoMo carbide catalyst showed higher conversion than oxide sample at all temperatures but 

exhibited lower CO selectivity after 450 °C. When the temperature reached 600 °C which is the 

favoured condition by RWGS, the selectivity increased to 0.9 and 1 at high GHSV and low GHSV, 

respectively. The oxide sample did not offer distinguishable performance at high GHSV but when 

the GHSV was 10,000 mL h-1gcat
-1, the difference of CO2 conversion between oxide and carbide 

was degraded. Regarding the selectivity, CoMoOx showed advantages over CoMoCx and 

maintained 1 at all temperatures at high GHSV. 

 

Figure 4-8 CO2 conversion and CO selectivity of CoMo catalysts as a function of 

temperature. Reaction condition: P = 3 bar, H2/CO2 = 4, GHSV = 60,000 mL h-1gcat-1 (HG4) 

and GHSV = 10,000 mL h-1gcat-1 (LG4). 

Compare to the equilibrium conversion curve, CoMoCx tested at lower GHSV is the closest 

one, especially neighbouring 500 °C whereas over 30% of the CO2 conversion was contributed 
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from CO2 methanation instead of CO production. However, if the GHSV is increased to 60,000 

mL h-1gcat
-1 (CoMoCx HG4), the conversion at 600 °C remained comparable level but the 

selectivity towards CO surprisingly increased back to 1 which is desired. Overall, CoMoCx carbide 

exhibited superior performance than CoMoOx at a higher temperature and higher GHSV.  

4.4 Discussion and concluding remarks 

In conclusion, this chapter presents a comprehensive investigation into CoMo -based 

bimetallic catalysts for CO2 thermo-catalytic conversion, with a particular focus on their potential 

for the Reverse Water Gas Shift (RWGS) reaction. The exploration of these catalysts encompasses 

crucial aspects such as gas hour space velocity (GHSV) impact, stability assessment, an d extensive 

characterization experiments. The catalyst synthesis process involving the RME method is detailed, 

emphasizing the need for a uniform system to facilitate the formation of well-dispersed bimetallic 

particles. The subsequent steps, including aging, washing, and calcination, are outlined to obtain 

both oxide and carbide catalysts. Characterization techniques encompassing ICP-OES, BET 

surface area analysis, XRD patterns, and TPR profiles are employed to assess catalyst composition, 

surface area, crystallinity, and reducibility. The catalytic performance evaluation reveals that 

CoMo carbide catalysts exhibit higher CO2 conversion rates compared to oxide samples across a 

range of temperatures. However, CO selectivity decreases in carbides after 450°C,  rebounding to 

desirable levels at 600 °C, particularly at high GHSV. CoMo oxide samples, on the other hand, 

exhibit better selectivity under certain conditions. In summary, the study underscores the potential 

of CoMo-based bimetallic catalysts, especially carbides in CO2 conversion applications, while 

highlighting the influence of temperature, GHSV, and selectivity. Further research is expected to 

improve the carburization conditions and deepen the understanding of the catalytic mechanism, 

which can pave the way for more efficient and sustainable CO2 conversion processes.
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Chapter 5 Al2O3-supported iron catalysts for CO2 hydrogenation to light 

hydrocarbons 

This chapter presents an investigation into CO2 direct hydrogenation to light hydrocarbons 

using Fe-based catalysts, aiming to compare the impact of reverse microemulsion method (RME) 

and reaction conditions. Three catalyst was synthesised for comparison: RME Fe/Al2O3, 

precipitation on RME-synthesized Al2O3 (Fe/RME-Al2O3), and precipitation Fe/Al2O3. 

Characterization of the catalysts reveals that RME Fe/Al2O3 boasts smaller Fe3O4 particle sizes, 

facilitate the generation of χ-Fe5C2 phase under reaction condition and superior Fe dispersion on 

the alumina support. Notably, RME Fe/Al2O3 demonstrates outstanding CO2 conversion and 

selectivity for C2+ hydrocarbons, with the highest conversion rate observed at 375°C and a 

maximum conversion of 56%. Investigation of the impact of H2/CO2 ration was also conducted. 

Lowering the H2/CO2 ratio results in reduced conversion rates and a 10% decrease in selectivity 

toward C2+ products while maintaining a comparable space-time yield. Examining spent catalysts 

confirms the transformation of magnetite to carbides during the reaction, contributing to sustained 

catalytic activity. The smaller particle size from the RME procedure enhances catalyst activity and 

stability which highlights RME Fe/Al2O3 as a promising candidate for industrial CO2 

hydrogenation applications, particularly for the production of light hydrocarbons.  

5.1 Catalyst synthesis 

To synthesize -Al2O3-supported Fe catalyst via the reverse microemulsion (RME) method, 

three RMEs containing appropriate amounts of ferric nitrate (Fe(NO3)29H2O, Sigma-Aldrich) and 

aluminum nitrate (Al(NO3)39H2O, Fisher Scientific), and ammonium hydroxide solution (1M 

NH4OH, LabChem Inc.) were prepared (target loading was 40wt% Fe in Fe/-Al2O3). RMEs were 
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obtained by mixing aqueous phase (DI water), surfactant (Triton X-100, Acros Organics), co-

surfactant (propanol-2, Sigma-Aldrich), and oil phase (cyclohexane, Sigma-Aldrich) using the 

1:1:4.5:3.5volumetric ratio. The prepared RMEs were mixed in the order shown in Supplementary 

Information (Fig. S1). Briefly, aluminum nitrate RME was first mixed with NH4OH RME (acting 

as a precipitation agent), and then ferric nitrate RME was added dropwise immediately to prevent 

precipitation of large particles resulted from the separation of phases. The resulted mixture was 

mixed using a magnetic stirrer for 8 h and then aged overnight (12 h) for stratification (settle the 

precipitation for easy separation).  

The resulted gel-like precipitate was separated by centrifugation with subsequent washing 

by a mixture of ethanol and deionized water (3:1). This centrifugation/washing procedure was 

repeated 4 times. The washed precipitate was collected and dried overnigh t at 100 °C. K was 

subsequently added by wet impregnation using a diluted K2CO3 solution (0.13 mol/L) as an 

impregnation medium (the target value was 5 wt% K in K-Fe/-Al2O3). After that the precipitate 

was calcined at 400 °C for 3 h under flow of air. To prepare for reaction, the powder catalysts was 

pelletized and sieved to 250-425 µm pellets. The catalyst synthesized using the method described 

above was denoted as RME Fe/Al2O3. Two reference catalysts were prepared for comparison. The 

Fe/RME-Al2O3 catalyst was synthesized by loading Fe via wet (aqueous) impregnation (using 

Fe(NO3)29H2O) onto the RME -Al2O3 support. The RME -Al2O3 support was prepared by the 

same RME method as described above, but without Fe and K introduction. The Fe/Al2O3 catalyst 

was synthesized via wet (aqueous) impregnation using Fe(NO3)29H2O as Fe precursor and a 

commercial support -Al2O3 (Alfa Aesar, 250 m2/g). Prior to reaction tests, all powder catalysts 

were pelletized and sieved to 250-425 µm pellets.  
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Figure 5-1 Schematic representation of the reverse microemulsion (RME) synthesis (RME 

Fe/Al2O3), combined RME-precipitation method (Fe/RME-Al2O3), and direct precipitation 

synthesis (Fe/Al2O3). 
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5.2 Catalyst characterization 

5.2.1 Crystallinity 

To investigate elemental composition, crystallinity and morphology, fresh (calcined) and 

spent (post-reaction) catalysts were characterized via ICP-OES, gas adsorption, XRD, and 

HRTEM. Elemental composition analysis showed Fe loadings in the 38.3-40.9 wt% range (Table 

5-1), with the average value of 39.5 ± 1.31 wt%, i.e., 3.32% standard deviation. The target loading 

was 40wt% Fe/Al2O3 and the average standard deviation between 3 analyzed samples (for each 

catalyst) was 0.93 wt%. Potassium (K) loading was 4.5wt% and 4.9wt% for Fe/RME-Al2O3 and 

Fe/Al2O3, respectively, with the RME Fe/Al2O3 sample value deviating by ca. 2wt% (Table 5-1). 

The target value was 5wt%, and the higher value obtained for the RME method can be attributed 

to the relatively lower K washout during the centrifugation/washing procedure. It has been 

reported in the literature that the Fischer-Tropsch catalytic activity of iron catalysts is not enhanced 

above K/Fe atomic ratio of 0.05 (in the current study K/Fe atomic ration was 0.16 -0.25 for 4.5-

6.6wt% K loading). [199] 

Table 5-1. Specific surface area (SSA), ICP-measured loading (L), and crystallite size 

calculated from XRD patterns (DXRD) for fresh (calcined) and spent (post-reaction) catalysts. For 

spent samples, the following reaction conditions were used: T = 300-375 °C, H2/CO2 = 3-4, GHSV 

= 3,000 mL/(g h), P = 10 bar (absolute); the total time-on-stream was 70 h 

 

SSA, m2/g L, wt% DXRD, nm 

fresh spent Fe K 
fresh spent 

Al2O3 Fe2O3 Al2O3 Fe3O4 Fe5C2 

RME 

Fe/Al2O3 
219 110 38.3 6.6 3.3 --- --- 6.0±1.0 12.7±2.3 

Fe/RME-

Al2O3 
199 131 39.3 4.5 3.9 - --- 6.5±1.3 13.0 
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Figure 5-2 XRD patterns of fresh (a) and spent (b) catalysts synthesised by RME method 

(RME Fe/Al2O3), precipitation on RME Al2O3 (Fe/RME-Al2O3), and precipitation (Fe/Al2O3). For 

spent samples, the following reaction conditions were used: T = 300-375 °C, H2/CO2 = 3-4, GHSV 

= 3,000 mL/(g h), P = 10 bar, time-on-stream = 70 h. 

SSA values of as prepared catalysts (after calcination) are listed in Table 2. RME Fe/Al2O3 

has the highest SSA value (219 m2/g) that emphasizes the advantage of the RME method in 

synthesis of high surface area materials. Fe/RME-Al2O3 (for which -Al2O3 support was 

synthesized via the RME method) also showed higher SSA compared to Fe/Al2O3 prepared by wet 

impregnation on commercial -Al2O3 (199 m2/g vs. 160 m2/g). The obtained values are consistent 

with the high SSA of the RME-synthesized -Al2O3 (299 m2/g, Table 2), which is substantially 

higher than that for commercial -Al2O3 (250 m2/g, see Section 2.1) indicating that the alumina 

support is also sensitive to the preparation method and will impact the SSA of the catalysts after 

Fe/Al2O3 160 166 40.9 4.8 8.0±1.8 6.1±0.7 6.6 9.6±2.1 --- 

RME Al2O3 299 --- ---  3.4 --- --- --- --- 
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Fe2O3 was deposited. For spent catalysts after 70 h on stream, there was a significant reduction of 

SSA for RME-based catalysts, probably attributed to sintering of the high surface area RME-

synthesized -Al2O3. Interestingly, there was no SSA reduction for Fe/Al2O3, which is apparently 

related to high durability of the previously stabilized commercial -Al2O3. [199] 

Fresh (calcined) and spent (post-reaction) catalysts were characterized via XRD to study the 

phase change behaviour and crystallite size evolution under reaction conditions. K-based phase 

was not detectable, as expected due to the low K loading. In the fresh Fe/Al2O3 sample (Figure 5-

2a), diffraction peaks observed at 33.3°, 35.5°, 41.2°, and 54.1° characterise the α-Fe2O3 phase 

(PDF: 33-0664), while the two peaks detected at 45.8° and 66.8° are characteristic of -Al2O3 (PDF: 

29-1486). In fresh RME Fe/Al2O3 and Fe/RME-Al2O3 (Figure 5-2a), broad peaks were scarcely 

detectable for α-Fe2O3 (33.3° and 35.5° ) and -Al2O3 (45.8° and 66.8°) phases corresponding to 

the highest intensity peaks . Scherrer equation was used for crystallite size calculation (reported in 

Table 5-1). Peaks at 45.8° and 66.8° were used for the -Al2O3 phase and peaks located at 33.3° 

and 35.5° were used for the α-Fe2O3 phase in the Fe/Al2O3 sample. For RME Fe/Al2O3 and 

Fe/RME-Al2O3 samples, only a peak at 66.8° was relatively clear. The larger crystallite size for -

Al2O3 in the Fe/Al2O3 sample is consistent with a smaller SSA value. The α-Fe2O3 crystallite size 

was below 10 nm indicating a relatively good dispersion.  

In spent catalysts (Figure 5-2), Fe2O3 was transformed to Fe3O4 (as expected for highly 

reducing environment), with the characteristic peaks located at 30.1°, 35.4°, 43.1°, 53.4°, 56.9° 

and 62.5° (PDF: 19-0629) observed for Fe/Al2O3. The -Al2O3 phase was also clearly detectable 

for Fe/Al2O3 (at 45.8° and 66.8°), and no other phase was detected. For RME Fe/Al2O3 and 

Fe/RME-Al2O3, χ-Fe5C2 was detected (at 39.4°, 40.9°, 43.5°, 44.2°, 47.3°, and 50.2°; PDF: 36 -
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1248) in addition to Fe3O4 and -Al2O3. The χ-Fe5C2 phase was more defined in the RME Fe/Al2O3 

sample, while for Fe/RME-Al2O3 this phase was scarcely detectable. The absence of the χ-Fe5C2 

phase in Fe/Al2O3 indicates that the RME synthesis promotes the formation of the carbide phase. 

χ-Fe5C2 is widely reported as an active phase in the iron-based FT synthesis, with both Fe2O3 and 

Fe3O4 being  precursors of χ-Fe5C2. [200] The structure evolution of the Fe catalyst starts from the 

activation of Fe2O3 to χ-Fe5C2 by CO, oxidation to Fe3O4 by CO2, and regeneration back to χ-

Fe5C2 by CO. [201]  Interestingly, the χ-Fe5C2 phase was not detected in the spent Fe/Al2O3 

catalyst that has a significantly larger Fe3O4 crystallite size as compared to the RME-based 

catalysts (Table 5-1). This observation may indicate that the smaller crystallite size resulted from 

the RME synthesis facilitated the transformation of magnetite to carbide.  

For spent catalysts, the -Al2O3 crystallite size was only calculated for Fe/Al2O3 using a non-

overlapping peak located at 66.8°. Note that the -Al2O3 crystallite size in the spent Fe/Al2O3 

catalyst is slightly lower than that for fresh Fe/Al2O3 (Table 5-1), which is consistent with a slightly 

higher SSA value for the spent catalyst. The Fe3O4 crystallite size was calculated using peaks 

located at 30.1°, 33.3°, 53.4°, 56.9° and 62.5°, while for the χ-Fe5C2 phase the crystallite size was 

calculated using peaks located at 39.4°, 40.9° and 50.2° for RME Fe/Al2O3 and 50.2° for Fe/RME-

Al2O3, as other peaks were either overlapping or not clear. The χ-Fe5C2 crystallite size is relatively 

large, although it should be emphasized that the related peaks were not clear that can cause 

significant errors in crystallite size evaluation. Still, qualitatively speaking the χ-Fe5C2 peaks are 

rather sharp (Figure 5-2b), which is indicative of a relatively large crystallite size. It is important 

to emphasize that, although the SSA for spent RME Fe/Al2O3 was relatively small, the calculated 

Fe3O4 particle size still showed the smallest value (6.0 nm, Table 5-1), suggesting that the 
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reduction in SSA in RME Fe/Al2O3 is mainly due to the RME-synthesized -Al2O3 particle growth 

and agglomeration under reaction condition. 

5.2.2 Reducibility 

H2-TPR results of fresh (calcined) and spent (post-reaction) catalysts are summarized in 

Figure 5-3. The low temperature peak centered at ca. 350 °C, which was detected for fresh 

Fe/Al2O3 and RME Fe/Al2O3 catalysts, corresponds to Fe2O3 being reduced to Fe3O4. The higher 

temperature of the Fe2O3→Fe3O4 reduction for Fe/RME-Al2O3 (ca. 450 C) can be attributed to 

the larger Fe2O3 nanoparticle size resulted from the wet impregnation method. The high 

temperature peak centered at ca. 700 °C, which was observed for all catalysts, indicates the direct 

reduction of Fe3O4 to Fe0. [202, 203] The intermediate peak that appeared in Fe/Al2O3 at 510 °C 

can be referred to the formation of FeO (Wüstite) that retards the direct reduction of Fe3O4 to Fe0. 

[202-204] It was reported that Fe2O3 reduction to Fe0 typically follows a three-step route, i.e., 

Fe2O3→Fe3O4→FeO→Fe0, [202, 204, 205] as it was observed for Fe/Al2O3. However, RME 

Fe/Al2O3 and Fe/RME-Al2O3 undergo two-step reduction (Fe2O3→Fe3O4→Fe0), which is evident 

from the absence of the intermediate-temperature reduction peak. The absence of the Fe3O4→FeO 

step in the RME-based catalysts can be explained by the enhanced dispersion of Fe species on the 

RME-synthesized -Al2O3 support resulting in the stronger active phase-support (Fe3O4--Al2O3) 

interaction. 
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Figure 5-3 H2-TPR profiles of as prepared, calcined (a) and spent, after 70 h on stream (b) 

catalysts, comparing the catalysts prepared by the RME method (RME Fe/Al2O3), precipitation on 

RME-synthesized -Al2O3 (Fe/RME-Al2O3), and precipitation on commercial -Al2O3 (Fe/Al2O3). 

For spent catalysts, qualitatively similar TPR profiles were obtained, with the two reduction 

peaks observed, although located at somewhat different temperature range. The first peak located 

in the 240-450 °C range is related to post-reaction residuals on the catalyst surface (adsorbed CO, 

CO2, hydrocarbons, as well as amorphous and polymeric carbon), as it was supported by the TPR 

off-gas analysis (see Figure 5-15 and Supplementary Information). From the same off-gas analysis, 

it can be seen that the second peak that starts to appear at ca. 550-650 C (depending on the sample) 

is first associated with CO, CH4 and H2O signals, and then predominantly with the H2O signal. On 

the other hand, this peak appears in the similar temperature range as the Fe 3O4→Fe0 reduction 

peak in fresh catalysts (Figure 5-2). Therefore, it can be a combination of graphitic carbon 

hydrogenation (resulting in CH4 formation) and Fe3O4 reduction (leading to H2O generation). It 
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has been reported that hydrogenation of χ-Fe5C2 occurs above 500 C [201, 206] but the presence 

of the post-reaction residuals on the catalyst surface does not allow for deconvolution of this 

process from hydrogenation of carbonaceous species.  

5.2.3 Morphology 

Nanomorphology of fresh, calcined catalysts was characterized via STEM, including STEM-

HAADF elemental mapping, Figure 5-4 to Figure 5-6. For Fe/Al2O3, fresh catalysts show 

agglomerated nanoparticles. Al2O3 nanoparticles with a diameter of 9-20 nm (Figure 5-4b,c) and 

d-spacing of 0.24, 0.193 and 0.14 nm were observable for (311), (400) and (440) facets 

respectively, while some of the Al2O3 phase was in the form of a large crystalline structure with 

unclear boundaries. Particle size distribution analysis (Figure 5-4a,d) of well defined particles 

indicated that in the fresh Fe/Al2O3 catalyst, the particles primarily comprise Al2O3 and Fe2O3 with 

a nanoparticle size of 9.1 ± 1.7 nm (Figure 5-4a). After 70 h on stream, ca. 3 nm growth in the 

average particle size was observed, resulting in the 10.3 ± 2.8 nm size (Figure 5-4d), with the spent 

catalyst showing identified phases of Al2O3 and Fe3O4.  

In addition to the relatively uniformly distributed nanoparticles shown in Figure 5-4d, 

relatively large nanoparticles with a diameter ranging from 50-60 nm were also found in the spent 

Fe/Al2O3 catalyst (Figure 5-4e). This nanoparticles has a core-shell structure that is clearly 

observable in both STEM images and HAADF mapping (Figure 5-4e,f,g), where the Fe-rich core 

is surrounded by an amorphous shell enriched with O while K evenly distributed on the Fe 

containing particle and Al2O3 support. From combining the elemental mapping (Figure 5-4g), with 

d-spacing analysis (Figure 5-4e,f), the core can be ascribed to Fe3O4 (d-spacing of 0.25 and 0.49 

nm).  Interplanar distance analysis indicated that the existing phases are Fe3O4 (111) (d = 0.483 Å) 

and  Fe3O4 (311) (d = 0.253 Å). This finding agrees with the XRD results (Figure 5-4b) that showed 
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Fe3O4 as the only iron-containing phase in spent Fe/Al2O3, while no iron carbide phase was 

detected. 

Nanoparticles in the fresh Fe/RME-Al2O3 catalyst after calcination mainly had a particle size 

of 5.6 ± 1.9 nm (Figure 5-5a). Interestingly, Fe3O4 was found as spherical nanoparticles in  the fresh 

catalyst (Figure 5-5b) by d-spacing analysis, which in XRD pattern, only Fe2O3 and Al2O3 were 

identified. The nanoparticle size grow to 8.5 ± 3.0 nm for spent Fe/RME-Al2O3 catalyst with a 

slightly decentralized particle size distribution (Figure 5-5c). Similar core-shell structure was also 

identified in the spent Fe/RME-Al2O3 catalyst as in the spent Fe/Al2O3 catalyst. However, large 

Fe-containing nanoparticles over 50 nm as shown in Figure 5-5e were not detected in spent 

Fe/RME-Al2O3, which might be attributed to the enhanced dispersion from the RME synthesized 

-Al2O3 support. The enhanced dispersion of Fe species on RME Al2O3 seems to play a pivotal 

role in preventing aggregation during the reaction and remain well distributed. This aspect 

showcases the efficacy of RME alumina in maintaining a favourable particle size distribution even 

under high temperature, there by contributing to the catalyst’s stability and performance. 
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Figure 5-4 STEM images of fresh (a-c) and spent (d-f) Fe/Al2O3 catalysts, also showing 

particle size distribution (a, d) and HAADF (g) elemental mapping of a single particle in the spent 

Fe/Al2O3 catalyst (g). 

Fe species in additional to Fe3O4, Hägg iron carbide was also identified by d-spacing analysis, 

with phases of, χ-Fe5C2 (510) (d=0.208 Å), χ-Fe5C2 (31-2) (d=0.198 Å). Inside the core-shell 

structure, the carbide phase was well defined and dispersed Fe3O4 and Fe5C2 particles were also 

observed in some area on the support without a clear shell. Small amount of Fe 0 particles were also 

identified on the support which might be the intermediate of the formation of the carbide phase.  
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Figure 5-5  STEM images of fresh (a, b) and spent (c, d) Fe/RME-Al2O3 catalysts with 

particle size distribution (a, c), HAADF intensity profile of a typical core-shell nanoparticle in the 

spent catalyst (e) along the direction pointed in (f), and elemental mapping of this nanoparticle (g). 

In the elemental analysis of a single particle (Figure 5-5e,f,g), it can be determined Fe and 

K are finely distributed and well dispersed on the core-shell structure particle after 70 h on stream. 

The carbide core was well defined while from the O distribution (Figure 5-5g), although the shell 

is amorphous, it could be deduced that the shell consists of oxygen-rich oxides. The HAADF 

intensity profile (Figure 6e) of the particle shown in Figure 5-5f along the direction pointed also 

indicates the oxygen intensity changes across the particle. The formation of this Fe carbide (code)-

oxide (shell) structure may due to the CO dissociation on Fe (110) surface under the reaction 
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condition which C leads to the formation of carbide and O leads to the oxide shell. [207] d-spacing 

analysis to the core-shell structure, it was also revealed that χ-Fe5C2 and Fe3O4 phases can exist in 

the same core of a core-shell particle which further support the evolution scenario.  

 

Figure 5-6 STEM images of fresh (a-c) and spent (d-f) RME Fe/Al2O3 catalysts with particle 

size distribution (c, d), and HAADF elemental mapping of the spent RME Fe/Al2O3 catalyst (g). 

In fresh RME Fe/Al2O3, amorphous phase was widely observed (Figure 5-6a,b). In addition, 

uniform nanoparticles with a relatively narrow particle size distribution were detected (Figure 

5-6c), with a nanoparticle size of 6.0 ± 2.1 nm. Nanoparticles under 10 nm are still dominant in 

the spent RME Fe/Al2O3 sample (Figure 5-6d), with the average nanoparticle size of 6.7 ± 3.2 nm. 
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Spherical χ-Fe5C2 and Fe3O4 nanoparticles without noticeable oxide shell can be identified in spent 

RME Fe/Al2O3 (Figure 5-6d,e). A slight increase in the average nanoparticle size from 6 to 7 nm 

was observed. Nanoparticles with d-spacing of 0.20 nm and 0.182 nm (facets (510) and (312), 

respectively) were assigned to χ-Fe5C2, Figure 5-6d,f. Fe3O4 was also identified in RME Fe/Al2O3, 

from the d-spacing of 0.475, 0.157 and 0.293 nm, corresponding to (111), (511) and (220) planes, 

respectively (JCPDS 19-0629). [208]  

From the elemental analysis (Figure 5-6g), K was evenly distributed on the surface and that 

Fe-rich nanoparticles were well-dispersed on the Al2O3 support. It is clear that the Fe mapping 

overlaps with the HHADF images suggesting that the spherical nanoparticles are Fe -rich. Al 

analysis also indicates that the Fe-rich particles attach to the Al2O3 support and potentially interact 

with the support. From the intensity of the O mapping, O signal was not intensified at Fe -rich 

region which suggests that O mainly came from the Al2O3 support. The existence of iron carbide 

species was also proved by the TPR-FTIR experiment (Figure 5-15), in which CH4 and light 

hydrocarbons desorbed from the catalyst surface when the sample was reduced at high temperature, 

indicating the possibility of the χ-Fe5C2 + 2H2 → CH4 + Fe3C reaction. [206] 

The STEM analysis unveiled distinct nanomorphology among Fe/Al2O3, Fe/RME-Al2O3 and 

RME Fe/Al2O3 catalysts. The nanoparticle size of Fe2O3 and Al2O3 in RME-synthesized fresh 

samples (RME Fe/Al2O3 and Fe/RME-Al2O3) was considerably smaller than that for Fe/Al2O3 (ca. 

6 nm, Figure 5-5a,b and Figure 5-6c), indicating that the RME method enhances active phase 

dispersion. The fresh Fe/Al2O3 catalyst exhibited agglomerated nanoparticles, transitioning to a 

core-shell structure post-reaction, while the Fe/RME-Al2O3 catalyst avoided aggregation due to 

enhanced Fe dispersion on RME alumina. Conversely, RME Fe/Al2O3 displayed an amorphous 

phase initially, transitioning to χ-Fe5C2 and Fe3O4 nanoparticles post-reaction without core-shell 
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structure observed. These findings underscore the alumina support and RME method’s impact on 

Fe species dispersion and stability.  

5.2.4 Surface property 

In order to analyze the CO2 adsorption strength, CO2-TPD was performed on both fresh and 

spent catalysts. CO2 desorption peaks are shown in Figure 5-7. Fresh (calcined) catalysts showed 

a single peak centered at ca. 80 °C for all three methods, corresponding to weak CO2 adsorption. 

[209] A relatively small shoulder that appeared at 185 °C for Fe/RME-Al2O3 and RME Fe/Al2O3 

can be attributed to molecular CO2 with moderate adsorption strength. [209, 210]  

 

Figure 5-7 CO2-TPD profiles of as prepared (after calcination) and spent, after reaction (70 

h on stream) catalysts. 
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For spent catalysts after dehydration at 200 °C, TPD profiles were quite complicated. The 

same peak centered at ca. 90 °C for fresh catalysts, which is associated with weak CO2 

physisorption, was also for all spent catalysts. The second peak at 185 °C was also observed as a 

shoulder in RME Fe/Al2O3 and Fe/Al2O3, and as a distinct peak in Fe/RME-Al2O3. Notably, in 

spent catalysts the second peak (at 185 °C) was of significantly higher intensity compared to the 

first peak (at 80 °C), indicating that the fraction of active sites associated with the molecular CO2 

adsorption with moderate strength has increased significantly after the exposure to reaction 

conditions for 70 h. 

In addition to these two desorption peaks that were also observed in fresh catalysts, three 

additional peaks were observed in spent catalysts at higher temperatures. The two peaks centered 

at 232 °C and 375 °C can be ascribed to moderate and strong adsorption of CO2. [211, 212] The 

two moderate adsorption peaks cantered 185 and 232 °C may corresponding to the chemisorption 

of CO2 at two different active sites and there is a great chance that the active site of the peak at 

232 °C is formed in-situ during reaction due to its absence in fresh catalysts. The peak centered at 

493 °C for RME Fe/Al2O3 and at 535 °C for Fe/RME-Al2O3 and Fe/Al2O3 may be attributed to the 

desorption of CO that is generated from the dissociation of surface species such as formates and 

carbonates adsorbed on the active sites under reaction conditions. [213] Fresh catalysts exhibits 

weak CO2 adsorption, while spent catalysts after exposure to reaction condition showed more 

complex profiles with increased CO2 adsorption peaks at higher temperatures, suggesting changes 

in active sites and potential chemisorption of CO2. 

5.3 Catalytic performance evaluation 
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5.3.1 Effects of operating conditions 

 

Figure 5-8 Catalytic performance evaluation of RME Fe/Al2O3 for T = 325-375 °C and 

H2/CO2 = 3 and 4, showing product distribution, CO2 conversion (X, squares), and carbon balance 

(CB, circles). Operating conditions: GHSV = 3,000 mL/(g h), P =10 bar (absolute).  

Before reaction tests, the catalysts were reduced at 400 °C, 1 bar, under 300 ccm H2 for 3 

hours to expose the active sites. Since RME Fe/Al2O3 is the most promising candidate, reaction 

tests were performed at various reaction conditions to investigate the effect of temperature and 

H2/CO2 ratio (Figure 5-8). conversion of CO2 increased along with the temperature when H2/CO2 

is 4 as expected and the highest selectivity (0.59) was achieved at the lowest temperature 325 °C 

but due to the supressed conversion, the space time yield (STY) was only 5.33 mmol/(gcat∙h), while 
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STY at 375 °C was 7.75 mmol/(gcat∙h). H2/CO2 was tuned down which aimed for higher selectivity 

towards C2+ hydrocarbons, the conversion was lower which follows the reaction kinetics, but 

surprisingly, the selectivity towards C2+ at higher CO2 mole fraction was lower and. 

5.3.2 Comparison between catalysts 

The catalytic performance of the three as-prepared catalysts for CO2 hydrogenation to 

hydrocarbon reaction were tested under 325-375 °C, pressure of 10 bar, H2/CO2=4 or 3, and 3,000 

mL/(g h) condition. The conversion, STY and product distribution are summarized in Figure 5-9. 

RME Fe/Al2O3 displayed outstanding catalytic performance with the highest selectivity among 

these three catalysts at all reaction conditions tested, particularly achieved 0.52 selectivity towards 

C2+ hydrocarbons at 375 °C, H2/CO2=4.  It is noteworthy that the superior of RME Fe/Al2O3 over 

the reference catalyst was enlarged at a higher temperature at 375 °C compared to 350 °C in terms 

of STY and selectivity to C2+ hydrocarbons. The 25 °C of increment in the temperature not only 

provided a growth of selectivity, 0.11 and 0.02 for RME Fe/Al2O3 and Fe/RME-Al2O3 respectively, 

but also pumped up the reaction rates for all catalysts. The conversion of CO2 increased with the 

increasing temperature from 350 °C to 375 °C where the highest conversion yet highest growth 

was both observed on RME Fe/Al2O3, from 0.42 to 0.56. Fe/RME-Al2O3 showed comparable but 

slightly lower conversion to RME Fe/Al2O3 while the selectivity was unable to exceed the latter, 

resulting in a lower STY at 375 °C when H2/CO2=4. However, comparing to the reference sample 

Fe/Al2O3, RME Fe/Al2O3 still have the advantages both in conversion and selectivity. Considering 

the SSA results, it can be seen that the RME method can enhance the surface area for both Al2O3 

support as well as the active Fe phase. Interestingly, a positive relationship (Figure 5-9d) was 

observed which the selectivity towards C2+ hydrocarbon increase with the conversion of CO2. The 
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similar trend was observed by Barrios and Liu et al [23, 96] and this may suggest that CO is the 

primary product while the CH4 and hydrocarbons are secondary products. 

 

Figure 5-9 Catalytic performance comparison at different operating condition. Product distribution, 

CO2 conversion, and space-time yield (STY) are shown for the three catalysts at a) T = 350 °C, 

H2/CO2 = 4, b) T = 375 °C, H2/CO2 = 4, and c) T = 375 °C, H2/CO2 = 3. Repetition was done to 

confirm the repeatability and the standard deviation between 2 batches tested at T = 375 °C, 

H2/CO2 = 4 are shown in (a). Selectivity to C2+ vs. CO2 conversion is shown in (d), for the data 

reported in (a-c). Operating conditions: GHSV = 3,000 mL/(g h), P = 10 bar (absolute ).  

The product distribution, conversion, and STY of RME Fe/Al2O3 evaluated under conditions 

ranging from 300-375 °C and H2/CO2 ratios of 2-4, are depicted in Figure 5-10a. Note that the 

a) b)

c) d)
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product distribution was quantified based on the FTIR signal with a detection range limited to C1-

C4 hydrocarbons. At H2/CO2 ratio of 4, the conversion steadily increased with temperature and 

reached its maximum value at 375 °C, while observing a slight decrease in the selectivity towards 

C2+ hydrocarbon products. However, when the H2/CO2 ratio was decreased at a constant 

temperature of 375°C, the CO2 conversion rate decreased due to reaction equilibrium 

considerations, also resulting in a 10% decrease in the selectivity towards C2+ products.  

 

Figure 5-10 Catalytic performance evaluation of RME Fe/Al2O3 for T = 300-375 °C and 

H2/CO2 = 2-4, showing product distribution, CO2 conversion (X, squares), selectivity to C2-C4 (S, 

triangle), and space-time yield (STY, diamond). Selectivity to C2+ vs. CO2 conversion is shown 

in (b), for the data reported in (a). Operating conditions: GHSV = 3,000 mL/(g h), P = 10 bar 

(absolute). 

Despite the reduction in H2/CO2 ratio, the STY remained comparable as the GHSV was 

maintained constant. Figure 5-10b presents the correlation between CO2 conversion and selectivity 

towards C2-C4 hydrocarbons. A near linear relationship is observed between these two parameters, 

which is a considerable improvement as compared to the results depicted in Figure 5-9d, indicating 
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the linear relationship is observed to be stronger for individual catalysts under different reaction 

conditions. Table 5-2 summarizes catalysts reported for direct hydrogenation of CO2 to C2+ 

hydrocarbons, including this work. Considering the relatively low pressure conducted in this study, 

the STY of C2+ hydrocarbons on RME Fe/Al2O3 catalysts achieved a comparable value with this 

mild condition of 10 bar since long chain production usually requires high pressure to push the 

equilibrium. Based on references [99, 100] presented in Table 5-2, it can be observed that the 

incorporation of additional metals, such as Cu, has the potential to enhance performance. This 

insight should be taken into account in future work. 

Table 5-2 Summary of experimental reports on direct CO2 hydrogenation to hydrocarbons. 

Catalyst 
GHSV, 

mL/(g h) 
feed 

H2/CO2 
P, 

bar 
T, C 

X(CO2), 
% 

S(CO), % S(C2+), % 
Product distribution, % Y(C5+), 

% 
Y(C2+), 

% 
STY(C2+), 

mol C/(g h) 
Ref 

C1 C2-C4 C5+ 

6.6%K-

38.3%RME 
Fe/Al2O3 

3000 4 10 375 55.8 17.1 51.8 48.2 40.9 10.9 6.1 28.9 7.7 

Curre

nt 
work 

CuFeO2 1800 3 10 300 17.3 31.7 66.5 2.7 31.0 66.3 7.8 11.5 2.3 [47] 

1.18%Na-Fe3O4 2000 3 30 320 40.5 13.5 72.8 15.8 54.1 30.1 10.5 29.5 6.6 [214] 

Na-

Fe3O4/HMCM-22 
4000 2 30 320 25.9 17.1 76.3 9.0 10.0 82.0 17.6 19.8 11.8 [215] 

Fe2O3 1140 3 15 350 40.0 15.0 73.0 14.1 43.5 42.4 14.4 29.2 3.7 [216] 

79%Co-
21%MnOx 

- 1 8 200 15.3 0.4 61.6 46.6 53.4 8.4 - 9.4 - [217] 

Zn-Cr 3000 3 49 400 31.7 85.8 13.2 6.8 68.2 25.0 1.1 4.2 1.4 [218] 

Fe-Zn-Zr-HZSM-
5-Hbeta 

3000 3 50 340 14.9 38.6 60.5 1.5 71.7 26.8 2.5 9.0 3.0 [219] 

Fe-Mn-K 2400 3 10 300 38.2 5.6 84.6 10.4 27.7 61.9 22.3 32.3 8.7 [220] 

15%Co-

6%K/Al2O3 
1200 3 5 300 42.3 8.2 24.2 73.6 24.3 2.1 0.8 10.2 0.2 

[221] 
15%Co-
8%K/Al2O3 

1200 3 5 300 12.2 33.5 50.6 23.9 76.1 0.0 0.0 6.2 0.1 

3.8%K-
18.4%Fe/MPC 

2000 3 25 300 50.6 8.2 76.4 16.8 34.7 48.5 22.5 38.7 8.6 [222] 

8.7%K-57.7%Fe- 
7.5%Cu/Al2O3 

5000 3 25 300 37.0 9.5 80.0 13.6 33.9 52.5 17.6 29.6 16.5 [223] 

0.9%K-13.4%Fe-
1.6%Co/TiO2 

3600 3 11 300 23.9 31.0 46.0 33.3 15.9 50.7 8.4 11.0 4.4 

[94] 1.3%La-0.9K-

1.7%Cu-
13.3%Fe/TiO2 

3600 3 11 300 23.1 33.0 54.0 19.4 13.4 67.2 10.4 12.5 5.0 

10%K-13%Fe-
2%Co/Zr 

7200 3 30 400 42.0 - 52.0 - 32.6 67.4 - 21.8 17.6 [224] 

8.7%K-2.6%Co 

12.4Fe/Al2O3 
3600 3 11 300 31.0 18.0 69.0 15.9 84.1 - - 21.4 8.6 [100] 

2.6%K-2.8%Cu 
12.2%Fe/Al2O3 

3600 3 11 300 31.4 16.0 69.0 17.9 82.1 - - 21.7 8.7 [99] 
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Figure 5-11 Stability test of the RME Fe/Al2O3 catalyst, showing product distribution, CO2 

conversion (X, squares), and selectivity to C2+ (triangles). Operating conditions: T = 375 °C, 

H2/CO2 = 4, GHSV = 3,000 mL/(g h), P = 10 bar (absolute). 

5.3.3 Stability tests 

Since stability is a crucial descriptor to the performance of a catalytic material, RME 

Fe/Al2O3 was tested on stream for over 125 h at the condition with the highest STY (Figure 5-11). 

Surprisingly the conversion experienced a 9% growth during 40 h to 50 h and maintained at the 

same level for the rest of the experiments. Nevertheless, the production efficiency of C2+ 

hydrocarbons decreased gradually which can be revealed from the dropping selectivity. Methane 

started becoming the dominant product from 50 h but CO fraction remained constant indicating 

8.7%K-2.6%Co 
12.4%Fe/Al2O3 

3600 3 11 300 30.9 21.0 64.0 19.0 81.0 - - 19.8 7.9 
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methane might be the biggest competitor of light hydrocarbons. It was reported that the catalyst 

phase with high content of χ-Fe5C2 might show a gradual increment after a long time on stream. 

[225, 226] 

5.4 Post-reaction characterization 

In order to study the phase changes and behavior differences before and after the reaction, 

characterization technics were also conducted for the spent catalysts. In spent Fe/Al2O3, large core-

shell particles having size of around 60 nm were widely observed which the diameter was tripled 

compared to the fresh catalyst (Figure 5-4d). However, in the Fe/RME-Al2O3 sample, even though 

the Fe was loaded to the support by wet impregnation, the Fe particle size (Figure 5-5d) after 

reaction was still much smaller than Fe/Al2O3, and only grew by about 150%, suggesting a superior 

support not only can provide higher specific surface area but can also prevent the sintering of 

active phase.  

The effect of size to the selectivity (Figure 5-9) is also agree with the observation of Suo et 

al, [227] the selectivity towards C2+ increases with decreasing particle size. It also has been 

proposed that the particle size of Fe carbide catalysts is vital to the surface specific activity and 

the apparent turnover frequency of conversion to hydrocarbons increases with a descending 

particle size, which was proved in this study as well that smaller particle size corresponding to 

higher CO2 conversion and space time yield. [228] A elemental mapping of three catalysts at a 

smaller resolution were summarized in Figure 5-12 and it can be seen for al samples, Fe and K 

were well dispersed on the Al2O3 support. 
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Figure 5-12 HAADF elemental mapping comparison of spent Fe/Al2O3 (a), Fe/RME-Al2O3 

(b), and RME Fe/Al2O3 (c) catalysts. 

XPS analysis was also conducted to understand the surface chemical nature of the spent 

catalysts and the Fe 2p and C 1s region for each spent catalyst were shown in Figure 5-13. Peaks 

around 710.5 and 723.6 eV in all 3 catalysts can be assigned to Fe 2+ doublet [229] while peaks 

near 713.9 and 727.3 eV are Fe3+ doublets with a satellite peak appeared at 711.5 eV. [230] As 

shown in Figure 5-13, 295.2 and 292.5 eV are the 2p peaks for K2O [231] and the peak observed 

at 284.8 eV was ascribed to Fe-C 1s. [232] Fe5C2 appears at ~707 and ~720 eV. Comparing the 

Fe2+ ratio determined from Fe 2p region, RME Fe/Al2O3 showed slightly higher content, 80.5%,  

than Fe/RME-Al2O3 (78.1%) and Fe/Al2O3 (77.3%). This small discrepancy may not be sufficient 

to conclude the enhanced catalytic performance of RME Fe/Al2O3 was from higher Fe2+ or Fe3O4 
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content, the smaller particle sized resulted from RME synthesis is still a more compelling reason 

of the superiority. 

 

Figure 5-13 XPS patterns of spent Fe/Al2O3, Fe/RME-Al2O3, and RME Fe/Al2O3 catalysts. 

The TPO profiles of the catalysts after 70 h time on stream under reaction conditions are 

shown in Figure 5-14. Three distinct CO2 peaks represent the presence of three carbonaceous 

species. The fist peak appeared at around 220 °C (α-peak) corresponds to the reactive carbon, 

which was determined as the precursor to the hydrocarbonaceous overlayer between the 

amorphous carbon phase and the Fe carbides phase, as well as the Fe carbide species. [205, 233, 

234] The second peak at 355 °C (β-peak) associate with the amorphous hydrocarbon or carbon 

species deposition on the surface while the third peak at 400 °C (γ-peak) represents the oxidation 
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of the Fe carbide species. [233, 234] Consider that the total weight loss for all samples during TGA 

analysis were around 3.5 wt%, the presence and higher content of Fe carbide species in RME 

Fe/Al2O3 and Fe/RME-Al2O3 is further supported by the larger intensity of γ-peak, additional to 

the post-reaction XRD results.  

 

Figure 5-14 TGA-FTIR files of post reaction catalysts (70 h on stream). Stability test 

conditions: T = 375 °C, H2/CO2 = 4, GHSV = 3,000 mL/(g h), P = 10 bar (absolute). 

 

Figure 5-15 TPR-FTIR profiles of the spent RME Fe/Al2O3 catalysts (70 h on stream). 

Stability test conditions: T = 375 °C, H2/CO2 = 4, GHSV = 3,000 mL/(g h), P = 10 bar (absolute). 
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To further confirm the surface carbonaceous species, TPR for spent catalysts was perform 

and the species in the effluent were analyzed by FTIR as shown in Figure 5-15. Small amount of 

CO2 was detected at low temperature range from 260 to 400 °C, which may due to the physical 

and chemical adsorption on the surface and it was interesting to observe that the CO2 was reduced 

to CO starting from 400 °C producing water as by product. The first methane peak at 425 °C could 

be assigned to the hydrogenation of Fe carbides [206] while the second peak at higher temperature 

at 630 °C is ascribed to the graphitic carbon deposition. [235] 

5.5 Discussion and concluding remarks 

The present study sought to investigate the CO2 hydrogenation reaction over Fe-based 

catalysts, comparing catalysts prepared by the RME method (RME Fe/Al2O3), precipitation on 

RME-synthesized Al2O3 (Fe/RME-Al2O3), and precipitation (Fe/Al2O3), and to identify the impact 

of different synthesis methods and reaction conditions. The characterization of fresh catalysts 

showed that RME Fe/Al2O3 exhibited smaller particle sizes of Fe3O4 and alumina support, which 

led to an enhancement in Fe dispersion on the alumina support.  

RME Fe/Al2O3 showed excellent performance in terms of CO2 conversion and STY in CO2 

hydrogenation. At H2/CO2=4, the highest conversion rate was observed at 375°C, with a maximum 

conversion of 56%, and the STY was 7.75 mmol/(gcat∙h) at this temperature. The selectivity 

towards C2+ hydrocarbons at his condition was 0.52, which was the highest selectivity achieved 

among the three tested catalysts. The results also showed that a decrease in the H2/CO2 ratio led to 

a reduction in the conversion rate due to reaction equilibrium considerations, also resulting in a 

10% decrease in the selectivity towards C2+ products while maintaining comparable STY.  
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The core-shell structure observed in the spent Fe/RME-Al2O3 and Fe/Al2O3 catalysts 

supported the transformation of magnetite to carbides during the reaction, contributing to the 

sustained catalytic activity. Moreover, the uniform structure of the core-shell nanoparticles 

observed in the spent Fe/RME-Al2O3 sample suggested that a superior support can prevent the 

sintering of active phase, leading to better stability. The microscopy results suggested that the 

smaller particle size resulting from the RME procedure facilitates the transformation of magnetite 

to carbides, enhancing the activity of the catalyst. The spent RME Fe/Al2O3 sample consists 

primarily of clear spherical χ-Fe5C2 and Fe3O4 particles with a particle size under 10 nm, and a 

slight increase in average particle size of 0.8 nm was observed during the analysis, which showed 

smaller particle size and decelerated growth after 70h on stream compared to Fe/RME-Al2O3 and 

Fe/Al2O3. Overall, RME Fe/Al2O3 demonstrated excellent performance for CO2 direct 

hydrogenation to light hydrocarbons making it a promising candidate for future industrial 

applications. 
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Chapter 6  Experimental investigation of copper-doped ceria (CuCeO2) 

catalysts for reverse water gas shift 

This chapter presents a comprehensive exploration of Cu/CeO2 catalysts synthesized through 

reverse micro emulsion method, offering insights into their performance, stability, and underlying 

mechanisms in CO2 reduction processes. The influence of Cu doping concentration on the catalyst 

performance is investigated and underscores the balance between Cu loading and catalyst integrity, 

as confirmed by XPS and XRD analyses. Long-term stability tests reveal minimal degradation 

over 110 hours, highlighting resistance to coking and sintering. In-situ FTIR analysis unveils the 

crucial role of oxygen vacancies generated by Cu doping, facilitating CO2 adsorption and 

activation. The findings emphasize the potential of Cu/CeO2 catalysts in CO2 reduction 

applications, while also highlighting the importance of Cu doping levels. Insights into the reaction 

mechanism and the dynamic nature of surface adsorbates offer valuable guidance for catalyst 

design, with room for further computational studies to deepen mechanistic understanding and 

catalyst development. 

6.1 Catalyst synthesis 

Three reverse microemulsions (RMEs) were synthesized by combining an aqueous phase 

comprising cerium nitrate (99.5% Ce(NO3)3·6H2O, Alfa Aesar), copper nitrate (CuNO3·9H2O, 

Sigma-Aldrich), and ammonium hydroxide (28-30% NH4OH, LabChem Inc.) with a surfactant 

(Triton X-100, Acros Organics), a co-surfactant (propanol-2, Sigma-Aldrich), and an oil phase 

(cyclohexane, Sigma-Aldrich) in a proportion of 1:1:4.5:3.5. The RME containing copper nitrate 

was introduced gradually into the RME with cerium nitrate, while continuously stirring for 4 hours. 

Subsequently, the RME containing ammonia was incrementally added to the mixture, maintaining 
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a consistent stirring for another 4 hours, until a precipitate emerged. This precipitate was 

thoroughly rinsed four times using deionized (DI) water and then subjected to centrifugation. 

Afterward, the cleaned precipitate was left to dry overnight and subsequently calcined at 275 °C 

for a duration of 4 hours. For catalytic reactions, the resultant powdered catalyst was molded into 

pellets and sifted to yield pellet sizes ranging from 250-425 µm. 

 

Figure 6-1 RME Synthesis schematic for Cu/CeO2 catalyst preparation  

6.2 Catalyst characterization 

6.2.1 Crystallinity 

Figure 6-2 presents the XRD patterns of both newly calcined and used (post-reaction) 

catalysts. The specified percentages (0, 0.62, 1.17, 5.36, 10.20, and 26.54%) correspond to atomic 
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percentages (at%) computed as Cu/(Ce+Cu) on a molar basis, as verified by ICP-OES (refer to 

Table 6-1). For fresh catalysts, the diffraction peaks are notably broad, suggesting the presence of 

small nanocrystallites. In contrast, the spent catalysts display distinct, sharp peaks. The XRD 

patterns of both fresh and spent catalysts match the CeO2 fluorite structure (PDF 00-034-0394). 

Importantly, no additional crystalline phases of Cu or Cu oxides (such as CuO or Cu 2O) were 

observed in all XRD patterns, indicating that Cu is primarily integrated into the CeO 2 lattice, 

replacing Ce ions. It's also plausible that sub-nanometric clusters of Cu or Cu oxides exist on the 

surface, although these clusters would remain undetected by XRD. This high level of Cu doping 

observed aligns with findings from previous studies. [236] 

 

Figure 6-2. XRD patterns of as prepared, calcined catalysts (a) and of catalysts after 20 h 

under reaction conditions (b). 

Table 6-1 illustrates the sizes of crystallites derived from XRD patterns using the Scherrer 

formula. Peaks of (111), (220), and (311) (of highest intensity) were utilized to compute the mean 

crystallite size. Deviations reported in Table 6-1 refer to standard deviations between the three 
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values. The findings indicate that in fresh catalysts, the size of the nanocrystallites decrease with 

the increase of Cu doping, stabilizing after reaching 10.20 at%.  

Table 6-1: Cu loading (Cu/(Ce+Cu) at% as determined by ICP-OES), BET-measured 

specific surface area (SSA), and crystallite size as determined from XRD patterns (D XRD). 

Cu loading, 
at% 

SSA, m2/g DXRD, nm 

fresh spent fresh spent 

0 115 15 5.2 15.1 

0.62 - - 4.2 11.2 

1.17 143 20 5.3 12.0 

5.36 143 32 4.2 9.8 

10.20 127 13 3.3 11.1 

26.54 127 12 3.1 12.7 

The behavior of crystallite sizes in spent catalysts deviates from that observed in fresh 

catalysts. The alteration in crystallite size can be attributed to two primary factors: the replacement 

of larger Ce4+ ions with smaller Cu2+ ions, reducing crystallite size, and the creation of oxygen 

vacancies due to Cu doping, which could potentially expand the lattice . [237] These competing 

effects result in a more complex relationship between Cu doping level and nanocrystallite size in 

spent catalysts. Additionally, the observed variations in crystallite sizes may be influenced by other 

factors, as lattice size is not directly proportional to nanocrystallite size. Surface area 

measurements through BET analysis, using N2 adsorption, indicated that lower Cu doping 

concentrations yield higher SSA in fresh catalysts, though this trend reverses at higher Cu 

concentrations (10.20 and 26.54 at%). 

6.2.2 Surface property 
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Figure 6-3. XPS spectra of fresh (calcined) catalysts showing Ce 3d region for pure CeO2 (0 

at%) and Cu-doped CeO2 (0.62-26.54 at%). 

Surface elemental composition and chemical states were evaluated through XPS (Figure 6-3). 

Analysis of the Ce 3d subshell, comprising five orbitals in two spin states (3d5/2 and 3d3/2), revealed 

10 well-defined peaks. Peak fitting criteria were established for all samples, resulting in a 

consistent 3:2 peak area ratio between the 3d5/2 and 3d3/2 doublet peaks. [238] 10 well fitted peaks 

were obtained for all samples: uo, u, u', u'', u''', vo, v, v', v'', v''' (u represents peaks associated with 

the 3d5/2 spin state, while v associated with the 3d3/2 spin state).  Concentration of Ce3+ and Ce4+ 

states can be calculated as follows (with eq. 6-3 representing the fraction of Ce3+ ions)  

3

0 0Ce u u v v+  = + + +                             (6-1) 

                (6-2) 
4Ce u u u v v v+    = + + + + +
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The Ce3+ and Ce4+ states were identified by summing the areas of peaks associated with each 

oxidation state. Figure 6-4 demonstrates a correlation between the concentration of Ce3+ and the 

Cu doping level, revealing a significant decrease in Ce3+ with increasing Cu, except at the highest 

Cu loading. This suggests Cu substitution at Ce3+ sites near the surface, as XPS primarily probes 

the few subsurface atomic layers of the nanoparticles. It is widely recognized that elevated levels 

of Ce3+ are associated with an increased presence of oxygen vacancies, which typically form in 

proximity to the Ce3+ ion [239]. Consequently, a decrease in the Ce3+ concentration leads to a 

corresponding reduction in oxygen vacancies. Conversely, the introduction of Cu2+ ions can create 

additional oxygen vacancy sites, thereby augmenting the overall concentration of oxygen 

vacancies as a result of Cu doping. This substitution of Ce3+ with Cu2+ markedly increases the 

number of oxygen vacancy sites, which in turn enhanced the chemisorption capacity for CO2. 

Interestingly, at a 26.54 at% Cu doping level, there is a notable increase in the Ce3+ concentration, 

although it remains significantly lower compared to the concentration in  pure CeO2. 
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Figure 6-4. XPS-measured Ce3+/(Ce3+ + Ce4+) chemical state ratio vs. Cu/(Cu+Ce) atomic 

ratio as determined by ICP-OES. 

Figure 6-5 displays the CO2 temperature-programmed desorption (TPD) profiles for both 

unreduced and reduced catalysts. In these profiles, two distinct peaks, labeled α and β, are observed 

at relatively low temperatures, along with a higher-temperature peak designated γ. These three 

desorption peaks correspond to distinct CO2 adsorption sites/configurations, indicative of weak, 

moderate, and strong CO2 adsorption strengths, respectively. For the unreduced samples, the α-

peak consistently appears around 90-100 °C across all doping levels, including the pure CeO2 

sample, which is associated with the weak adsorption of CO2 species on the surface. The α-peak 

is likely related to bicarbonate desorption due to its weak interaction with the surface. Upon 

reduction, the α-peak becomes more pronounced, maintaining its temperature position. The β-peak 

that related to the moderate adsorption, while less discernible for the 26.54 at% sample, shows a 

slight shift to higher temperatures, ranging from approximately 150 °C to around 170 °C at 

intermediate Cu doping levels. However, the β-peak exhibits a notable shift to substantially higher 

temperatures, especially at increased Cu loadings, ranging from about 190 °C to approximately 

300 °C. In contrast, the γ-peak is situated at approximately 410-420 °C for all samples. The γ-peak 

consistently shifts to temperatures above 500 °C for all samples. Conversely, the β and γ-peaks are 

possibly linked to monodentate or bidentate desorption configurations, which are characterized by 

stronger surface binding. [240] 
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Figure 6-5. CO2 TPD profiles obtained for unreduced (fresh, after calcination) samples (a) 

and samples after reduction at 400 C (b). 

Additionally, the activation energy of desorption (Ea,des) was calculated from the obtained 

TPD profiles by Polanyi-Wigner equation and showed in Figure 6-6. The Ea,des values for the α-

peak remained relatively consistent across all samples, both unreduced and reduced, with the 

notable exception of a marked decrease at a Cu loading of 10.20 at% in the reduced sample. In the 

case of the β-peak, a slight rise in Ea,des was noted for the unreduced samples, although this was 

not applicable for the 26.54 at% loading due to detection challenges. Contrastingly, in the reduced 

samples, there was a distinct increase in Ea,des values at lower Cu doping levels, which eventually 

plateaued between 5.36 at% and 26.54 at%. Overall, a significant escalation in Ea,des was observed 

in the reduced catalyst, escalating from 145 kJ/mol at 0 at% to 173 kJ/mol at a Cu loading of 26.54 

at%. The observed elevation in the activation energy for CO2 desorption associated with the β-

peak suggests that this specific adsorption site or configuration may be linked to the presence of 
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surface oxygen vacancies, which are likely formed as a result of Cu incorporation. These sites are 

potentially responsible for the enhanced adsorption of CO2. It is important to note that the XPS 

findings indicated an increased concentration of oxygen vacancies, which could be a consequence 

of substituting Ce3+ ions with Cu2+ ions, as detailed in Figure 6-4. 

  

Figure 6-6. Activation energy of desorption (Ea,des) vs. Cu loading (Cu/(Cu+Ce)) for -

peak (left panel) -peak (right panel); - and -peaks correspond to CO2 TPD peaks presented in 

Figure 6-5. 

6.3 Catalyst performance evaluation 

The performance of the synthesized catalysts was thoroughly evaluated in terms of CO 2 

conversion and CO selectivity. This assessment was conducted through reaction tests over a 

temperature range of 300-600 °C, with a gas hourly space velocity (GHSV) set at 60,000 ml/(g h). 

Prior to these tests, all catalysts underwent a reduction process using pure H 2 at 600 °C for two 

hours, ensuring an optimal state and activation for reacting with the feed gases. Figure 6-7a 

illustrates the CO2 conversion (X) and CO selectivity (S) across various temperatures for the 

Cu/CeO2 samples. Remarkably, all samples demonstrated complete selectivity to CO. A closer 
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examination of CO2 conversion revealed detectable levels starting at 400 °C for doping 

concentrations ranging from 0 to 1.13 at%. Pure CeO2 exhibited a relatively poor performance, 

achieving a maximum conversion of only 40% at 600 °C. In contrast, doping concentrations of 

1.13 at% and 5.2 at% achieved higher conversion rates of 47% and 49%, respectively, at 600  °C. 

Notably, a significant enhancement in catalytic performance was observed for samples with 10.2 

at% and 26.54 at% Cu doping, even at lower temperatures. At 400 °C, these samples showed a 

twofold improvement in conversion, reaching approximately 20%, compared to pure CeO 2. 

Furthermore, at higher temperatures, their conversion rates approached equilibrium values, nearly 

60% at 600 °C. Intriguingly, the catalytic performance of 10.2 at% and 26.54 at% Cu loadings was 

similar, indicating a saturation point in copper doping beyond which further increases do not 

significantly enhance performance. This observation is in agreement with the results obtained from 

XPS and XRD analyses. 

 

Figure 6-7. a) Catalytic performance evaluation of all samples of Cu/CeO2 catalyst as a 

function of temperature (300-600 °C) b) Catalytic performance evaluation of all samples of 

Cu/CeO2 catalyst as a function of GHSV (20,000 – 120,000 ml/(g h)). The solid black line 



113 
 

represents RWGS equilibrium. Parameters: P = 3 bar, H2/CO2 = 3 (feed), a) GHSV = 60,000 mL/(g 

h) b) T = 500 C. 

To extend the evaluation of catalytic performance, GHSV tests were carried out at 500°C, 

spanning a range of space velocities from 20,000 ml/(g h) to 120,000 ml/(g h ) with the results 

presented in Figure 6-8b. It was observed that all catalysts exhibited superior performance at lower 

GHSV, likely due to the increased residence time allowing for more effective reaction dynamics. 

CeO2 continued to show limited effectiveness, with its conversion dropping to zero at the highest 

GHSV of 120,000 ml/(g h). In comparison, the Cu-doped catalysts demonstrated significantly 

better performance, particularly at the lowest GHSV of 20,000 ml/(g h),  where conversion rates 

for Cu loadings of 1.17 at% to 24.54 at% ranged between 38-45%. Interestingly, the performance 

drop for a doping concentration of 1.4 at% was more pronounced and stabilized as GHSV 

increased. However, this trend was less evident at higher Cu concentrations (10.2 at% and 26.54 

at%), suggesting that higher doping levels might reduce the rate of sintering, thereby enhancing 

performance in terms of GHSV. 

Arrhenius plot, shown in Figure 6-8a, was used to estimate the activation energy of reaction 

(Ea,rxn). Eq. 6-4 and 6-5 were used to calculate the CO generation rate and activation energy, 

respectively. 

2, 2fCO CO

CO
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=               (6-4) 
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= −                (6-5) 
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Figure 6-8. a) Arrhenius plot (ln(R) vs 1/T) of all samples b) Activation energy of reaction 

(Ea,rxn) vs atomic ratio (Cu/(Cu+Ce)) of all samples. 

The CO generation rate and activation energy were calculated using equations 6 -4 and 6-5, 

respectively. To ensure the validity of the results, Ea,rxn was evaluated at temperatures below 550°C, 

where the CO2 conversion for all catalysts remained below 20%. Figure 6-8b reveals that the Ea,rxn 

for CeO2 was the highest at 119 kJ/mol. Significantly, there was a marked decrease in Ea,rxn values 

from CeO2 to 60 kJ/mol for the 26.54 at% Cu/CeO2, following a decreasing trend indicative of an 

inverted power law relationship.  

Notably, the activation energy plateaued as the Cu doping concentration reached 26.54 at%, 

reinforcing the observed doping limit in copper, as indicated by XPS, XRD, and reaction test 

results. The decrease in Ea,rxn in Cu-doped CeO2 can be attributed to the formation of oxygen 

vacancies, a consequence of Cu doping, which enhances CO2 adsorption and activation. 

Consequently, as Cu doping increases, the Ea,rxn decreases, leading to improved catalytic 

performance. 
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6.4 Mechanistic study of CO2 reduction on copper-doped ceria surface 

The adsorption behavior of CO2 and reaction mechanism were investigated by in-situ FTIR 

techniques. Comparing pure CeO2 and Cu doped CeO2 stoichiometric surface (Figure 6-9), similar 

species were identified on the surface with no distinguish peak position , revealing that the 

adsorption behaviour on stoichiometric CeO2 and Cu/CeO2 are similar. Peaks centred at 1508, 

1369, 1298 cm-1 corresponding to the frequencies of  C-O bond in the unidentate carbonate denoted 

as 1.21 in [241], in which the three integers indicate that the carbonate is bound by three oxygen. 

The integer 2 in the middle indicates that the highest coordinate of the three oxygen atoms is 2 and 

meanwhile the other two oxygen atoms are coordinated to one Ce cation, while the point represents 

that one of the oxygen is coordinated to a neighbor Ce but no t the 2 Ce atoms in the highest 

coordinate. Previous DFT calculation also suggested that this carbonate configuration is one of the 

most stable CO2 adsorption configurations on the CeO2 surface with oxygen vacancy. [241] 

Reaction test was also conducted with in-situ FTIR measurement. Figure 6-10 indicates the 

comparison of the in-situ FTIR profile between reduced CeO2 and Cu doped CeO2 at 300 C under 

CO2 and H2 mixture. Only carbonates were detected as carbonaceous species at 15 min after 

introducing the reaction mixture, and CO peak also proves the occurrence of RWGS reaction. 

Moreover, no noticeable difference was detected between the two samples which suggest that the 

intermediate species and reaction mechanism did not change with Cu doping.  

To further investigate the relation of adsorbed species and the intermediates, in -situ FTIR 

with reaction gases (2%CO2/8%H2/Ar) was tested for 10.2% Cu/CeO2 at three temperature from 

100-300 C and the spectra are shown in Figure 6-11. The OH peaks are visible at 1214 and 1389 

cm-1, indicating some hydrogen carbonates on the surface of the catalysts. However, as the catalyst 



116 
 

was heated up to 200 C, the hydrogen carbonate disappeared and only carbonate species are 

detectable.  

 

Figure 6-9 In-situ FTIR profiles of a) reduced CeO2 catalyst, b) reduced 10.2 wt% Cu/CeO2, 

c) unreduced CeO2 catalyst and d) unreduced 10.2 wt% Cu/CeO2 at 300 C under 5% CO2/He 

flow. 

 

a) b)

c)
d)
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Figure 6-10 In-situ FTIR profiles of left, CeO2 catalyst; right, 10.2 % Cu/CeO2 at 300 C 

under 2% CO2/8%H2/He flow. 

To investigate the impact of the reduction pre-treatment, in-situ FTIR of unreduced CeO2 

and 10.2 at% Cu/CeO2 were performed and the results are shown in Figure 6-9,d. It is obvious that 

on the reduced surface, signal of CO was detected at 2090 cm-1, while the peak is negligible on the 

unreduced surface. This observation indicates that the reduction with H2 before introducing the 

reaction gas mixture exposed more oxygen vacancy and CO2 can be adsorbed on the vacancy site 

and reduced to CO. On the unreduced CeO2 surfaces in which the oxygen vacancy concentration 

are lower than the reduced slabs, a new peak at 1572 cm -1 was identified which is assigned to 

another CO2 adsorption configuration (1.3.1 type) carbonate. This carbonate species is also 

reported to be the adsorption configuration near oxygen vacancy site which may indicates that 

there are multiple kinds of oxygen vacancy site on the unreduced catalysts while the reduction 

procedure might reconstruct the surface vacancy and the CO2 adsorption might also transformed 
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from 1.3.1 type to 1.21 type. A shoulder was also identify in Figure c) at 1194 cm -1 and can be 

considered as bidentate carbonate on the reduced surface, however this configuration can 

potentially adsorbed at Ce4+ site. [241] However, when Cu was introduced, after reduction, this 

1.3.1 type carbonate was not detected and might suggest that the unidentate configuration is 

favored on Cu doped surfaces. 

 

Figure 6-11 In-situ FTIR profiles of 10.2 % Cu/CeO2 at 300 C under 2% CO2/8%H2/He 

flow. 

One possible reason of the absence of hydrogen carbonates is the hydrogenated carbonates 

are less stable compared to carbonates and desorbed at higher temperature, and another possible 

reason is that the hydrogen carbonates are highly active at reaction condition, while transformed 
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to products immediately before detected by the FTIR. The mechanism of the RWGS on the CeO2 

and Cu/CeO2 is still under debating but some computational calculation indicated that hydrogen is 

involved in the reaction interacting with CO2 but not only reduce the surface oxygen on Cu/CeO2 

surface. [138] Further investigation will be discussed in Chapter 7. 

6.5 Discussion and concluding remarks 

In the comprehensive study of Cu/CeO2 catalysts, significant insights were gained into the 

catalyst's performance, stability, and underlying mechanisms during CO2 reduction processes. The 

catalysts demonstrated remarkable CO2 conversion and CO selectivity, particularly evident within 

a temperature ambit of 300-600°C. A striking observation was that all samples were 100% 

selective to CO, emphasizing the potential efficiency of these catalysts in CO2 conversion 

processes. The performance of the catalysts was significantly influenced by Cu doping 

concentration. CeO2 alone exhibited limited activity, but the introduction of Cu drastically 

improved CO2 conversion, especially at concentrations of 10.2 at% and 26.54 at%, where the 

conversion rates approximated equilibrium values (60% at 600°C). Interestingly, there seems to 

be an optimal limit to Cu doping, beyond which no significant enhancements in activity were 

observed. This plateau suggests a balance between Cu incorporation and the catalyst's structural 

and functional integrity, confirming findings from XPS and XRD analyses.  

Stability was another critical focus. Long-term stability tests, especially for the 1.4 at% 

Cu/CeO2 catalyst, demonstrated minimal performance degradation over 110 hours, even when 

subjected to stepwise changes in GHSV and temperature elevation up to 800°C. TGA-FTIR 

analyses of the spent catalyst post-stability test revealed negligible carbon deposition, indicating 

the catalyst's high resistance to coking and sintering under the reaction conditions.  
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Investigating the reaction mechanism via in-situ FTIR highlighted the role of oxygen 

vacancies generated by Cu doping, facilitating CO2 adsorption and activation. Both reduced and 

unreduced catalysts exhibited distinct behaviors, with the presence of Cu altering the adsorption 

dynamics and possibly the surface reaction pathways. The absence of hydrogen carbonates at 

higher temperatures suggests their transient nature in the reaction mechanism, potentially evolving 

rapidly into reaction intermediates or products. 

The findings underscore the potential of Cu/CeO2 catalysts in CO2 reduction applications, 

particularly in achieving high CO selectivity, conversion rates, and stability. However, the results 

also point towards an optimal range of Cu doping for maximized performance, beyond which no 

additional benefits are apparent. The insights into the reaction mechanism, particularly the role of 

oxygen vacancies and the dynamic nature of surface adsorbates, provide valuable information for 

the future design of more efficient and robust catalysts for environmental applications. Continued 

research is essential, especially computational studies, to unravel deeper mechanistic details and 

optimize catalyst designs further. 
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Chapter 7 Density functional theory simulations of CO2 reverse water gas 

shift on doped CeO2 catalysts 

Chapter 7 explores the intricate relationship between CO2 adsorption energies and the 

concentration of transition metals doped onto CO2 surfaces, offering valuable insights into catalyst 

design for CO2 conversion. The introduction of Cu atoms significantly enhances CO2 adsorption, 

and the investigations will extend to other transition metals, revealing varied adsorption behaviors 

for Fe, Co, and Ni. This chapter also underscores the pivotal role of transition metal doping in 

catalytic enhancement for CO2 reduction on CeO2 based catalysts surfaces, particularly Cu and Fe. 

Furthermore, near-linear Brønsted-Evans-Polanyi (BEP) relationship observed between 

adsorption energies, reaction activation energies of CO2 direct reduction to CO, and oxygen 

vacancy formation energies further confirms the typical behavior observed for CO2 dissociative 

reactions on heterogeneous catalysts.  

7.1 CO2 adsorption on doped CeO2 catalysts 

7.1.1 Construction of bulk CeO2 unit cell and doped (111) CeO2 surfaces 

The optimized of bulk CeO2 by GGA formalism has been shown to yield accurate results. 

The bulk lattices parameters of CeO2 was optimized as 5.44 A, which is in good agreement with 

the reported simulation and experimental value of 5.41 A. [242, 243] 

Since CeO2(111) was reported to be the most energetically stable, [244, 245] stoichiometric 

surface and the corresponding surfaces with one oxygen vacancy were optimized and investigated. 

The adsorption energy of CO2 was calculated on both reduced and stoichiometric surfaces. 

Stoichiometric and reduced CeO2(111) surfaces are optimized with the top atomic layer relaxed 

and the bottom 2 layer fixed during optimization. Oxygen vacancy formation energies (EOV) were 
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calculated as the removal of the first oxygen and the reduced surfaces shown in Figure 7-2 

corresponding to 1 OV surfaces, and the calculated EOV are listed in Table 7-1. It has been 

previously reported that oxygen vacancy formation is favored at the nearest neighbor (1NN) of the 

doping position and the oxygen vacancy was calculated based on the removal of the top layer 

oxygen by equation 3-26. [246, 247] The stoichiometric CeO2(111) surface and surfaces with 1 

oxygen vacancy is shown in Figure 7-2.   

 

Figure 7-1 Top and side view of the optimized bulk structure of CeO2 unit cell. 

Metals that are widely used for CO2 hydrogenation were selected as dopants. These were 

introduced by replacing Ce atom with the desired atoms before relaxation. Usually, there are three 

ways that the CeO2 surface can be modified with the transition metals reported, [248], i.e., 

adsorption, insertion and substitution. Adsorption and insertion represent that additional dopant 

atoms are introduced to the surface or inside the lattice, while substitution means the cerium atoms 

being replaced by transition metal ions, which is a widely acceptable method to study doped CeO2 

catalysts at low dopant concentrations. Due to the lack of time and demanding computational cost, 

only replacement is considered in this study, while insertion and adsorption of the dopants are 

outside the scope of this study. The surfaces with one oxygen vacancy are shown in  Figure 7-2 
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(Noted as M-CeO2-x). Note that the configuration of some dopants and some facets only changes 

slightly after structure configuration and minor deformation around the doping atom was observed.  

 

Figure 7-2 Optimized structure of M/CeO2-x(111) surfaces. 

7.1.2 CO2 adsorption on doped (111) CeO2 surfaces 

i. CO2 adsorption on Cu-doped CeO2 surfaces 

The adsorption of CO2 on stoichiometric and reduced surfaces are investigated and the effect 

of loading of Cu on the top layer was studied. Figure 7-3 indicates the surfaces with 1, 2 or 3 top-

layer Ce being replaced by Cu atoms (nCu/CeO2, n=1,2,3) and the corresponding reduced surface 

Cu/CeO2(111) 

Co/CeO2(111) 

Fe/CeO2(111) 

Ni/CeO2(111) 
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with CO2 as adsorbates (nCu/CeO2-x, n=1,2,3). The energies that are required to form the oxygen 

vacancy are listed in Table 7-1. The energy to form an OV on stoichiometric CeO2 surface is 3.15 

eV, which is a relatively high value compared to the Cu doped surface, while the energies required 

on nCu/CeO2-x, n=1,2,3 surfaces are all negative values indicating that the formation of OV on the 

surface are all spontaneous. Notably, as indicated in Figure 7-4, the formation of OV is even more 

favorable when the loading of Cu increases and a near linear relationship was observed between 

the OV formation energy and Cu loading on the surface. This observation supports the state and 

the observation in Chapter 6 that the introduction of Cu into the lattice could enhance the 

reducibility of the surface and facilitate the removal of surface oxygen to form more OV sites, 

potentially improve the catalytic performance of the catalysts. 

Table 7-1 Oxygen vacancy formation energies and the corresponding CO2 adsorption 

energies on M/CeO2-x(111) surfaces. 

surfaces EOV Eads_CO2 

CeO2 3.15 -0.71 

1Cu/CeO2-x(111) -0.02 -0.88 

2Cu/CeO2-x(111) -0.82 -1.37 

3Cu/CeO2-x(111) -3.49 -1.01 

1Fe/CeO2-x(111) 2.24 -0.66 

2Fe/CeO2-x(111) 2.04 -1.11 

3 Fe/CeO2-x(111) 1.49 -1.55 

1Co/CeO2-x(111) 0.84 -0.43 

1Ni/CeO2-x(111) 1.69 -0.55 
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Figure 7-3 Optimized structure of Cu/CeO2(111) and Cu/CeO2-x(111) surfaces. a-c) Top view 

of the stoichiometric surfaces of different Cu loading and d-f) corresponding side view. g-i) Side 

view of the reduced surfaces and the oxygen vacancy position are indicated.  

The adsorption energies of CO2 are listed in Table 7-1 and the configurations of adsorbed 

CO2 on the surface are shown in Figure 7-5. As depicted in Figure 7-5a, it is clear that the CO2 

molecule undergoes deformation that switched from a linear structure to a banded configuration 

adsorbed as monodentate carbonate or bidentate carbonate species. The stable adsorption 

configuration on stoichiometric Cu/CeO2 surface all exhibits monodentate carbonate configuration, 

as illustrated in Figure 7-5. In 1Cu/CeO2 (Figure 7-5a), the bond length of the intramolecular C-O 

bond expanded to 1.275 Å from 1.16 Å, which also indicates the occurrence of chemisorption on 

the surface. The C-O bond length between the carbon in CeO2 and the surface O in 1Cu/CeO2 is 

OV OV OV

a) b) c)

d) e) f)

g) h) i)
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1.31 Å, which is at the same level of partial double bond suggesting the charge transfer between 

the adsorbate and surface O indicating strong interfacial bonds. Compared to the 1 Cu doped 

surface, the length of intramolecular C-O bond, 1.274 Å, in 2Cu/CeO2 is almost the same as 1Cu 

doped surface while the C-Osurf is 1.37 Å. This indicates that CO2 molecule is activate on those 

sites. 

 

Figure 7-4 OV formation energy (left) and CO2 adsorption energy (right) as a function of Cu 

loading. 

The adsorption energies of the stable CO2 adsorption configuration as a function of Cu 

loading on CeO2 are shown in Figure 7-4a). Compared to the pure CeO2 without Cu doping, the 

adsorption energy of CO2 decreases with the introduction of Cu into the top surface and the highest 

CO2 adsorption energy was observed on the 2Cu/CeO2-x(111) surface with a binding energy of -

1.37 eV while the binding energy of CO2 on pure CeO2(111) surface is -0.71 eV, which indicate 

the presence of Cu enhances the interaction and electron transfer of carbon and the surface oxygen.  
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Figure 7-5 Optimized structure of CO2 adsorbed on Cu/CeO2-x(111) surfaces. a-c) Side view 

of the surfaces of 4.2, 8.3, and 12.5 at% (1,2 and 3)Cu/(Cu+Ce) loading and d -f) corresponding 

top view. g-i) Side view of the zoomed in CO2 adsorption configuration. 

Note that the stable configurations of the CO2 adsorbed on the 2Cu/CeO2-x(111) and 

3Cu/CeO2-x(111) agree with the in-situ FTIR results discussed in Chapter 6, Figure 6-9. Peaks 

centred at 1508, 1369, 1298 cm-1 identified from in-situ FTIR are assigned to C-O bond in the 

carbonate adsorbed on the surface [241], in which the carbonate is bound with the three oxygens. 

From the DFT calculations, the monodentate carbonate is the most favorable structure which the 
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surface O in carbonate coordinated by two surface Ce and each of the other two O are coordinated 

by one surface Ce near the surface O. However, the posture of the carbonate is not the 1.21 type 

carbonate that was reported on CeO2-x(111) surface but the 1.2.1 type reported in [241], which 

may due to the introduction of the Cu atoms to the lattice. Since the neighborhood Ce is replaced 

by one or multiple Cu atoms, it is unfavorable for the formation of a O-metalsurf bond thus the 1.2.1 

type carbonate is more stable, where each of the two O of the CO2 are attached to one Ce that are 

the first and second nearest Ce from the C, respectively. On the other hand, in the case of 1.21 type 

carbonate, one of the O in CO2 is attached to the third nearest Ce whereas the other O is attached 

to the first nearest Ce.  

 

ii. CO2 adsorption on Fe/CeO2 surfaces 

Expanding the scope beyond Cu, CO2 adsorption on other transition metals, namely Fe, Co, 

and Ni, was also examined to glean insights into CO2 activation on reduced surfaces. The attention 

is first drawn to Figure 7-6, showcasing CO2 adsorption configurations on nFe/CeO2-x(111) 

surfaces, with corresponding binding and OV formation energies detailed in Table 7-1. Despite 

requiring higher energy for surface vacancy formation compared to nCu/CeO2-x(111), nFe/CeO2-

x(111) surfaces still register lower than pure CeO2-x(111). A notable observation surfaces with 

increased Fe doping; the formation energy diminishes to 1.49 eV for 3Fe/CeO2-x(111), an 

indication that Fe atoms might be activating the 1NN surface oxygen, weakening the O-Ce bond, 

and consequently lowering the OV formation energy thus promoting more active sites for the CO2 

reduction to CO.  

CO2 adsorption configurations on nFe/CeO2-x(111) show different behavior compared with 

nCu/CeO2-x(111). The stable structure of CO2 on 1Fe/CeO2-x(111) is the 1.2.1 type carbonate at 
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the oxygen 1NN from the Fe atom. However, on 2Fe/CeO2-x(111), the most stable configuration 

is carboxylate, in which the carbon directly attached to the surface Fe, and the two oxygen pointing 

to the surface vacancy. Carboxylate was reported to be weak adsorption on CeO2 surfaces [249, 

250], and the adsorption of carboxylate on nCu/CeO2-x(111) surfaces are weaken than carbonates 

from the investigation in section 7.1.2 A more stable configuration was identified on 3Fe/CeO2-

x(111), which is a “flat-lying” 1.2.1 type carbonate but almost parallel to the slab. Flat-lying 

carbonates was reported on 100 surface as tridentate carbonate[251] but in this case, the carbonate 

remained as bidentate carbonate without attaching to the third surface metal.  

 

 

Figure 7-6 Optimized structure of CO2 adsorbed on nFe/CeO2-x(111) surfaces. a-c) Side view 

of the surfaces of 4.2, 8.3, and 12.5 at% (1,2 and 3) Fe/(Fe+Ce) loading and d -f) corresponding 

top view. 

a) b) c)

d) e) f)
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iii. CO2 adsorption on Co and Ni surfaces 

Transitioning to Co and Ni, Figure 7-7 reveals the optimized structures of CO2 adsorbed on 

1Co/CeO2-x(111) and 1Ni/CeO2-x(111) alongside the OV formation energies. These surfaces show 

that the formation of surface OV is not spontaneous, yet the energy required is comparatively lower 

than on 1Fe/CeO2-x(111). Notably, CO2 maintains its linear molecule structure on both surfaces, 

albeit with a slight bending observed in the C=O=C bond, measured at 178.79° (Figure 7-7a,c) and 

178.15° (Figure 7-7b,d) for 1Co/CeO2-x(111) and 1Ni/CeO2-x(111), respectively. This deformation, 

along with the recorded adsorption energies of -0.43 eV and -0.55 eV, indicates a chemisorption 

of CO2. Yet, it is evident that CO2 experiences more substantial activation on 1Cu/CeO2-x(111) 

and nFe/CeO2-x(111) surfaces, as inferred from the carbonate or carboxylate configuration and the 

larger binding energy of CO2 on these surfaces compared to 1Co/CeO2-x(111) and 1Ni/CeO2-x(111).  

In light of these findings, it becomes apparent that while Cu and Fe-doped CeO2 surfaces 

demonstrate enhanced CO2 adsorption capabilities, there's a nuanced interplay between the type 

of transition metal used, the concentration, and the resulting CO2 adsorption energy and 

configuration. However, a pivotal aspect that warrants further exploration is the activity of the 

surfaces. Higher adsorption energy, while indicative of strong binding, also poses potential 

challenges for desorption in certain catalytic mechanisms. Therefore, subsequent studies should 

endeavor to unravel this aspect, since higher adsorption energy also exacerbates the difficulty of 

desorption in certain mechanisms. 
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Figure 7-7 Optimized structure of CO2 adsorbed on 1Co/CeO2-x(111) surfaces (a,c), and 

1Ni/CeO2-x(111) surfaces (b,d). 

7.2 DFT calculations of reverse water gas shift reaction on doped CeO2 catalysts  

In this section, the behavior of CO2 reduction on M/CeO2-x(111) calculated from DFT 

analysis will be discussed and the results compared to laboratory experiments conducted in this 

research. To keep the consistency between the samples, all of the samples are prepared by co -

precipitation method but not RME method that was mentioned in the previous chapters. As 

discussed in Chapter 2, RME method can lead to smaller particles and higher surface area, which 

will promote the catalytic performance, at the expense of high cost in terms of catalyst preparation 

period and chemical usage. Co-precipitation may result in larger particles and lower conversion 

a) b)

c)
d)
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but is a widely reported and conventional synthesis method, which has been implemented for the 

preparation of CeO2-based catalysts. [252-254]  

7.2.1 CO2 direct reduction to CO on metal doped CeO2 surface 

It was widely reported that the CO2 reduction on the CeO2 based catalysts pathway might be 

the direct reduction of the adsorbed CO2 molecule on the surface OV, so that the catalytic 

performance is highly related to the surface vacancy. CO2 reduction on the reduced M/CeO2-x(111) 

surfaces was studied in this section. It should be emphasized that the transition states calculated in 

this section are with the premises that the reaction energy, i.e., the free energy difference between 

final state (FS) and initial state (IS), should be lower than 2.0 eV for further activation energy 

calculations, which is within the interested domain. For elemental reactions that the FS free energy 

is higher that IS, reaction energy is the minimum energy required by the reaction, which reflects 

the ease with which the reaction may happen on those sites. Pairs of IS and FS with reaction 

energies higher than this threshold value (2 eV) will be excluded from the investigation. However, 

discussing these less important pairs remains essential for gaining insights into the impact of 

reaction energies, adsorption energies, and OV formation energies to the activation energy of the 

reaction, and establish the BEP relationship between reaction energy and activation energy.  

Figure 7-8 illustrates the energy profile of CO2 hydrogenation to CO with detailed energy 

value listed in Table 7-2. The CO2 molecule first adsorbed on the surface, near the 1NN OV site 

(Figure 7-6), and the corresponding adsorption energies are reported in Table 7-1. From the insets 

of Figure 7-8, it can be seen that the final state of CO2 reduction to CO revealing two types of 

stable configuration: one where the CO from dissociated CeO2 is adsorbed above the Ce ion and 

another where it is adsorbed on the Fe ion. For 1Fe/CeO2-x(111) surface, the adsorption of the CO 

on the 1NN Ce ion is the favored site with a CO2 dissociative adsorption energy of 1.57 eV, but 
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on 2Fe/CeO2-x(111), adsorption of CO on top of Fe at 1NN is the most stable structure, while the 

adsorption energy (1.76 eV) is comparable of that on 1Fe/CeO2-x(111). The adsorption of CO on 

3Fe/CeO2-x(111) where 3 surface Ce ions were replaced by Fe ions is not stable when compared 

to the lower loading surface; this indicates that the large deformation of the surface is unfavourable 

for the adsorption of CO.  

 

 

Figure 7-8 Energy profile of CO2 reduction to CO on Fe/CeO2-x(111) surfaces. Transition 

state energies are with reference to the energies of the initial state (IS) of adsorbed CO2 on the 

surfaces. The insets represent the side views of transition states (TS) and final states (FS).  

 

Table 7-2 Adsorption energies and transition state energies of CO2 direction reduction to CO. 
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 ECO2_ads ECO_O_ads Erxn Eact 

M/CeO₂₋ₓ(111) 

CeO₂₋ₓ(111) -0.48 0.37 0.84 1.31 

1Cu/CeO₂₋ₓ(111) -0.88 3.55 4.42 
 

2Cu/CeO₂₋ₓ(111) -1.37 4.20 5.57 
 

3Cu/CeO₂₋ₓ(111) -0.71 2.82 3.52 
 

1Fe/CeO₂₋ₓ(111) -0.48 1.28 1.76 2.22 

2Fe/CeO₂₋ₓ(111) -0.22 1.35 1.57 1.63 

3Fe/CeO₂₋ₓ(111) -0.78 2.77 3.55 
 

3Fe/CeO₂₋ₓ(111) -0.73 1.40 2.13 
 

1Ni/CeO₂₋ₓ(111) -0.51 1.80 2.31 2.69 

1Co/CeO₂₋ₓ(111) -0.42 1.68 2.10 
 

M/CeO₂₋ₓ(110) 

CeO₂₋ₓ(110) -1.41 0.81 2.22 2.76 

1Fe/CeO₂₋ₓ(110) -0.45 2.21 2.67 
 

1Fe/CeO₂₋ₓ(110) -0.40 1.71 2.11 3.50 

1Cu/CeO₂₋ₓ(110) -0.42 3.38 3.80 
 

1Cu/CeO₂₋ₓ(110) -0.40 2.74 3.14 
 

1Co/CeO₂₋ₓ(110) -0.35 2.67 3.02 
 

1Ni/CeO₂₋ₓ(110) -0.51 3.23 3.74   

The activation energy of CO2 dissociation on CeO2-x(111) was calculated as 1.31 eV by 

comparing the transition state energy with the initial state energy, [255] but with the presence of 

Fe as dopant, the Fe/CeO2-x(111) did not exhibit kinetic advantages in terms of activation energy 

(Eact), as shown in Table 7-2. The activation energy of CO2 reduction were 1.63 and 2.22 eV for 

1Fe/CeO2-x(111) and 2Fe/CeO2-x(111), respectively, which are both higher than pure CeO2. As 

indicated in Table 7-2, the 2Fe/CeO2-x(111) showed superior performance (activation energy of 

1.63 eV) than 1Fe/CeO2-x(111) (activation energy of 2.22 eV) with a 0.59 eV lower activation 

energy. This observation agree with the experimental results that have shown that Fe/CeO2 
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catalysts with higher loading at 5.7% exhibits higher conversion of CO2 than that of 1.7% in the 

test temperature range.  

 

Figure 7-9 conversion of CO2 as a function of temperature tested in laboratory experiments. 

Reaction condition: P = 3 bar, H2/CO2 = 3 (feed), GHSV = 60,000 mL/(g h) T = 300-600 C, 

reduction in 75 ml/min H2 are performed period to reaction. 

However, laboratory experiments indicates that the Fe dopant promotes the conversion of 

CO2 indeed, even though nFe/CeO2-x(111) have lower activation energy than CeO2-x(111). Figure 

7-9 indicates the conversion of CO2 to CO as a function of temperature on nFe/CeO2-x(111). During 

the reaction, CO was the only product observed in the outlet stream and the selectivity towards 

CO was 100%, while CO2 hydrogenation on bulk Fe catalysts usually generate methane and even 

hydrocarbons. This finding is consistent to the previous observation of pure CeO2 in the lab, which 

suggests that the introduction of Fe will not modify the superior selectivity of CeO2 to the CO. 
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Compared to the pure CeO2 without doping in Figure 7-9, Fe/CeO2 showed higher conversion at 

all temperatures, 5 wt% Fe/CeO2 with larger Fe loading exhibited higher conversion of CO2 

compared to 1% Fe/CeO2 as well, which agree with the simulation results. 

7.2.2 Correlations between adsorption energies and reaction activation energies 

To understand the relationship between adsorption energy of the species involved in the 

reaction, the activation energy of the CO2 direct reduction reaction to CO was calculated for the 

pairs of IS and FS having energy difference lower than 2 eV. The correlation between electron 

energies (adsorption energy of CO, CO2 molecule and dissociated CO2) and the activation energy 

of CO2 dissociation on the relevant configurations (discussed in section 7.1) is shown in Figure 

7-10 a). Note that the dissociative adsorption energy of CO2 (ECO_O_ads) is the final state of the CO2 

reduction and the configurations are shown in the inset denoted as FS in Figure 7-8. As shown in 

Figure 7-10a, there is a near linear relationship between activation energy (Eact) and the reaction 

energy (Erxn), which is a typical Brønsted-Evans-Polanyi (BEP) behaviour for dissociative 

reactions on heterogeneous catalysts. [159, 256, 257]  

To further investigate the scaling relationship between activation energy and adsorption 

energies, the relationships among the activation energy of reaction (denoted as Eact), dissociative 

adsorption energy of CO2 after reduction (ECO_O_ads), adsorption energy of CO2 as carbonates or 

carboxylates (ECO2_ads) and adsorption energy of CO (ECO_ads) that fall in the interested domain 

were plotted and indicated in Figure 7-10 b, c and d, respectively. ECO_O_ads exhibits a near linear 

relationship with activation energy, however the CO2 adsorption energy and the CO adsorption 

energy did not show any visible correlation with the activation energy. This observation 

emphasized that the adsorption stability of dissociated CO2 on the surface is the key point of the 

performance in terms of transition state energy since the linear correlation shown in Figure 7-10b 
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indicates that there is a positive relationship. A stable CO2 dissociative adsorption configuration 

on the surface leads to lower activation energy, which is kinetic favoured by the reaction. This 

dissociative adsorption energy of CO2 could be divided into two parts for further discussion, which 

are the binding energy of O on the OV site, and the binding energy of CO at the ion site.  From 

Figure 7-10 d), the ECO_ads did not show obvious relationship with activation energy which brings 

the focus of the study to the investigation to the properties of the OV sites on the surfaces. 

 

Figure 7-10 BEP and scaling relationship between activation energy of CO2 dissociation and 

a) reaction energy, b) CO2 dissociative adsorption energy, c) CO2 adsorption energy, d) CO 

adsorption energy. 
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Figure 7-11 Reaction energy (Erxn) as a function of CO2 dissociative adsorption energy 

(ECO_O_ads) on metal doped CeO2-x slabs. 

After establishing the BEP relationship between activation energy and reaction energy, the 

Erxn can be an informative descriptor for the surfaces, which is especially useful to filtering out the 

pairs of IS and FS that are out of the interest domain and qualitatively evaluate the surfaces. As 

indicated in Figure 7-11, a linear relationship between Erxn and ECO_O_ads was observed with a 

coefficient of determination R2 of 0.92 calculated by eq (7-1), which additionally underlines that 

ECO_O_ads is highly related to the reaction energy and activation energy. However, pure CeO2-x 

surfaces shows the lowest ECO_O_ads and relatively lower activation energy, but as illustrated in 

Figure 7-9, laboratory results indicated pure CeO2-x did not exhibit advances performance, i.e., 

higher conversion than doped CeO2-x, thus further investigations and discussions are crucial for 
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understanding the properties and performance. The next section will provide a more elaborate 

discussion on this topic. 

𝑅2 = 1 −
𝑠𝑢𝑚 𝑠𝑞𝑢𝑎𝑟𝑒𝑑 𝑟𝑒𝑔𝑟𝑒𝑠𝑠𝑖𝑜𝑛

𝑡𝑜𝑡𝑎𝑙 𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛
      eq. 7-1 

7.2.3 Correlations between oxygen vacancy formation energies and reaction energies  

  

Oxygen vacancies on the surface have been intensively investigated; various dopants are 

able to lower the energy required to remove the 1NN oxygen (EOV) thus facilitating the formation 

of surface vacancy. [18, 19, 258] The presence of the oxygen vacancy also provide active sites for 

the reduction of CO2 adsorbed near the OV and accept the dissociated O from C=O bond. [258] 

To study the effect of dopants on the energy of OV formation, ECO_O_ads and Erxn was plotted as a 

function of the EOV and are shown in Figure 7-12 and Figure 7-13. As the EOV increases, i.e., more 

difficult for the OV site to generate, the dissociative adsorption energy of CO2 tends to be more 

stable on the surfaces, which according to the linear correlation defined in Figure 7-11, will 

correspond to a lower reaction energy. However, pure CeO2 that have high EOV and low Erxn are 

approved to be less active than other metal doped surface, suggesting the formation of surface 

oxygen vacancy is essential to the activity of the surfaces. However, Figure 7-13 shows the 

relationship between EOV and Erxn, revealing that when the reaction energy is low, which is 

favoured by the reaction, the energy required to form OV, i.e., the active site where reaction takes 

place, is more difficult. The process of OV formation followed by CO2 dissociation that are 

important to the activity can be expressed as the following formula:  

𝑆𝑙𝑎𝑏 
𝐻2
⇔  𝑆𝑙𝑎𝑏∗ + 𝑂∗         7-2 

𝑆𝑙𝑎𝑏∗ + 𝐶𝑂2(𝑔)
 

⇔ 𝑆𝑙𝑎𝑏∗ + 𝐶𝑂2
∗
       7-3 



140 
 

𝑆𝑙𝑎𝑏∗ + 𝐶𝑂2
∗  

⇔ 𝑆𝑙𝑎𝑏 + 𝐶𝑂∗        7-4 

where Slab, Slab*, O*, CO2(g), CO2*and CO* represent the stoichiometric slab, slab with 1 

OV, removed O by reductant, gas phase CO2 molecule, adsorbed CO2 as carbonates or 

carboxylates, and CO adsorbed at 1NN metal site, respectively.  The adsorption energy of CO2 

molecule on the surface does not show a clear relationship with the activation energy as indicated 

in Figure 7-10c. The reduction of the catalyst surfaces (eq 7-3) and the reduction of CO2 (eq 7-4) 

are the two critical steps that affect the total performance instead of the adsorption of CO2 on the 

reduced surfaces (eq 7-2), thus the descriptor of both two important steps, OV formation energy 

(EOV) and CO2 dissociative adsorption energy (ECO_O_ads) are important for determine the activity 

of the materials. Based on the experimental and computational results, the next step in performance 

benchmarking involves determination of the optimal range of values or region for EOV and 

ECO_O_ads.  

 

Figure 7-12 Adsorption energy of dissociative CO2 (ECO_O_ads) as a function of oxygen 

vacancy formation energy (EOV). 
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The ideal OV site should not only require moderate energy for the surface to be reduced but 

also should provide strong interaction with the surface metal such that it promotes C-O bond 

scission reaction. Strengthening bridge OV site oxygen-metal allows more electrons to contribute 

to the formation of the bond which may switch the bond from ionic to covalent. Since more 

electrons have been withdraw from the metal to O, after O is transferred from carbonaceous species 

to the OV site, CO is more likely the be adsorbed on the metal cation site near the OV, which 

corresponds to lower energy and more stable configuration.  

From Figure 7-9, the highest conversion at all temperatures were obtained from laboratory 

experiments for Fe/CeO2 catalysts, which correspond to the nFe/CeO2-x(111) catalysts; the 

computational calculations revealed that the most kinetic favored nFe/CeO2-x(111) surfaces for 

CO2 reduction are  1Fe/CeO2-x(111) and 2Fe/CeO2-x(111), with EOV of 2.24 and 2.04 eV, ECO_O_ads 

of 1.28 and 1.35eV,  and Eact of 2.22 and 1.63 eV, respectively. The activation energies and reaction 

energy on 1Fe/CeO2-x(111) and 2Fe/CeO2-x(111) calculated from DFT method also are the lowest 

numbers among the materials investigated in this study. Both the experimental results and the DFT 

calculations indicate that the Fe/CeO2 catalysts exhibit favorable properties for CO2 reduction. The 

DFT calculations provide detailed numerical values that support the experimental findings by 

showing that these catalyst surfaces have lower activation energies and reaction energies compared 

to other materials studied. Therefore, the DFT results align with and provide a theoretical basis for 

the experimental observations, suggesting that the Fe/CeO2 catalysts are indeed promising for CO2 

reduction. A preliminary conclusion can be deduced that the desired EOV for CO2 scission is around 

2.0-2.5 eV and the ECO_O_ads range where the materials have great potential lands in 1.0-1.5 eV. 

This is concluded form the values of Fe/CeO2 that exhibits the highest conversion and lowest 
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activation energy calculated from DFT. These descriptors can guide the experimental reach of 

promising catalysts, which can also be the goal of high-throughput screening using Machine 

Learning technics.  

 

Figure 7-13 Reaction energy (Erxn) as a function of oxygen vacancy formation energy (EOV). 

7.3 Discussion and concluding remarks 

In summary, this chapter elucidates the intricate relationship between CO2 adsorption 

energies and the concentration of various transition metals doped on CeO2 surfaces. The 

introduction of Cu atoms notably enhances CO2 adsorption, evidenced by a substantial decrease 

in adsorption energy compared to pure CeO2 surfaces. Specifically, the 2Cu/CeO2-x(111) surface 

manifests the highest adsorption energy. The investigations also extend to other transition metals, 

including Fe, Co, and Ni. Notably, Fe doping shows varied adsorption behaviors depending on the 
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concentration, with notable structural differences in CO2 adsorption configurations. However, Co 

and Ni surfaces present relatively lower CO2 activation, indicated by the preservation of CO2 linear 

molecular structure and lower adsorption energies.  

The present analysis underscores the significance of transition metal doping in enhancing 

CO2 adsorption on CeO2 surfaces, with Cu and Fe showing particularly promising results. Note 

that only 1Co/CeO2-x(111) and 1Ni/CeO2-x(111) were investigated in this study and the influence 

of metal content on these two surfaces still requires further investigation. A critical facet of this 

research hinges on the direct reduction of CO2 to CO on metal-doped CeO2 surfaces, emphasizing 

the integral role of surface oxygen vacancies (OVs) in influencing the catalytic performance. 

Notably, the final state of CO2 reduction reveals two types of stable configurations, contingent 

upon whether the dissociated CO from CO2 is adsorbed above the Ce or on the Fe ion. Despite that 

the addition of Fe as a dopant does not lower the activation energy compared to pure CeO2, 

laboratory experiments showed that the Fe dopant indeed promotes the conversion of CO2. This is 

owing to the reduced OV formation energy of Fe doped CeO2 surfaces compared to the pure CeO2 

surface, which increases the number of active sites on the surface and eventually leads to a higher 

conversion. This agreement between theoretical predictions and experimental results highlights 

the complexities of heterogeneous catalytic processes and the challenges in predicting catalyst 

behavior solely based on theoretical calculations.  

The correlations established between adsorption energies, reaction activation energies, and 

OV formation energies are critical to gain insights on catalytic performance. The near-linear 

Brønsted-Evans-Polanyi (BEP) relationship observed between activation energy and reaction 

energy underscores typical behavior for dissociative reactions on heterogeneous catalysts. 

Furthermore, the study accentuates that the adsorption stability of dissociated CO2 on the surface 
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is paramount in determining the performance in terms of transition state energy. Drawing upon the 

computational and experimental data, this work suggests an optimal EOV value or region, 

indicating that the ideal OV site should balance between moderate energy requirement for surface 

reduction and strong interaction with the surface metal to promote C-O bond scission. These 

descriptors are instrumental in guiding future experimental exploration of catalysts and also stand 

as valuable metrics for high-throughput screening via Machine Learning techniques. 
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Chapter 8 Conclusions and Future Work 

To address the critical challenges associated with enhancing CO2 conversion and 

hydrogenation processes, this thesis has explored various catalyst systems and their underlying 

mechanisms including Co-Mo carbides and oxides, Fe/Al2O3 system, and CO2 based materials. 

From the evaluation of Co-Mo oxide and carbide catalysts for reverse water gas shift (RWGS) 

reactions to the examination of Al2O3-supported Fe catalysts for CO2 hydrogenation, and the 

comprehensive analysis of ceria-based catalysts for RWGS, this thesis has contributed with 

invaluable insights. The combined experimental investigations with theoretical approaches, has 

unveiled promising avenues for catalytic advancements in CeO2-based materials. This chapter 

outlines the key findings from this research study, and outline recommendations for future research 

endeavors. 

8.1 Conclusions 

8.1.1 Cobalt-molybdenum oxide and carbide catalysts for reverse water gas shift 

CoMo-based bimetallic catalysts exhibit promising activity for CO2 thermo-catalytic 

conversion in the RWGS reaction, particularly at 600 °C and a GHSV of 60,000 mL h -1gcat-1. 

However, comprehensive investigations into these catalysts are still necessary, specifically 

regarding the impact of GHSV, stability, and further characterization due to initial time constraints. 

Future work will also address the optimization of the synthesis procedure, concentrating on the 

carburization process to minimize carbon deposition and enhance the formation of carbide phases. 

Current XRD patterns suggest incomplete carburization, evident from the detectable bi-

metallic oxide in the carburized catalyst. The existing carburization method involves a meticulous 

heating protocol under a methane-hydrogen mixture, followed by a reduction in hydrogen and a 



146 
 

nitrogen cool-down phase. Optimization strategies include adjusting the temperature ramping rate 

and the final temperature. Preliminary data indicate the onset of carburization around 500 °C, with 

a CO peak at 650 °C, negating the need to elevate the final carburization temperature beyond 

800 °C. To ensure complete carburization without compromising the alumina support's integrity, 

future efforts will focus on decreasing the ramping rate from 1 to 0.5 °C while maintaining the 

final temperature. 

8.1.2 Al2O3-supported iron catalysts for CO2 hydrogenation to light hydrocarbons 

This study evaluated CO2 hydrogenation over various Fe-based catalysts, focusing on the 

synthesis methods' impact and reaction conditions. RME Fe/Al2O3, prepared via the RME method, 

showcased superior performance, attributable to the smaller Fe3O4 and alumina support particles 

enhancing Fe dispersion. Notably, RME Fe/Al2O3 achieved the highest CO2 conversion and STY 

during CO2 hydrogenation. Optimal performance was observed at 375°C with a H2/CO2 ratio of 4, 

yielding a 56% conversion rate and an STY of 7.75 mmol/(gcat∙h). This catalyst also recorded the 

highest selectivity towards C2+ hydrocarbons at 0.52. A lower H2/CO2 ratio, however, decreased 

both the conversion rate and C2+ selectivity by 10%, owing to reaction equilibrium dynamics, 

while maintaining a similar STY. 

Post-reaction analysis revealed a core-shell structure in spent Fe/RME-Al2O3 and Fe/Al2O3 

catalysts, indicating magnetite's transformation to carbides, which underpins sustained activity. 

The RME method's advantage was evident, as the uniform nanoparticle structure in spent Fe/RME-

Al2O3 prevented active phase sintering, thereby enhancing stability. This structural integrity, 

coupled with the facilitated magnetite-to-carbide transition due to smaller particles, underscores 

the high efficiency of RME Fe/Al2O3. With primarily χ-Fe5C2 and Fe3O4 particles under 10 nm, 
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and minimal growth after prolonged use, RME Fe/Al2O3 emerges as a robust candidate for 

industrial CO2 hydrogenation processes. 

8.1.3 Ceria-based catalysts for reverse water gas shift 

The comprehensive research into CeO2-based catalysts for the reverse water-gas shift 

reaction reveals critical insights into the system's performance, particularly when enhanced with 

transition metals like Cu and Fe. 

Cu/CeO2 catalysts demonstrate remarkable efficiency in CO2 conversion, maintaining 100% 

selectivity to CO within a 300-600°C range. The performance hinges significantly on the Cu 

doping level, indicating an optimal concentration beyond which no further benefits are observed. 

This balance is crucial to maintaining the catalyst structural and functional integrity. Transition 

metal doping, especially with Cu and Fe, significantly enhances CO2 adsorption on CeO2 surfaces. 

Cu notably improves adsorption, while Fe shows varied behaviors, and other metals like Co and 

Ni present lesser impacts. This finding indicates the necessity for further studies into reaction 

kinetics and desorption processes, considering the potential challenges posed by higher adsorption 

energies. DFT computations, paired with laboratory experiments, offer a nuanced understanding 

of CO2 reduction on metal-doped CeO2. Despite theoretical predictions, Fe-doped catalysts 

enhance CO2 conversion the most, emphasizing the complex nature of catalytic processes. The 

research establishes a direct correlation between activation energies, reaction energies, and oxygen 

vacancy formation, providing a benchmark for future catalyst design and development.  

The complex relationship between CO2 adsorption energy and the loading of transition 

metals doped onto CeO2 surfaces emphasizes the effect of dopants on the modification of the 

property of CeO2. Specifically, the introduction of Cu atoms significantly enhances CO2 
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adsorption, with the 2Cu/CeO2-x(111) surface displaying the highest adsorption energy. Other 

transition metals, such as Fe, Co, and Ni, were also investigated, revealing varied adsorption 

behaviors. Cu and Fe doping show particularly promising results in enhancing CO2 adsorption. 

However, higher adsorption energies may pose challenges in certain catalytic mechanisms, thus 

necessitating of future exploration of kinetic aspects for CO2 reduction reactions. Future work, 

therefore, should also explore the kinetic aspects to balance adsorption capacity and regeneration 

efficiency, critical for practical applications in environmental remediation and sustainable energy 

processes. 

This research combines Density Functional Theory (DFT) calculations with laboratory 

experimental to gain further insights into CO2 reduction on metal-doped CeO2 surfaces. The study 

emphasizes the role of surface oxygen vacancies (OVs) on catalytic performance. The relationship 

between adsorption energies, reaction activation energies, and OV formation energies is critical, 

highlighting a near-linear Brønsted-Evans-Polanyi (BEP) relationship between activation energy 

and reaction energy. Notably, despite pure CeO2 surfaces having lower activation energy and more 

stable CO2 adsorption, metal-doped CeO2-x surfaces still outperform the former. This study 

suggests optimal EOV values and ranges for efficient CO2 scission, providing valuable guidelines 

for future experimental exploration and high-throughput screening using Machine Learning 

techniques. 

In summary, the detailed analysis of CeO2-based catalysts for RWGS reactions highlights 

the pivotal role of transition metal doping in enhancing catalytic performance. The research 

underscores the importance of a balanced approach, considering both theoretical computations and 

experimental data. The findings on optimal doping, catalyst stability, and energy interplays present 
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a robust foundation for developing more efficient and resilient catalysts for RWGS reactions, 

contributing vitally to sustainable energy initiatives. 

8.2 Recommendations for Future work 

8.2.1 Optimizing preparation conditions of reverse microemulsion method 

Optimizing catalyst preparation using the reverse microemulsion method necessitates 

precise manipulation of various factors. Paramount is the surfactant and cosurfactant concentration, 

vital for stabilizing the emulsion and controlling nanoparticle size. Equally crucial is the oil-to-

water ratio, influencing the size and quantity of nanoreactors, thus dictating nanoparticle 

characteristics. The concentration of metal precursors must be carefully managed to avoid particle 

agglomeration or insufficient yield. Reaction conditions, such as temperature and duration, require 

careful calibration to ensure adequate nanoparticle formation without triggering sintering or 

agglomeration. Post-synthesis treatments, including washing, drying, and calcination, are pivotal,  

affecting the final catalyst attributes like crystallinity and phase composition. Ensuring 

reproducibility through rigorous control of all variables is essential, often demanding high -

precision equipment. Finally, the synthesized catalyst must undergo tho rough testing under 

application-specific conditions to assess performance metrics like activity, selectivity, and stability, 

guiding further refinement of synthesis parameters.  

8.2.2 Bimetallic and Multimetallic material 

The synergistic effects have shown great potential when one material is modified with other 

metals, which could elevate their catalytic performance. In this PhD thesis, to further improve the 

performance of Fe/Al2O3 material for CO2 hydrogenation to hydrocarbons, an additional promoter 

could be introduced besides K. The materials that have been reported to be active for RWGS could 

potentially be effective promoters to increase the selectivity towards CO since RWGS is 
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considered to be the first step for hydrocarbon production and CO is the preliminary product. 

Metallic Cu [149] was reported to be active for RWGS and the 100% selectivity towards CO 

making it a promising promoter for CO2 Fischer–Tropsch process. [151] Its corresponding oxides 

were also suitable catalysts that show high CO2 conversion and are energetically preferred for 

RWGS [151]. Other transition metals such as Ni[156] and Co[157] are reported to be active for 

CO2 hydrogenation but are more favored for CO2 methanation with enhanced selectivity towards 

CH4. However, lower loading of Co and Ni could lead to high selectivity of Co if utilized as 

promoter with low loading. These transition metals mentioned above could be the potential 

promoters for Fe/Al2O3 to improve the conversion of CO2 and selectivity towards hydrocarbons. 

Future research could focus on investigating the role of secondary promoters mentioned above and 

their synergistic effects with the Fe catalyst, which could lead to enhanced CO2 conversion and 

improved selectivity towards hydrocarbons. 

A range of transition metals for CeO2 modifications have been explored for RWGS in this 

thesis and the potential and limitations regarding the materials selected were also discussed (see 

section 7.2). The challenge of the development of RWGS catalysts is achieving high CO2 

conversion and maintain high selectivity towards CO and suppress the competing reaction, i.e., 

CO2 methanation. The selection of suitable dopant for CeO2 should consider the impact of these 

performance parameters. To explore the combination of transition metals as promoters for CeO2, 

multi-metallic materials should be considered and investigate the synergy effect between dopant 

by performing experimental lab work and DFT analyses.  

8.2.3 Machine learning-assisted material screening for CO2 hydrogenation 

Searching for the transition states, or the reaction barrier of every elementary step in RWGS 

in the presence of a doped Ceria using DFT can be time consuming. Since adsorption energy on 



151 
 

heterogeneous catalysts can be engaged as a descriptor of the catalytic evaluation through BEP 

relation, the activation energy calculation can be avoided. Moreover, computer-aided materials 

design using intensive DFT calculations combined with ML algorithms have recently shown 

potential to guide the experimental development of new materials that can result in the 

specification of products with desirable properties in short turnaround times. [38, 48] This study 

aims to predict the adsorption energies of species involved in RWGS. The next research phase will 

pivot from traditional, time-intensive DFT methods to the identification of transition states in 

RWGS reactions with doped Ceria in short turnaround times.  

Moreover, the predictive power of adsorption energy as a catalyst performance descriptor 

should be emphasized, based on the established BEP relation, circumventing the need for the direct 

calculation of the activation energy. DFT combined with ML can provide a framework for 

identifying a desired catalytic formulation for a particular reaction of interest. Finetuning 

combined with improvement and optimization of the vector embedding of ML algorithms showed 

potential for predicting on a new dataset of interests that is outside of the main training set and 

efficient implementation of the materials selection framework. By refining the vector presentation 

in the 3D graph, further optimization will be performed to improve the model aiming for higher 

accuracy of prediction and elevated efficiency of material screening. 
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Appendix 

 

Figure S1: Time dependent concentration profile of carbon-based species recorded during the 

reaction test. Catalyst: Fe/Al2O3; operating conditions: GHSV = 3,000 mL/(g h), P = 10 bar, 

H2/CO2 = 4. 
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Figure S2: Time-dependent concentration profiles of carbon-based species recorded during the 

reaction test after increasing temperature to 350 C. Catalyst: Fe/RME-Al2O3; operating conditions: 

GHSV = 3,000 mL/(g h), P = 10 bar, H2/CO2 = 4. 
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Figure S3: Time-dependent concentration profiles of carbon-based species recorded during the 

reaction test with varying temperature. Catalyst: RME Fe/Al2O3; operating conditions: GHSV = 

3,000 mL/(g h), P = 10 bar, H2/CO2 = 4. 
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Figure S4: GC spectra of carbon-based species recorded during the reaction test. Operating 

conditions: GHSV = 3,000 mL/(g h), P = 10 bar, H2/CO2 = 4, T = 375 °C. 
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Figure S5: TPR-FTIR files of post reaction on Fe/RME-Al2O3 catalysts (70 h on stream). Stability 

test conditions: T = 375 °C, H2/CO2 = 4, GHSV = 3,000 mL/(g h), P = 10 bar (absolute). 

 

 

 

Figure S6: TPR-FTIR files of post reaction on Fe/Al2O3 catalysts (70 h on stream). Stability test 

conditions: T = 375 °C, H2/CO2 = 4, GHSV = 3,000 mL/(g h), P = 10 bar (absolute). 
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XRD Pattern of RME -Al2O3 

 

 

Figure S7 XRD Pattern of RME -Al2O3 

 

 

 


