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Synopsis 

The rising demand for light olefins is at present mainly met via catalytic/thermal dehydrogenation of 

alkanes at temperatures of up to 900 °C. Under these severe process conditions, competing side reactions 

and catalyst deactivation via coking are the major challenges. Co-feeding an oxidant significantly 

decreases the reaction temperature. The oxidative dehydrogenation of ethane to ethylene, using CO2 as 

the oxidant (CO2-ODH), has earned a lot of interest in the past decade. The use of CO2, a soft oxidant in 

comparison to O2, prevents the overoxidation reaction of the paraffin to CO2 and allows for improved heat 

control. Besides that, the coking effect, which is believed to be the main catalyst deactivation pathway 

during these high temperature processes, could be significantly lowered due to the reverse Boudouard 

reaction. The most common catalytic materials reported are reducible metal oxides (MOx) due to their 

redox properties; a key concept to activate the C-H bond of the alkane and subsequently activate CO2. 

Besides metal oxides, transition metal carbides have also shown to be active for the CO2-ODH, reaching 

high yields of ethylene. Specifically, molybdenum carbide (MoxCy) has shown to be a highly efficient 

catalyst for CO2 activation and alkane dehydrogenation, demonstrating its ability to cleave C-H bonds. 

These characteristics are important in making a MoxCy-based catalyst a serious candidate for the CO2-

ODH of light alkanes. 

This work entails the design of novel MoxCy-based catalysts for application in the CO2-ODH of C2H6. 

Previous work on MoxCy-based catalysts found that the bulk material has limited activity and selectivity 

towards producing C2H4 but is significantly improved once dispersed on a support material. The type of 

support material dictates whether the CO2-ODH reaction takes place, or if one of the major side reactions, 

the dry-reforming of C2H6 to synthesis gas, is preferred. In this study, MoxCy nanoparticles were prepared 

via various (novel) synthesis techniques, dispersed on a variety of MOx support materials as well as 

modified with various promoters. Besides the exploratory nature of this study, gaining knowledge on the 

activity of the various formulations of MoxCy-based catalysts, the preparation conditions of the carbide 

materials were investigated. To prepare MoxCy, the precursor samples (in the molybdate or oxide phase) 

are exposed to a temperature programmed treatment (carburization) in the presence of a carbonaceous and 

reductive gas mixture. The carbide formation, in terms of crystallite structure, surface composition as well 

as potential fouling mechanisms is highly dependent on the heating rate, gas mixture, final temperature 

and precursor composition. Various experiments utilizing in situ characterization techniques, such as in 

situ X-ray diffraction, X-ray adsorption and Raman spectroscopy as well as online product analysis 

techniques were employed to gain knowledge on the carburization process, the structural and chemical 



 

 

properties and their effect on the activity of the various prepared catalysts in the CO2-ODH as well as the 

reverse water-gas-shift reaction. 

The use of MoxCy-based catalysts in the CO2-ODH reaction has not been thoroughly investigated in 

literature before and is still a very new topic to the scientific community. The presented research can 

contribute on various aspects of the use and viability of MoxCy-based catalysts in CO2 utilizing reactions 

and can be extended to dry-reforming or CO2 hydrogenation to fuels. In terms of catalyst synthesis, the 

extensive characterization exposing the various possible crystal structures of MoxCy nanoparticles and 

application of surface sensitive techniques, allowed for a better understanding of the possible active 

phases responsible for CO2 and alkane activation. Besides the identification of the active phase, the 

deactivation mechanism for MoxCy-based catalysts in the CO2-ODH reaction is studied in more detail by 

focusing on the crystal structure and the presence of carbon on the catalyst surface. By varying catalyst 

compositions as well as reaction conditions, including the use of various co-feeding experiments, an 

increase in catalytic stability, while maintaining high yields of the desired product from CO2-ODH 

(ethylene), was achieved. 
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1 Introduction 

Climate change and global warming are currently the most critical and highlighted environmental issues 

the world is facing. A global temperature rise, warmer oceans, decreasing ice sheets, loss of glaciers and 

an accelerating rise of sea levels are only a few of the many disastrous effects climate change can have. It 

is believed that 95 % of the observed climate change is a direct result of human activities.1 A significant 

increase in the concentration of greenhouse gases in the atmosphere, since the industrial revolution, has 

without a doubt the most impact on the warming of the earth. CO2 is a minor component of the worlds 

atmosphere (~419 ppm) but it represents over three quarters of the total greenhouse gases emitted from 

natural processes and human activities, mostly via the burning of fossil fuels.2 CO2 in the atmosphere acts 

as heat-trap and thus limits the loss of heat via reflection through the earth’s atmosphere.1 Therefore it is 

of high importance to invest in research attempting to find efficient ways to decrease CO2 concentrations 

in the atmosphere or at least reduce CO2 emissions. Possible ways to do so is to capture CO2 before it is 

emitted or even capture it directly from air.3 The captured CO2 can be stored or utilized directly in 

industrial applications. These are for example CO2 injection for increased oil recovery4 or as a 

supercritical solvent in the caffeine extraction.5 The disadvantage of CO2 sequestration is that the world’s 

confirmed suitable storage space is relatively small and will run out. In addition, every mol of CO2 stored 

excludes one carbon atom from the carbon economy.6 

Catalytic conversion of the captured CO2 into useful chemical products is potentially much more 

efficient and can play a role in decreasing the atmospheric CO2 levels. It has to be noted that utilizing 

captured CO2 does not reduce the eventual CO2 concentration in the atmosphere directly but rather avoids 

the emission of new fossil-based carbon. The largest commercial processes making use of captured CO2 

are the production of urea (150 million tonnes annually) and methanol (100 million tonnes annually).7 

Urea synthesis is also the most efficient in utilizing CO2 with an annual consumption of 112 million 

tonnes, in comparison to methanol consuming only 2 million tonnes annually.7 Other processes such as 

the direct CO2 hydrogenation to fuels and CO2 dry-reforming of hydrocarbons (usually methane) into 

synthesis gas have received a lot of interest in the past decades.6, 8, 9 Especially the latter is currently being 

commercialized on industrial scale by BASF SE. Research towards the formation of fine chemicals from 

CO2 is being conducted in order to add value to the products, however their market size is not substantial 

enough and thus their impact to reduce the CO2 concentration in the atmosphere is minor.7 A more 

specific reaction focusing on large scale chemicals will be dealt with in the here presented study: the 

oxidative dehydrogenation (ODH) of light alkanes, specifically ethane. The ODH of light alkanes is 

useful as it can accommodate the rising demand for light olefins. Light olefins, i.e., ethylene and 
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propylene, are a major building block in the chemical industry to produce polymers, oxygenates and 

chemical intermediates such as ethylbenzene and propionaldehyde.10, 11 

Ethane is the second largest component of natural gas (5-15 wt.-%) and is at present mainly converted 

via steam cracking and thermal dehydrogenation at elevated temperatures of up to 900 °C. At these high 

temperatures, the process has several disadvantages, such as an uncontrollable degree of side reactions 

and catalyst deactivation via coking.12, 13 Other possible pathways producing light olefins that are 

investigated intensively are; the conversion of methanol into olefins14-16, the Fischer-Tropsch synthesis 

and the oxidative coupling of methane.17 However, these processes are high in investment costs, indirect 

pathways, produce large amounts of CO2 or are not efficient enough to be economically viable compared 

to steam cracking. Oxidative dehydrogenation utilizing O2 as the oxidant significantly reduces reaction 

temperature compared to direct thermal dehydrogenation, however heat removal and limiting the over 

oxidation of the alkane to CO2 is challenging. The use of CO2 as a soft oxidant has been shown to prevent 

over oxidation and yet reduces reaction temperatures and increases the production towards olefins.6 

The ODH of light alkanes utilizing CO2 is a promising pathway to produce light olefins while in 

parallel activating carbon dioxide. The resulting CO can be used in conjunction with green hydrogen for 

established synthesis gas conversion processes such as methanol formation or the FTS. 

Thermodynamically, the process is heavily challenged by the dry-reforming reaction of CO2 into 

synthesis gas and the direct dehydrogenation of light alkanes as all three reactions are possible at the 

elevated reaction temperatures applied. Therefore, for the reaction to be successful the catalyst designed 

needs to be able to kinetically favour the ODH reaction. To do this, the catalysts must activate and 

dissociate CO2 on the catalytic surface, forming oxygen surface species while activating the hydrocarbon 

and cleaving the C-H bond, retaining the C-C bond. CO2 is thermodynamically more stable than CO and 

activation of CO2 is therefore difficult, but crucial for the ODH reaction and it could aid in removing 

pre-adsorbed carbon. Catalysts bearing redox properties could enhance the activation of ethane. The 

redox properties must be strong enough to activate the ethane, but not too strong to supress over-oxidation 

of the hydrocarbon towards CO or CO2. 

In this study, novel MoxCy-based catalysts are designed and synthesized for the application in the 

CO2-ODH of C2H6. Previous work on MoxCy-based catalysts found that the bulk material has limited 

activity and selectivity towards producing C2H4 but is significantly improved once dispersed on a support 

material. The type of support material dictates whether the CO2-ODH reaction proceeds, or if one of the 

major side reactions, the dry-reforming of C2H6 to synthesis gas is preferred. MoxCy nanoparticles are 

prepared via various synthesis techniques, dispersed on MOx support materials (SiO2, Al2O3, ZrO2, 

Ga2O3, TiO2 and CeO2) and modified with promoters (Fe, Pt, Ni and K). Besides the exploratory nature of 
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this study, gaining knowledge on the activity of the various combinations of MoxCy-based catalysts, the 

preparation conditions of the carbide materials were also investigated. MoxCy is prepared via the exposure 

of the precursor sample to a temperature programmed treatment in the presence of a carbonaceous and 

reductive gas mixture (i.e., carburization). The carbide formation, in terms of crystallite structure, surface 

composition as well as potential fouling mechanisms are highly dependent on the heating rate, gas 

mixture, final temperature and precursor composition. Various experiments utilizing in situ 

characterization techniques, such as in situ XRD, XAS and Raman spectroscopy as well as online product 

analysis techniques were conducted to gain knowledge on the carburization process, the structural and 

chemical properties and their effect on the activity of the various prepared catalysts in the CO2-ODH of 

ethane. 
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2 Literature Review 

At the time of writing, the average global temperature has risen by 1.18 °C since 1880. Studying 

paleoclimate archives allows researchers to reconstruct the average global temperature and the 

concentration of atmospheric greenhouse gases (GHGs) of the past.1 The increase in GHGs in the 

atmosphere, unequivocally caused by human activities, is the main cause for the warming of the global 

surface temperature (see Figure 2.1-A). The concentration of carbon dioxide (CO2) in the atmosphere has 

risen to 419 ppm as of 2022, equal to a 49 % increase since the start of the industrial revolution (1850) 

(see Figure 2.1-B).2 

 

Figure 2.1. [A] Change in global surface temperature relative to 1951-1980 average temperatures. [B] Concentration of 

atmospheric CO2 over the past 800,000 years. Insert: CO2 concentration since 1960 until today. Figure reproduced from Shaftel 

et al.2. 

While CO2 remains a minor component in the earth’s atmosphere, it represents over three quarters of 

the total greenhouse gases emitted from natural processes and human activities, mostly via the burning of 

fossil fuels, such as natural gas, crude oil and coal.3-5 The release of CO2 into the atmosphere by 

combustion has a significant impact on the global carbon cycle; a natural process of carbon flow between 

the oceans, atmosphere, plants, soil, and fossil fuels.6 The global carbon cycle plays a key role in 

stabilizing the average surface temperature on the earth, often referred to as the world’s thermostat. CO2 

in the atmosphere acts as heat-trap and thus limits the loss of heat via reflection through the earth’s 

atmosphere. Due to rising concentrations of CO2 in the earth’s atmosphere, the global surface temperature 

increases, and more water is evaporated into the atmosphere. In addition, the oceans get warmer resulting 

in decreasing ice sheets and the loss of glaciers. This is subsequently followed by rising sea levels with 

frequent flooding as result. Extreme weather events cause more frequently occurring natural disasters 

such as droughts, bush fires and acidic rainfall. The acidity of the ocean increases due to the high levels of 

CO2 adsorbed by and converted to carbonic acid. This ocean acidification causes large scale damages to 
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the marine environment. These are only a few of the many disastrous effects of global warming. It is thus 

of upmost importance to limit the rise of the global surface temperature to a maximum of 2 °C, preferably 

to 1.5 °C, as agreed upon in the Paris Agreement by the United Nations in 2015. To combat global 

warming and climate change, the rising concentration of CO2 in the atmosphere must be halted by 

reducing CO2 emissions from human activities and capturing already emitted CO2. 

2.1 Carbon capture, storage and utilization 

Our current and constantly improving standard of life is mostly based on carbon-based fuels and materials 

resulting in a substantial amount of CO2 emitted. Globally a total of 33.4 gigatonnes (Gt) of 

energy-related CO2 was emitted into the atmosphere in 2019.7 Due to the Covid-19 pandemic, the global 

CO2 emissions decreased to 31.5 Gt, which is the largest ever decline recorded, 5.8 %. However, in 2021, 

it quickly recovered to 33.0 Gt CO2. The only possible way of limiting CO2 concentrations in the 

atmosphere requires the capturing of CO2 before it is emitted at point sources such as fossil or biomass 

fuelled power stations, or directly from the atmosphere.8, 9 Commercially, the capture of CO2 can be split 

into three groups: 1) post-combustion, 2) pre-combustion and 3) direct air capture. Post-combustion 

capture technologies (capturing CO2 after burning of fuel with air for electricity or heat generation) are 

the most efficient methods to reduce emissions in the short term as they can simply be added to existing 

power plants.10 Generally, the methods applied for post-combustion capture are based on the use of 

biological (by means of photosynthesis, algae or bacteria), physical (using physical adsorption, cryogenic 

condensation or membrane separation) and chemical (adsorption, absorption or chemical looping 

combustion) methods. The most effective commercial post-combustion capturing process is the 

absorption in amine solvents or cold methanol.10 The separation of CO2, which is formed as a co-product 

of an existing process such as the production of synthesis gas via natural gas reforming or coal 

gasification, is called the pre-combustion capture method, i.e., capturing CO2 directly from the produced 

synthesis gas prior to combustion of fuel for electricity or heat generation.11 During natural gas reforming, 

CO2 is formed via the water-gas-shift reaction. Subsequently, the produced CO2 can be separated by 

means of adsorption, absorption, membrane or cryogenic processes directly in the process rather than 

from the off gas. At low partial pressures of CO2, the use of chemical adsorption is more efficient than 

physical adsorption, however this is inverted at higher partial pressures.12 The main advantage of 

pre-combustion over post-combustion capture is the higher concentration of CO2 in the mixture (15-50 % 

vs 5-15 %). 

Although the concentration of CO2 in atmospheric air is relatively low (419 ppm), the process to 

capture CO2 directly from air was already commercialised in the 1950s and is used as a pre-treatment for 
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cryogenic air separation. In the 1990s this process was upscaled to capture previously emitted CO2 

directly from air. Large variations in the cost estimations, due to a lack of information provided in 

literature so far, resulted in uncertainties regarding the feasibility of the process. In 2018, Keith et al. 

published a detailed description of a technology promoted by the Canadian company Carbon Engineering 

to capture CO2 directly from air.9 In short, the process consists of two connected chemical loops, where 

CO2 is captured in the first loop to subsequently react with Ca2+ (from the dissolution of Ca(OH)2) 

forming CaCO3. Calcination of CaCO3 produces CO2 and CaO, which is then hydrated to complete the 

cycle forming Ca(OH)2. The cost range of the process was estimated to be between 49 and 232 $ per 

tonne of CO2 captured, which is far below previous estimates13 of 550 $ per tonne of CO2. A second 

company, the Swiss Climeworks promotes and supplies a similar technology.9, 13 As of 2021, 19 direct air 

capture plants are operating worldwide with a combined annual capacity of 0.01 Mt CO2. A total of about 

40 Mt of CO2 is captured worldwide each year across all technologies.14 This is by far not enough and 

thus substantial and rapid capacity improvements are required to have a significant contribution to the 

goal of reaching a net zero carbon economy by 2050-2070. 

 

Figure 2.2. Share of the world’s CO2 emissions by fuel combustion only, per region and by fuel source, recorded in 2019.15 

The carbon captured can be stored (CCS) or utilised (CCU). CCS involves the injection of liquid 

CO2, achieved by compression of gaseous CO2, into underground reservoirs such as deep saline 

formations and depleted oil and gas reservoirs. With CCS, the carbon cycle is not infinite, as carbon is 

sequestered by storing it deep in the ground. In addition, the likelihood of running out of suitable storage 

space is significant. Therefore, to increase the sustainability of the CO2 capture process, and to balance 

the high operating and investment costs, the utilization of CO2 and in particular the conversion into more 

valuable compounds is of interest. At present, a total of 230 Mt of CO2 is utilised commercially each year. 

In comparison, the total amount of CO2 emitted 2019 in China by fuel combustion alone is close to 
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10,000 Mt (see Figure 2.2). To date, the largest contributor to the CO2 utilization market is the production 

of fertilizers, such as urea, at a capacity of 130 Mt of CO2 per year.16 The CO2 used for urea is sourced 

on-site from the production of ammonia. The enhanced oil recovery, which utilizes about 80 Mt of CO2, 

is the largest CO2 utilizing process sourcing their CO2 off-site. 

CO2 can also be converted into more valuable products, by means of electrochemical, biological, 

mineralization, photosynthetic, photocatalytic and thermocatalytic processes.17 It must be noted that 

utilizing captured CO2 does generally not reduce the eventual CO2 concentration in the atmosphere but 

avoids the emission of new fossil-based carbon. The main concern of utilizing CO2 in (thermo)catalytic 

reactions is the thermodynamic stability of the CO2 molecule, which requires elevated temperatures to 

activate and is thus an energy consuming process. In addition, they usually require the addition of 

co-reactants to fully convert CO2 and increase the economic viability of the process.18 Processes such as 

the (direct) CO2 hydrogenation to methanol (or fuels) and CO2 dry-reforming of hydrocarbons (usually 

methane) into synthesis gas have received a lot of interest in the past decades.18-20 CO2 hydrogenation to 

methanol is a matured process that has been commercialised at large scale using a Cu/ZnO/Al2O3 catalyst, 

however the CO2 utilization capacity in the process is low.21 In Iceland, Carbon Recycling International 

(CRI) has developed the Emissions to Liquid (ETL) technology and were able to install the first 

commercial plant producing recycled carbon methanol (VulcanolTM) with a production capacity of 

110,000 tonnes per year in 2021.22 In Germany, INERATEC has innovated various modular pilot plants, 

easily applicable to existing industries. Their primary focus is on the production of synthetic natural gas, 

synthetic fuels, chemicals and methanol, via the so-called Power-to-Liquid, Power-to-Gas and 

Gas-to-Liquid processes. The synthesis gas (a combination of CO and H2, often at a ratio of 1:2) is 

produced either via the reverse water-gas-shift (RWGS) reaction or via the steam-assisted catalytic partial 

oxidation (CPOX) of methane. bse Methanol GmbH, in collaboration with BASF, developed the 

delocalized FlexMethanol units which produce methanol via the Power-to-Methanol process at a small 

scale. H2, produced via electrolysis using excess current from renewable energy sources, and CO2, 

obtained from off-stream gas, are used to produce methanol. In Canada, Carbon Engineering makes use of 

their innovative direct air capture (DAC) technology9 and turns the captured CO2 into fuels, referred to as 

AIR TO FUELS, via (in)direct CO2 hydrogenation.23 

CH4 reforming in the presence of CO2 (see Equation 2.1), commonly referred to as dry-reforming, 

was already reported on as early as 188824. The main interest in the reaction lies in its potential of 

producing synthesis gas, specifically at low H2/CO ratios, which can be further converted to methanol or 

via the Fischer-Tropsch synthesis (FTS) to fuels. Currently, synthesis gas, and indeed hydrogen, is 

produced on world scale via steam reforming and/or partial oxidation of methane, and has a high CO2 
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footprint.25 The obtained synthesis gas is hydrogen rich and the (reverse) water-gas-shift reaction is a 

major side reaction affecting the final synthesis gas ratio. Most research on CH4 dry-reforming focuses on 

a bifunctional catalyst including a noble metal and a support.26, 27 However, the use of noble metals at 

industrial scale is economically challenging and therefore the more abundant metals, nickel and cobalt, 

are more likely to be implemented on large scale. Linde, in collaboration with BASF, have launched 

commercial methane dry-reforming plants, operating with CO2 as a feedstock and is based on these 

transition metals.28 

𝐶𝐻4 + CO2 ↔ 2CO + 2𝐻2 ∆𝐻600°𝐶 = 136.1 𝑘𝐽 𝑚𝑜𝑙−1 Equation 2.1 

2.2 Light olefins, the w rld’s chemical building bl ck 

Light olefins (alkenes) are known as the world’s most important chemical building block. In fact, our 

everyday life is surrounded by products manufactured from alkenes as major feedstock. Ethylene in 

particular is used for the synthesis of polyethylene, ethylene oxide, ethylene dichloride or styrene. These 

compounds are then converted into items such as food packaging, textiles, PCV pipes and synthetic 

rubber, just to name a few. More than 200 Mt of ethylene is produced annually (in 2020), a value 

expected to increase to 300 Mt by 2025.29 Commercially, ethylene is produced via steam cracking (SC), 

fluid catalytic cracking (FCC) or dehydrogenation (DH). Steam cracking is carried out through the mixing 

of steam and a hydrocarbon feedstock, usually fossil fuel based, in a tubular reactor at elevated 

temperatures (±850 °C). The United States are the biggest ethylene producer with a total annual 

production of 28.4 Mt, followed by China with 13.9 Mt. Globally, crude oil is the main feedstock for 

steam cracking. The recent shale gas developments have made the use of ethane extracted from shale gas 

a lot more attractive. America has moved to produce a large amount of their ethylene from shale gas, 

China still uses predominantly crude oil.30 With a shale gas feed, even shipping of ethane is within the 

profitability of the steam cracking process. However, converting a liquid-based steam cracker to an 

ethane-based steam cracker brings along a number of challenges, specifically in the downstream 

processes.31, 32 

Other pathways of producing ethylene are currently economically not viable as they are being 

compared to steam crackers and their production capacities. The Fischer-Tropsch synthesis (FTS), the CO 

hydrogenation over transition metal catalysts, is already a commercialized process producing linear 

alkanes, 1-alkenes and small amounts of oxygenates.33, 34 By tweaking the process conditions and catalyst 

compositions, larger amounts of olefins can be produced. However, the largest Fischer-Tropsch plant 

operations today, producing 140,000 barrels per day, required a total investment of 18 billion US dollars. 



10 

 

These high costs are mainly due to the expensive technology of the air separation unit required for the 

preparation of synthesis gas, which accounts for approximately 70 % of the total CAPEX cost.34-36 

Synthesis gas can in turn also be used for the methanol synthesis. Subsequently, the methanol can be 

converted into a high purity short chain olefinic product via the so-called methanol to olefin (MTO) 

process. ExxonMobil first presented the MTO process in the late 1970s followed by patents from 

ExxonMobil and UOP Honeywell.37-39 The MTO processes are based on a zeolite (ExxonMobil) or a 

silico-aluminophosphate (UOP) catalyst. Disadvantages of the MTO process are mainly catalyst 

deactivation through coking and high CO2 emissions via the water-gas shift (WGS) reaction.31 Direct 

hydrogenation of CO2 to methanol is being studied academically40, 41 but is not commercialized yet. 

A more direct process forming light olefins is the oxidative coupling of methane (OCM). This 

technology was first pioneered by Keller and Bhasin42 and resulted in significant research activity both in 

industry and academia. OCM is typically the reaction between methane and oxygen forming ethane and 

water. Subsequently, the ethane reacts with the oxygen forming ethylene and water. Through over 

oxidation, CO2 and CO are formed. The main disadvantages of this process are the highly exothermic 

reactions occurring and low ethylene yields. The current research towards industrializing the OCM 

technology focuses mainly on finding an industrially reliable and stable catalyst and reactor design.43 

Catalytic dehydrogenation of light alkanes is currently the second largest commercial technology 

producing light olefins. A major advantage of the process is that, in comparison to steam cracking, 

dehydrogenation is an on-purpose technique which could increase the yield of a specific olefin, rather 

than producing a wide range of products. In particular, the production of propylene via catalytic 

dehydrogenation has increased by up to 14 million tonnes annually.44 Commercially there are two 

technologies available, the Catofin and the Oleflex process. The Catofin process, introduced by CB&I 

Lummus, was originally used to produce methyl tertiary-butyl ether (MTBE). MTBE used to be a fuel 

additive to increase the octane number of petrol, but after it was proven to pollute water resources, its 

market size declined. Subsequently, most Catofin-based plants were modified towards propane 

dehydrogenation. Where the Catofin process uses 8 parallel adiabatic fixed bed reactors, the Oleflex 

process, introduced by UOP Honeywell, uses fluidized bed reactors. The Catofin process employs a 

Cr2O3/Al2O3 catalyst at temperatures of approximately 575 °C and pressures between 0.2 and 0.5 bar. The 

Oleflex process utilizes a Pt-Sn-based catalyst at temperatures in the range of 525-705 °C and pressures 

between 1 and 3 bar. The main disadvantages of the catalytic dehydrogenation processes are the 

underlying highly endothermic reactions, low selectivity, coking and high noble metal loadings.31, 45 

From all processes discussed above, naphtha-based steam cracking has shown to be the most viable 

economically, but also environmentally, if comparing the total CO2 emissions per tonne of high-value 
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chemicals (HVC), such as light olefins or aromatics (see Figure 2.3). Furthermore, a division is made 

between CO2 emitted from energy generation to run the actual process and from the chemical reactions. 

 

Figure 2.3. CO2 emissions from different technologies producing light olefins (or aromatics) per tonne of high-value chemicals 

(HVC). Figure is adapted from Amghizar et al.31. Red bars indicate CO2 emitted from energy generation; grey bars indicate CO2 

emitted from chemical reactions. Annotations indicate the carbon source (naphtha, ethane, methane, biomass or coal) and the 

process application (steam cracking (SC), Fischer-Tropsch (FT) synthesis, oxidative coupling of methane (OCM) and methanol 

to olefin (MTO). 

2.3 CO2-assisted oxidative dehydrogenation of light alkanes 

The oxidative dehydrogenation of light alkanes (C2-C4) by CO2 (CO2-ODH, see Equation 2.4) is seen as a 

promising alternative to the more common direct dehydrogenation (DH) route. The DH of alkanes (see 

Equation 2.2) is a highly endothermic reaction which requires temperatures starting from 600 °C to reach 

the conversion levels of interest. Besides being energy intensive, coking of the catalysts is a major 

challenge which requires frequent regeneration. Co-feeding an oxidant has proven to lower the reaction 

temperature significantly, thus lowering energy consumption and reducing the coking effect on the 

catalyst improving its lifetime. Oxidants such as oxygen46-49, nitrous oxide50, 51 and carbon dioxide52-57 

have been researched. Oxygen co-feeding shifts the reaction from an endothermic reaction to a highly 

exothermic reaction and thus heat removal is required (see Equation 2.3). Besides that, over-oxidation of 

the alkane to COx lowers the selectivity towards olefins.58 Nevertheless, similar or even better ethylene 

yields were reported compared to steam cracking, but limited knowledge is available regarding catalyst 

lifetime.59 The use of N2O has shown promising catalytic performances60, however the most mentioned 

drawbacks of using N2O as the oxidant are compound specific safety hazards.61 The focus of this study is 

on the co-feeding of CO2, in particular to the dehydrogenation of ethane. CO2 is often classified as a ‘soft 

oxidant’61-66 and its introduction to the catalytic dehydrogenation of alkanes started to receive interest a 
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few decades ago. Fox et al.67 reported early on that typical dehydrogenation catalysts, Cr2O3 or V2O5 

supported on Al2O3, are the best for CO2-ODH. In fact, the CO2-ODH reaction mechanism was suggested 

to be a combination of DH and the RWGS (see Equation 2.5). The major side reaction that has been 

reported to occur is the dry-reforming of ethane with CO2 (DR), producing synthesis gas (see Equation 

2.6). Comparing the Gibbs free energy of reaction of CO2-ODH, DH, DR and RWGS, as a function of 

temperature (see Figure 2.4) reveals that the dry-reforming reaction is the favoured reaction to occur, with 

a Gibbs free energy of below 0 kJ mol-1 above 550 °C. Therefore, it is important to find a catalyst 

composition that is kinetically able to suppress the thermodynamically favoured dry-reforming reaction 

(via C-C bond scission) and support the CO2-ODH reaction (C-H bond scission). Coking of the catalyst 

via the Boudouard reaction or ethane decomposition has been reported to be the major catalyst 

deactivation mechanism. Co-feeding of CO2 could potentially suppress coking to an extent by producing 

carbon monoxide via the reverse Boudouard reaction (see Equation 2.7).61 

 

Figure 2.4. Gibbs free energy calculations as a function of temperature on the possible individual reactions to occur during 

CO2-ODH of ethane. 

𝐶2𝐻6 ↔ 𝐶2𝐻4 + 𝐻2 ∆𝐻25°𝐶 = 136.4 𝑘𝐽 𝑚𝑜𝑙−1 Equation 2.2 

2𝐶2𝐻6 + O2 ↔ 2𝐶2𝐻4 + 2𝐻2𝑂 ∆𝐻25°𝐶 = −210.9 𝑘𝐽 𝑚𝑜𝑙−1 Equation 2.3 

𝐶2𝐻6 + CO2 ↔ 𝐶2𝐻4 + CO + 𝐻2 ∆𝐻25°𝐶 = 177.6 𝑘𝐽 𝑚𝑜𝑙−1 Equation 2.4 

H2 + CO2 ↔ CO + 𝐻2𝑂 ∆𝐻25°𝐶 = 41.2 𝑘𝐽 𝑚𝑜𝑙−1 Equation 2.5 
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𝐶2𝐻6 + 2CO2 ↔ 4CO + 3𝐻2 ∆𝐻25°𝐶 = 428.9 𝑘𝐽 𝑚𝑜𝑙−1 Equation 2.6 

𝐶𝑂2 + 𝐶 ↔ 2𝐶𝑂 ∆𝐻25°𝐶 = 172.5 𝑘𝐽 𝑚𝑜𝑙−1 Equation 2.7 

The numerous reviews published recently, focusing fully or partially on the CO2-ODH of light 

alkanes, shows the increased interest in the CO2-ODH reaction.18, 61-63, 65, 68-72 The various authors 

commonly report on the use of (mixed) metal oxides (MOx) as the most promising and studied catalyst 

systems for CO2-ODH. In particular Cr2O3
73-82, V2O5

59, 66, 83-86 or Ga2O3
87-89 based systems have been 

extensively investigated. The activity of the metal oxide catalysts has predominantly been ascribed to 

either their redox properties performing a Mars van Krevelen type mechanism or their acid-base 

bifunctionality via a heterolytic dissociation mechanism. In addition to MOx, other systems such as 

metallic, bimetallic, nitride and carbide systems were identified as possible catalysts. 

2.3.1. Metal oxide catalysts 

The most common materials used for CO2-ODH of ethane are supported metal oxides. A reducible metal 

oxide can donate a lattice-oxygen, in a Mars-van-Krevelen type mechanism90, abstracting a hydrogen 

from the alkane, forming a reduced valence state of the MOx, accompanied by the production of water. 

The reduced MOx-1 subsequently undergoes a re-oxidation reaction via the activation of CO2 to return to 

its original state, producing CO (see Figure 2.5). 

 

Figure 2.5. Graphical representation of a reducible metal oxide catalyst proceeding via a Mars-van-Krevelen type mechanism in 

the CO2-ODH of ethane. 

A second possible reaction mechanism involves a catalyst’s acid-base bifunctionality, where it is 

often described that the acidic sites activate the substrate and the basic sites activate CO2. Sato et al.91 

proposed a mechanism based on an Al2O3 and a Na2O/Al2O3 catalyst. Ethylbenzene is adsorbed on the 

acid sites of the Al2O3 catalyst. Subsequently, the basic sites of the catal st abstract the α-hydrogen atom 

of the activated ethylbenzene, producing styrene and H2 (see Figure 2.6). In case of the Na2O/Al2O3 
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catalyst in the presence of CO2, the basic site responsible for the activation of CO2 is different from the 

basic sites responsible for the abstraction of the α-hydrogen atom. Activated CO2 reacts with the 

abstracted hydrogen on the surface forming CO and water in addition to styrene (see Figure 2.7). 

 

Figure 2.6. Graphical representation of the dehydrogenation of ethylbenzene to styrene and H2 over an Al2O3 catalyst. Figure 

adapted from Sato et al.91. 

 

Figure 2.7. Graphical representation of the CO2 assisted dehydrogenation of ethylbenzene to styrene, CO and water over a 

Na2O/Al2O3 catalyst. Figure adapted from Sato et al.91. 

The active metal oxides are often loaded onto a single or mixed metal oxide support material to 

increase the active surface area by anchoring the highly dispersed catalyst nanoparticles within the pores 

of the support. Additionally, some catalysts are designed to be bifunctional achieving a tandem reaction 

between the support and the loaded material. The support material can also modify the acidic and basic 

properties of the catalyst. 

In a study by Nakagawa et al.92, a number of commercially available oxide catalysts were evaluated 

for their CO2-ODH activity utilizing a feed gas composition comprising of a CO2 to C2H6 at a ratio of 5:1 

(see Figure 2.8). At the reaction temperature of 650 °C, some gas phase reaction was measured. This 

indicates that the oxides in Figure 2.8 beyond MgO did not show any catalytic activity. A slight 

improvement was observed from CeO2 to ZrO2, and a more significant catalytic activity was recorded for 

the samples from Ga2O3 to La2O3. Gallium oxide was found to be the most active and selective catalyst, 

under the chosen reaction conditions, with an ethylene yield of up to 18.6 %. It should be noted that 

catalytic data was only recorded for 30 minutes and no long-term activity was explored. In a follow up 

study, the support effect on Ga2O3-based catalysts was investigated by loading Ga on TiO2, ZrO2, ZnO, 

Al2O3 and SiO2.93 A higher activity was observed for the Ga-loaded samples on TiO2, ZrO2 and ZnO in 
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the presence of CO2 in the feed (C2H6:CO2 = 5:25 mL min-1) than without (C2H6:Ar = 5:25 mL min-1). On 

Al2O3 the activity dropped upon co-feeding CO2 and on SiO2 there was no significant effect. The 

performance of the Ga2O3/Al2O3 and Ga2O3/TiO2 catalysts with CO2 co-feeding was further investigated 

and the CO2 co-feeding was replaced by steam (H2O(g)) co-feeding. At about 10 vol.-% of steam 

co-feeding, Ga2O3/TiO2 achieves a similar ethylene yield and product spectrum as during CO2 co-feeding. 

The ethylene yield for Ga2O3/Al2O3 decreases upon steam co-feeding. The difference observed can 

suggest that for Ga2O3/TiO2, the steam produced in the presence of CO2 enhances the dehydrogenation 

activity possibly by removing carbon deposits. On Al2O3, the produced steam during CO2 co-feeding 

inhibits the dehydrogenation activity, possibly due to modified acidity on the surface of the catalyst. 

Upon loading some of the investigated bulk metal oxides onto an oxidized diamond support material, 

the order of activity changed significantly from Ga2O3 > Cr2O3 > V2O5 > Mn3O4 > ZnO > CeO2 > Fe2O3 > 

MoO3 to Cr2O3 > V2O5 > MoO3 > Ga2O3 > CeO2 > Mn3O5 > Fe2O3 > MnO.94 The activity of the metal 

oxides increased significantly upon dispersion onto the oxidized diamond support. Although the slightly 

increased surface area can play a role, the surface area of bulk and supported Ga2O3 and CeO2 are similar, 

yet ethylene yield was increased significantly. Although the oxidized diamond alone did not yield any 

catalytic activity, the increased activity is suggested to be due to a weak interaction between the MOx and 

the support as well as the supply of catalytically active sites for the dehydrogenation of C2H6 in the form 

of oxygen surface species. 

 

Figure 2.8. Metal oxides in the CO2 oxidative dehydrogenation of C2H6. Process conditions: T = 650 °C, CO2 to C2H6 ratio = 

5:1, SV = 9 L h-1·gcat
-1. Figure adapted from Nakagawa et al.92. 

In a study presented by Wang et al.95 a Cr2O3/SiO2 catalyst was exposed to ethane dehydrogenation 

conditions in the absence and presence of CO2. It was found that the co-feeding of CO2 increases ethane 

conversion (from 50 to 56 %, at 650 °C) and ethylene selectivity (from 90 to 93 %). On top of that, only 

for the catalyst tested in the absence of CO2, carbon deposition was observed. Mimura et al.96 also studied 
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Cr2O3 as potential catalyst for CO2-ODH of ethane and loaded 5 wt.-% of Cr2O3 on zeolites with a 

SiO2/Al2O3 ratio ranging between 4.8 (H-Y) and 1900 (H-ZSM-5). For comparison, V2O5 and Ga2O3 were 

also loaded (5 wt.-%) on H-ZSM-5 (SiO2/Al2O3 = 1900). The most active catalysts are the H-ZSM-5 

supported samples with a SiO2/Al2O3 ratio of 190 and higher. The higher dehydrogenation activity was 

linked to a higher reducibility observed during H2-TPR experiments. CO2 co-feeding showed 

improvements to the dehydrogenation activity and the stability of the catalyst by removing coke form the 

catalyst surface. 

Another study employing Cr2O3 as a catalyst used ZrO2 as support material.97 The catalytic 

performance of an unmodified Cr2O3/ZrO2 catalyst and Fe, Ni, Mn and Co modified Cr2O3/ZrO2 was 

evaluated (see Figure 2.9). At the conditions applied, the Ni promoted catalyst showed the highest ethane 

and CO2 conversions. However, ethylene production was minimal in contrast to CO and methane, 

suggesting that the Ni promoted sample favours dry-reforming and cracking reactions. The Fe, Mn and 

Co promoted samples showed an increase in ethylene selectivity at similar conversion levels in 

comparison to the unpromoted sample. The differences observed between the four catalysts can be 

correlated to their respective acid and base characteristics, which were determined via NH3 and CO2 

desorption, respectively. The Ni-promoted catalyst showed the largest amount of strong acid and base 

sites. Weak basic sites for the Fe, Mn and Co promoted catalysts together with the unpromoted catalyst 

were not observed. Therefore, it was concluded that strong acid and base pairs are responsible for the high 

activity towards the reforming and cracking reactions. The Co-promoted sample had the largest amount of 

weak acid sites which could be linked to an increase in ethane activation.97 

 

Figure 2.9. Catalytic performance of the unpromoted and promoted Cr2O3/ZrO2 catalysts. Process conditions: CO2 to C2H6 ratio 

= 3:1, SV = 4.5  L·h-1·g-1. Figure is reproduced with data obtained from Deng et al.97. 

Koirala et al.98 studied the use of CoOx on SiO2 for the CO2-ODH reaction, a well-known catalyst for 

processes such as the Fischer-Tropsch synthesis. At fairly low Co loadings, between 0.75 and 4.5 wt.-%, 
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decent ODH activity was observed with a selectivity to ethylene of over 80 % (700 °C, CO2 to C2H6 ratio 

of 2.5 and GHSV of 6 L h-1 gcat
-1). The optimum Co loading was 0.75 wt.-% which showed an ethane 

conversion of 46 % and ethylene selectivity of 85 %. The higher activity observed for the lower Co 

loadings was linked to the highly dispersed Co2+ species identified by means of Ultraviolet-visible 

spectroscopy, XAS and XPS. 

2.3.2. (Bi)metallic catalysts 

In a study by Myint et al.99 bimetallic catalysts were evaluated for their activity for CO2-ODH of ethane. 

They were compared to their respective monometallic catalysts, all supported on commercial CeO2. At a 

CO2 to C2H6 feed ratio of 1:1, at 600 °C, the bimetallic catalysts show a significant improvement in 

catalyst stability in comparison to the monometallic catalysts. The highest activity was observed for 

CoPt/CeO2 and NiMo/CeO2, with the latter being of special interest as there are no precious metals 

involved. For all samples, high selectivity (between 68.7 and 99.5 %) towards CO were recorded, 

indicating high dry-reforming activity. The FeNi/CeO2, Fe/CeO2 and Mo/CeO2 catalysts achieved an 

ethylene selectivity of up to 31 %. 

Yan et al.100 followed up on the above-described bimetallic system and studied NiFe catalysts 

supported on CeO2, varying the Ni/Fe ratio. At 600 °C and a CO2 to C2H6 feed ratio of 1 it was observed 

that the performance of the pure Ni catalyst (Ni3/CeO2) and pure Fe (Fe3/CeO2) catalyst show significant 

differences. While the former is more active in terms of C2H6 conversion (14 % vs 0.5 %), the latter is 

more selective to ethylene (0.9 % vs 38.3 %). A drastic change can be observed for the bimetallic 

catalysts. The Fe rich samples showed lower overall C2H6 conversions, but a significantly higher 

selectivity was recorded (> 66.7 %). At a Ni/Fe ratio of 1:3 and 3:1, the space velocity was adjusted to 

achieve similar C2H6 conversion levels. It is clear that the higher Ni content increases the CO selectivity 

which is supported by the significantly higher CO2 conversion. The reaction is thus dominated by the 

dry-reforming of C2H6. 

In a study performed in our own laboratories by Raseale et al.101, the effect of Fe to Ni ratio in a 

FexNiy alloy system, supported on overlayers of Cr and Zr oxides on γ-Al2O3 (CrOx@Al2O3 and 

ZrOx@Al2O3, respectively), was investigated under CO2-ODH conditions with an equimolar feed of CO2 

and C2H6, 600 °C reaction temperature and atmospheric pressure. The two bare overlayer supports 

displayed quite different catalytic performance. No CO2 and C2H6 conversion were recorded for the 

ZrOx@Al2O3 overlayer, where CrOx@Al2O3 had an initial C2H6 conversion of 5 % and CO2 conversion of 

2.5 %. A decrease in activity with TOS was observed, fully deactivating after 11 hours. The FeNi alloys 

had a significant impact on the Cr overlayer, but hardly improved the activity or selectivity of the Zr 
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overlayer. A higher ethylene selectivity is recorded with an increase in the Fe content of the alloy, 

however the activity decreased. The Fe5Ni1 on CrOx/Al2O3 showed a CO2 to C2H6 conversion ratio of 1 

for the entire duration of the experiment, which suggests a pure CO2-ODH reaction. Overall, the FexNiy 

alloys increased the CO2 activation, confirming the necessity of a tandem functionality between the oxide 

overlayers and the FexNiy nanoparticles. 

2.3.3. Molybdenum carbide based catalysts 

Molybdenum as a catalyst in the oxidative dehydrogenation reaction has been studied extensively. The 

Mo-based catalytic systems vary from molybdates46, 102-104 to (mixed) metal oxides48, 49, 105-108, metallic99 

and carbides52-55, 109. From all the different catalytic systems suitable for ODH, the system of interest for 

this study is limited to use of molybdenum carbide (MoxCy), utilizing CO2 as the oxidant. Molybdenum 

carbide has demonstrated to be a highly efficient catalyst for CO2 activation110, 111 and alkane 

dehydrogenation69, 112. Both mechanistic steps are key to achieve a successful CO2-ODH reaction. By 

activating CO2 on the catalyst surface, oxygen surface species or a MoOxCy (sub)surface phase is 

produced. These oxygen sites then react with the alkane, via C-H bond scission, forming the olefin, while 

preventing the C-C bond cleavage (see Figure 2.10).52 An overview of past studies reporting on the 

utilization of MoxCy-based catalysts for the CO2-ODH of ethane or propane is discussed in detail in the 

following section. 

 

Figure 2.10. Graphical representation of the proposed ODH mechanism over transition metal carbide catalysts. A successful 

catalyst is required to support CO2 activation to form oxygen surface species or MoOxCy. Subsequently, by means of the oxygen 

sites, ethane is activated by C-H bond scission, forming water and ethylene. 

Solymosi and Németh53, 54 evaluated the catalytic performance of unsupported and supported MoxCy 

on SiO2, of a hexagonal structure corresponding to β-Mo2C, in ethane and propane CO2 oxidative 

dehydrogenation. In both cases it was clear that the active phase of the Mo-based catalysts is the 

supported carbide phase. FTIR spectroscopic measurements of the interaction between the supported β-

Mo2C catalyst and ethane, propane and CO2 indicated ethane activation around 200 °C, propane around 
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300 °C and partial oxidation of the β-Mo2C was observed at 500 °C, which progressed with increasing 

temperature. Mass spectrometry analysis of the exit gas showed the formation of CO at 550 °C. These 

observations are attributed to CO2 dissociation on the catalytic surface. Simultaneously, XPS analysis 

confirmed the partial oxidation of the catalyst. However, in a CO2 and propane atmosphere, no oxidation 

was observed suggesting the fast interaction of the propane with the oxidized Mo-species carburizing 

them back to β-Mo2C. 

In an attempt to extract more information regarding the reaction pathway applied during the ODH 

reaction of ethane in the presence of CO2, Porosoff et al.55 conducted a density functional theory study on 

the interaction of possible reaction intermediates on a Pt(111) and Mo2C(001) surface, both shown to be 

active for the reverse water-gas-shift reaction. The DFT-study was based on earlier obtained data from the 

catalytic evaluation of a Pt supported on CeO2 catalyst and a bulk β-Mo2C catalyst, showing that the 

Pt/CeO2 catalyst favours the dry-reforming reaction and β-Mo2C favours the oxidative dehydrogenation 

reaction producing ethylene. It was observed that all reaction intermediates bind stronger to the 

Mo2C(001) surface than to the Pt(111) surface. Furthermore, the difference in binding energy between Pt 

and Mo is more significant for the species containing an oxygen atom. As described earlier, the main 

difference between the two mechanisms of ODH and dry-reforming is which bond cleavage is favoured, 

i.e., the C-C scission (forming CH4 or CO) or the C-H scission (forming ethylene). DFT results based on 

the enthalpy change for these two characteristic parts of the reaction mechanisms have shown that the 

Pt(111) and CeO2(111) surfaces favour the C-C scission above the C-H scission, but both processes are 

exothermic (see Figure 2.11). On the Mo2C(001) surface, the C-C scission is highly endothermic and the 

C-H scission exothermic, thus favouring the C-H scission. The DFT calculations certainly aid in the study 

towards the reaction mechanism occurring on MoxCy-based catalysts, however, the consistent presence of 

a ‘clean’  o2C(001) surface under reaction conditions is unlikely. A Mo2C(001) surface with oxygen 

surface species might react very differently to the activation of C2H6 and/or CO2 than MoOxCy. MoOxCy 

is often suggested to be the active phase for the dehydrogenation reaction, formed under reaction 

conditions on the (sub)surface of the catalyst particles. 

Reaction experiments conducted on a bulk β-Mo2C catalyst and supported β-Mo2C on γ-Al2O3 and 

CeO2 at 600 °C in a 1:1 mixture of CO2:C2H6, showed a significant effect of the support. Alumina 

increased the activity in comparison to the pure carbide, while the CeO2 supported sample showed lower 

activit .  his could be explained b  the acidic properties of γ-Al2O3 supporting ethane activation. For all 

catalysts, a significant deactivation was observed with time on stream. H2 co-feeding (5 vol.-%) increased 

both C2H6 and CO2 conversions, however CO selectivity increased simultaneously, ascribed to an 

increased reverse water-gas-shift activity. In situ XANES experiments confirmed the partial oxidation of 



20 

 

the catalyst upon the exposure to ethane and CO2 at 600 °C and full oxidation upon the removal of ethane. 

It has been suggested that the formation of these oxygen species is required to increase the ethylene 

selectivity, however full oxidation is also responsible for the deactivation of the catalyst. 

 

Figure 2.11. DFT-calculated energy profile of reforming and oxidative dehydrogenation of ethane over [A] Mo2C(001) and [B] 

Pt(111) and CeO2/Pt(111) surface. Figure reproduced from Porosoff et al.55 

Sullivan and Bhan109 investigated the use of bulk β-Mo2C in propane dehydrogenation in the absence 

and presence of H2 and/or CO2 at 550 °C. The direct dehydrogenation of propane and in the presence of 

CO2 achieved a selectivity to propylene above 95 %. With H2 co-fed, the propylene selectivity dropped 

significantly due to the formation of about 30 % CH4, through C-C bond scission via hydrogenolysis. 

H2/CO2 co-feeding increased the CO formed via the reforming pathway by reaction of hydrocarbon 

fragments with oxidized surface sites (O*), produced from CO2 dissociation. Kinetic modelling of the 

dehydrogenation reaction over oxidized site pairs (O*-O*), carbidic site pars (*-*) and cooperative site 

pairs (O*-*) resulted in the highest dehydrogenation rates calculated for the O*-* site pairs. The highest 

propylene formation rate can thus be observed when the number of oxidized and carbidic sites are 

balanced. 

In a study by Yao et al.52, the effect of different surface states on the catalytic performance of bulk 

β-Mo2C in the CO2-ODH of ethane was examined. In this study the surface oxidation state of Mo was 
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controlled by an in house developed pulse reactor experiment. To obtain the different surface states, three 

different pre-treatments were performed. A 50 % CO2 in N2 mixture was used to obtain an oxygen rich 

surface. A 50 % C2H6 in N2 mixture to obtain a carbon rich surface and a pre-treatment in pure hydrogen 

to obtain a molybdenum rich surface. The C-rich surface sample showed significant deactivation, 

indicating carbon deposition blocking the active sites of the catalyst. The molybdenum rich surface 

started off with the highest activity, but together with the oxygen rich surface significant catalyst 

deactivation was observed with time on stream. To reach a similar starting conversion level to the 

molybdenum rich surface sample, the space velocity of the oxygen rich surface sample was lowered. The 

ethylene yield of the oxygen rich surface sample started at about 5 % decreasing with time on stream to 

0.5 %. However, the molybdenum rich surface sample started at just below 2 % ethylene yield, which 

increased with time on stream to approximately 6 % followed by a decrease to 2.5 %. 

 he  further investigated various loadings of  e on the bulk β-Mo2C catalysts to stabilize the oxygen 

surface species. At 0.5 wt.-% Fe, initial activity in terms of C2H6 conversion was slightly improved in 

comparison to the unpromoted sample. However, with time on stream (TOS), the sample deactivated at a 

faster rate. Increasing the Fe loading significantly decreased initial C2H6 conversion levels and a more 

rapid deactivation of the catalyst was observed. It was stated that 1 wt.-% Fe is optimal in terms of C2H4 

yield. Detailed characterization, by means of XPS and in situ XRD, has indicated that the Fe-promoted 

samples show a higher affinity towards oxidation of the carbide phase to MoO2. 

A closer look at the pulse reactor experiments performed by Yao et al.52 reveals that the Mo-rich 

surface easily activates CO2 forming surface oxygen species and CO, where the C-rich surface favours the 

reverse Boudouard reaction with the deposited carbon during the pre-treatment, which is indicated by a 

CO generated to surface C consumption ratio of 2. After sufficient removal of the surface carbon, the CO 

generation increased producing oxygen surface species. In the experiments exposing the catalyst to 

ethane, the Mo-rich surface shows significant amounts of carbon deposition and methane formation, 

where the O-rich shows ethylene formation in the first three pulses. As the surface oxygen species are 

removed with time on stream, the activity increases, and the ethylene yield decreases. This effect of 

oxygen surface species was further investigated by evaluating the catalytic performance of an oxygen 

modified MoxCy catalyst, with the oxygen coverage determined by a CO2 titration method. The main 

finding was that the conversion decreases with an increase in oxygen coverage, but the selectivity 

increases significantly resulting in a higher ethylene yield at high oxygen coverage. It was concluded that 

an ideal control of oxygen surface coverage is the key to the performance of β-Mo2C in the CO2-ODH 

reaction of light alkanes. 



22 

 

2.4 Molybdenum carbide catalyst 

2.4.1. Synthesis methods of (supported) MoxCy catalysts 

Some pioneering work on the preparation of molybdenum (oxy)carbides was conducted under the 

leadership of the late M. Boudart. A series of molybdenum oxycarbides (MoOxCy) with varying 

composition and particle size were prepared by the decomposition of molybdenum carbonyls (Mo(CO)6), 

followed by vapor condensation in reactive gases (H2 or CO) at low pressures (below 0.2 bar) and high 

temperatures (between 1100 and 1800 °C).113 The MoOxCy samples all exhibited the cubic fcc structure. 

A carbon deficient structure was obtained with varying compositions (MoO0.5-2C0.3-0.4) and X-ray 

crystallite sizes reported between 6 and 14 nm. Another sample was prepared by reducing MoO3 in a H2 

atmosphere to metallic molybdenum and subsequently carburizing it in a 3:2 CH4:H2 mixture. An excess 

of CH4 was established at 700 °C for 3 hours. Hexagonal β-Mo2C was synthesized, with a carbon content 

of 9.81 wt.-%, which is larger than the theoretical value for β-Mo2C (6.25 wt.-%), confirmed by the 

presence of graphitic carbon on its surface. 

In 1985, Volpe and Boudart114, prepared bulk (fcc) α-MoC1-x samples via a temperature-programmed 

reaction (TPRe) of γ-Mo2N in a CH4 and H2 atmosphere. The γ-Mo2N sample was previously synthesized 

by a TPRe of MoO3 with NH3, with a specific surface area of 220 m2 g-1. The TPRe of γ-Mo2N in pure 

CH4 produced H2, N2 and NH3 from 400 °C reaching a broad maximum at 530 °C which disappeared 

completely by 700 °C. After a H2 treatment at 600 °C, the surface area of the α-MoC1-x sample was 

150 m2 g-1. Another TPRe was performed on γ-Mo2N, with a feed of 1:4 CH4:H2 and a subsequent H2 

treatment. An increased surface area of 185 m2 g-1 was measured. 

The above presented work led to a series of publications that eventually developed into the foundation 

for the research towards the formation of molybdenum carbide materials, either via the TPRe mechanism 

or carbonyl decomposition. Lee et al.115 focused on the synthesis of bulk hexagonal β-Mo2C reaching 

surface areas (Sg) as high as 100 m2 g-1. The preparation of β-Mo2C involved a TPRe of MoO3 in a 

flowing mixture of 20 vol.-% CH4 in H2. During the TPRe, a H2O and CH4 consumption profile was 

established (see Figure 2.12). Below 300 °C no activity was measured, and the sample was quickly heated 

to this temperature followed by a 1 °C min-1 heating rate up to 730 °C. Two distinct water formation 

peaks can be observed. After the first peak, the material was identified by means of XRD to be MoO2. 

Simultaneously with the second water formation peak a CH4 consumption peak was observed, indicating 

the simultaneous reduction of MoO2 and the incorporation of the C into the structure, forming β-Mo2C 

with a Sg of 60 m2 g-1. In the absence of CH4 in the reaction mixture, two water formation peaks were 

observed as well, but the final product was identified as metallic Mo (Mo0), with a Sg of 3 m2 g-1. When 
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exposing the same material to an isothermal treatment at 660 °C, a Sg of 5 m2 g-1 was recorded. Higher 

contents of CH4 in the carburizing mixture showed to increase the surface area, up to about 100 m2 g-1 

when using pure CH4, however higher temperatures (> 750 °C) were required for complete reduction. 

 

Figure 2.12: Temperature-programmed reaction of MoO3 with 20 vol.-% CH4 in H2 reaction mixture while heating to 730 °C 

with 1 °C min-1. Conditions: 0.5 g MoO3, GHSV = 11 L h-1 gcat
-1. Figure is adapted from Lee et al.115. 

The second article in the series focused on the preparation of cubic (metastable) α-MoC1-x. In addition 

to the previously mentioned method of exposing Mo2N to a TPRe in 20 vol.-% CH4 in H2, Lee et al.116 

synthesized cubic α-MoC1-x powders via impregnation of MoO3 with platinum and exposing it to the same 

TPRe. The presence of platinum allowed for the same topotactic reaction (i.e., keeping the cubic structure 

intact) involving the simultaneous reduction and carburization of MoO3. The presence of Pt decreased the 

temperature of the first reduction step from 530 to 130 °C, but the second reduction step was unaffected. 

A new methane consumption peak was observed, appearing simultaneously with the first reduction step. 

Exposure of the platinum promoted MoO3 sample to the CH4 and H2 mixture at room temperature already 

resulted in the formation of HxMoO3 (molybdenum bronze). Temperature-programmed reduction (TPR) 

of the freshly prepared samples up to 1100 °C, revealed the presence of some oxygen and carbon 

impurities detected by the formation of CH4 and CO. After the TPR, the metastable cubic phase 

transformed to the thermodynamically more stable hexagonal phase. 

The third and last article of the series, published by Lee et al.117, describes the synthesis of γ-Al2O3 

supported MoxCy samples, prepared via an adapted method via the decomposition of Mo(CO)6 described 

earlier. Metallic molybdenum clusters were prepared by sublimation of Mo(CO)6 onto the alumina 

support at room temperature. By varying the exposure time of the support material to the saturated carrier 

gas, the Mo loading can be adjusted. Then, the saturator was bypassed and a H2 flow was established at 

temperatures up to 700 °C and maintained for 1-3 hours, yielding Mo/Al2O3. The samples were 
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subsequently exposed to TPRe using a 15-20 vol.-% CH4 in H2 mixture, forming MoxCy at 650-700 °C. 

Although no crystal structure could be determined by means of XRD due to the low Mo loading and the 

overlapping reflexes of alumina, evidence on the formation of a carbide phase at around 660 °C, was 

obtained by X-ray adsorption spectroscopy (XAS) and the magnitude of the Fourier transform. 

Most of the literature preparing molybdenum carbide materials for catalytic testing purposes, apply 

the above discussed TPRe of a Mo-precursor in a reducing gas mixture containing a carbonaceous 

compound. The precursor is often ammonium heptamolybdate (AHM), a commercially available MoO3, 

or an in house prepared Mo2N. Although the most common reaction mixture contains 20 vol.-% CH4 in 

H2, many studies have reported the use of other compositions, varying the CH4 concentration or using a 

different carbon source (CO or CnH2n+2, with n ≥ 2). The various reaction mixtures or TPRe conditions 

can yield a variety of crystal structures, with the most common reported structures being (hcp) β-Mo2C or 

(fcc) α-MoC1-x (see Table 2.1).118 Less commonly reported crystal structures include the (hexagonal) 

η-MoCx and (hexagonal) γ-MoCx.119 

The β-Mo2C phase, stable at high temperatures, has an hcp crystal structure with an ABAB stacking 

sequence. The terminology used of this particular phase is inconsistent in literature and has also been 

referred to as α-Mo2C120, described as an orthorhombic (distorted) hcp structure stable at room 

temperature, or ε-Mo2C, which has a hexagonal/trigonal hcp structure stable at intermediate temperatures. 

These phases are hard to be distinguished by lab-sourced XRD patterns. For catalytic studies, this phase is 

most commonly referred to as β-Mo2C to prevent confusion to the cubic α-MoC1-x phase. The α-MoC1-x 

phase has a fcc crystal structure with an ABCABC stacking sequence. Another nomenclature (often in 

computational studies) used for this phase is δ-MoC. The cubic phase is often referred to as metastable, as 

it was shown to convert into the β-phase at higher temperatures. The third phase of interest is the η-MoC 

phase, which is of a hexagonal structure with an ABCACB stacking sequence. It is also reported to be a 

metastable phase. Lastly, γ-MoC has a hexagonal (simple) structure and appears in two different stacking 

sequences, AAAA or AABB (referred to as γ’-MoC). While γ-MoC is stable at room temperature, 

γ’-MoC is metastable at all temperatures and is suggested to be the intermediate phase between the β- and 

γ-phase.121 
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Table 2.1. Crystallographic information of common molybdenum carbide phases. Table is adapted from De Zanet and 

Kondrat118. 

By loading molybdenum carbide on a support material, the surface area of the catalyst can be 

increased significantly. A variety of techniques have been reported to prepare supported MoxCy-based 

catalysts. Schlatter et al.130 dissolved MoO3 in heated NH4OH and water, creating a slurry with Al2O3. 

The carbide structure was prepared by a 20 vol.-% CH4 in H2 treatment at 580 °C. Kim et al.131 followed 

the earlier described method of decomposing Mo(CO)6 onto Al2O3 via a temperature-programmed 

treatment in H2. Wang et al.132 utilized a single-step thermal carburization method of an aqueous mixture 

of ammonium heptamolybdate (AHM) and hexamethylenetetramine (HMT), impregnated on γ-Al2O3. By 

heating the sample in an Ar atmosphere, the decomposition of the precursor salts leads to the formation of 

γ-Mo2N (from AHM) and then to the formation of β-Mo2C at 700 °C (using HMT as the carbon source). 

This is a promising synthesis route for large scale quantities as it avoids the use of an explosive reaction 

mixture (such as CH4/H2). Gao et al.133 also managed to avoid the use of a carbonaceous or reducing gas 

mixture and prepared β-Mo2C nanoparticles supported on carbon nanotubes (CNT) from an 

organic-inorganic hybrid (Mo3O10(C6H8N)2·2H2O) precursor. The synthesis of these so-called 

 

[a] Names commonly found in the catalytical/experimental studies 
[b]  ormall  referred as the  ’3 disordered phase 
[c] Also referred as α-MoC, δ is mainly found in the computational studies 
[d] Intermediate between β and γ during the carburization with CO (can be considered as an oxycarbide) 

Phase Type 
Range of T 

(stability) 
Structure 

Lattice 

param. in 

Å 

(ICSD) 

Space 

group 

(ICSD) 

C atom 

position 

Stacking 

sequence 

β-Mo2C[a] 

HCP 

α-Mo2C ζ-Fe2N 

Room 

Temperature 
122-124 

Orthorhombic 

(distorted) hcp 

a = 4.724 

b = 6.004 

c = 5.199 

Pbcn 

(60) 
Octahedral ABAB 

ε-Mo2C ε-Fe2N 

Intermediate 

Temperature 
122, 124 

Hexagonal/ 

Trigonal hcp 

a = 5.190 

b = 5.190 

c = 4.724 

P-31m 

(162) 
Octahedral ABAB 

β-Mo2C Nb2N/W2C 

High[b] 

Temperatures 
121-124 

Hexagonal  

(filled) hcp 

a = 3.002 

b = 3.002 

c = 4.724 

P63/mmc 

(194) 
Octahedral ABAB 

η-MoC η-Mo3C2 

Metastable 125-127 

Stable T > 

1700 °C 128 

Hexagonal  

(complex) hcp 

a = 3.010 

b = 3.010 

c = 14.610 

P63/mmc 

(194) 
Octahedral ABCACB 

α-MoC1-x
[a] 

FCC 
δ-MoC[c] NaCl 

Metastable 126  

Stable T > 

1700 °C 128 

Cubic fcc 

a = 4.270 

b = 4.270 

c = 4.270 

Fm-3m 

(225) 
Octahedral ABCABC 

γ-MoC (WC type) 

Room 

Temperature 
121, 126, 129 

Hexagonal 

simple 

a = 2.903 

b = 2.903 

c = 2.828 

P-6m2 

(187) 

Trigonal 

prismatic 
AAAA 

γ'-MoC TiAs/TiP 

Always[d] 

Metastable 
121, 125, 126 

Hexagonal 

a = 2.932 

b = 2.932 

c = 10.97 

P63/mmc 

(194) 

Trigonal 

prismatic/ 

Octahedral 

AABB 
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MoOx/amine nanowires and the formation of β-Mo2C nanoparticles is described in an earlier report by 

Gao et al.134. The vast majority of literature reports on the use of the more common (incipient wetness or 

slurry) impregnation method of the Mo precursor salt.135-153 After impregnation the sample is either 

calcined prior to carburization to yield supported MoO3, or directly exposed to a carburization treatment. 

Again, a large variety of carburization mixtures have been used and it has shown large effects on the 

crystal properties of the catalyst. The most obvious effect is the crystal structure obtained (fcc or hcp) or 

the amount of free carbon deposited on the surface of the catalyst. 

2.4.2. Promoter addition and effect on MoxCy catalysts 

Addition of promoter material to MoxCy-based catalysts can be achieved via various methods. The most 

common method is via impregnation of the promoter precursor. This can be done pre- or 

post-carburization of the carbide material. Promotion of the carbide with potassium completed prior to 

carburization has the possibility to partially form metallic Mo.149, 154 Hence potassium promotion on 

(bulk) β-Mo2C is often completed after carburization (sample was passivated followed by impregnation 

with K2CO3). This treatment decreased the surface area significantly (from 38 to 8 m2 g-1).155 A catalytic 

effect of potassium promotion on molybdenum carbide is the reduction of the rate of hydrogenation by 

increasing the electron density (K2SO4 or KCl) and/or block the active sites responsible for hydrogen 

adsorption (K2CO3, KOH, CH3COOK).156 Solymosi and Bugyi157 studied the addition of potassium to a 

Mo2C/Mo(100) surface and its effect on the adsorption behaviour of CO2 and CO. The dissociation of 

CO2 was enhanced due to negatively charged CO2 species. However, higher potassium contents also 

increase the activity towards CO dissociation and the formation of carbonate-like surface species. 

Quanli et al.158 have shown that nickel promotion enhances the catalytic performance of Mo2C/Al2O3 

in the partial oxidation of methane (POM) to synthesis gas (CO and H2 mixture). The catalysts were 

prepared via co-impregnation of the precursor salts (AHM and nickel nitrate) onto γ-Al2O3, followed by 

calcination (500 °C, 4 hours) and carburization (20 vol.-% CH4 in H2, 850 °C). The enhanced catalytic 

performance (in terms of activity and selectivity) of the Ni-promoted sample was attributed to various 

reasons. Ni showed to increase the degree of carburization, increase the specific surface area, prevent the 

formation of MoO2 under reaction conditions and simultaneously produce the active phases (carbides and 

oxycarbides) for POM. The catalyst stability was also enhanced, due to its ability to prevent oxidation or 

sintering. The crystal structure observed after carburization in the presence of Ni was β-Mo2C, which is in 

stark contrast to Jung et al.159 who observed the formation of α-MoC1-x via a MoOxCy intermediate. The 

latter authors also investigated the effect of Pt, Pd, Co, Cu and β-Mo2C on the carburization process of 

bulk MoO3 to MoxCy. The carburization in the presence of Pt and Pd followed a similar route as the 
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Ni-promoted sample, resulting in the topotactic formation of α-MoC1-x, with MoOxCy as the intermediate 

phase. Co, Cu and β-Mo2C addition resulted in an initial reduction to MoO2 followed by the carburization 

to β-Mo2C. 

Wyvratt et al.160 prepared Pt-promoted Mo2C by 1) impregnating the freshly carburized sample by 

means of a deaerated aqueous solution of chloroplatinic acid (H2PtCl6·6H2O) and 2) impregnated a 

carburized sample after exposure to a passivation treatment. When the Pt was not involved during the 

carburization process, the carbide samples contained a mixture of α-MoC1-x and β-Mo2C. The 

carburization treatment was performed in 15 vol.-% CH4 in H2 at 590 °C for 2 hours. The presence of 

α-MoC1-x was not discussed by the authors, but the reduction/decomposition of AHM in H2 atmosphere at 

350 °C for 12 hours could possibly form molybdenum hydroxide (MoOxHy), which is reported to be one 

of the precursors for α-MoC1-x. Passivation of the carbide prior to impregnation with platinum caused 

structural and catalytic differences to the sample impregnated without passivation treatment. The 

incorporation of the Pt particles onto the carbide surface is suggested to occur due to the redox reactions 

between Pt and Mo. This redox reaction is less efficient with an (oxidized) passivation layer and 

agglomeration of Pt particles was observed by means of SEM-EDS. The activity of the passivated 

samples was also heavily affected, despite a reactivation treatment of all samples prior to reaction in 

15 vol.-% CH4 in H2. 

Besides the structural and kinetic effects of promotion, a change in physiochemical properties has 

also been observed upon the addition of various dopants. Vo et al.142 prepared α-MoC1-x supported on 

γ-Al2O3 in the absence and presence of a promoter. The samples were synthesized via co-impregnation of 

AHM and the promoter precursor (K, Na, Co and Ce) onto the support material. Carburization was 

completed after calcination, in a 5:1 H2 to C3H8 mixture at 700 °C. The number of strong acid sites 

decreased upon promotion (Co >> Ce > Na > K) and the number of strong basic sites increased (K > Na > 

Ce > Co). These observed changes in catalytic properties can lead to significant alterations in reaction 

pathways as is shown by Cao et al.161 in the steam reforming of methanol over Pt, Cu or Ni promoted 

MoxCy catalysts. The samples were prepared by mixing aqueous solutions of the two precursors, followed 

by calcination and carburization in 20 vol.-% CH4 in H2. In this particular study, the interaction of the 

reactants and the carbide surface was investigated by means of temperature-programmed surface 

reactions. Cu-MoxCy seems to promote the formation of formic acid (HCOOH) as the intermediate 

pathway at temperatures between 90 and 180 °C, but with increased temperatures, methyl-formate 

(HCOOCH3) functions as the intermediate for β-Mo2C, Ni-Mo2C, Pt-MoxCy and Cu-MoxCy.  
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3 Scope of the thesis 

MoxCy-based catalysts have not been studied extensively for the CO2 assisted oxidative dehydrogenation 

(CO2-ODH) of ethane.1-5 The limited number of published articles that have been using (bulk) MoxCy as a 

catalyst for this reaction have found promising catalytic results, mostly in terms of the selectivity to the 

desired product ethylene. However, severe catalyst deactivation is a major limitation and should be 

overcome to stimulate future catalyst development to create an economically feasible catalyst system for 

the CO2-ODH. Deactivation of a MoxCy catalyst in the CO2-ODH reaction is caused by bulk oxidation of 

the carbide catalyst to its oxidic phases, in the presence of CO2, or (in combination) due to carbon 

deposition covering the active sites on the surface of the catalyst.  

The aim of this project is to identify the reaction mechanism that is prevalent on Mo2C-based 

catalysts and to have a better understanding of the deactivation mechanism resulting in significant activity 

loss with time on stream. In particular, based on the newly developed understanding of both the reaction 

and the deactivation mechanism, it was attempted to avoid the severe catalyst deactivation, thus leading to 

an improved catalytic lifetime. Furthermore, based on literature reports it can be suggested that the CO2 is 

activated on to the carbide forming oxygen surface species or a MoOxCy phase, followed by the activation 

of ethane on these oxygen sites.4 The role of the support is to be investigated given that bulk Mo2C shows 

little activity. In addition, an extensive thermodynamic analysis of the CO2-ODH system, including 

possible side and secondary reactions as well as the stability of the Mo2C phase towards oxidation was 

conducted. 

The synthesis (and the structure of this thesis) of the catalysts evaluated for their CO2-ODH activity 

can be separated into three main parts. Firstly, the synthesis of supported MoxCy nanoparticles was 

completed using different synthesis techniques, which include the common slurry impregnation technique 

of ammonium heptamolybdate onto the support material and the synthesis of MoO3 nanoparticles, via a 

hybrid nanocrystal technique6-8 or a sol-gel method.9 The MoxCy nanoparticles were then prepared via 

carburization treatment of the precursor materials, synthesized via each of the three techniques discussed. 

The carburization process was intensively studied using several in situ characterization techniques such as 

X-ray diffraction (XRD), Raman, X-ray adsorption spectroscopy (XAS) and thermogravimetric analysis 

(TGA). A variety of offline techniques were employed to confirm an acceptable discrepancy in terms of 

Mo loading, particle size and homogeneous distribution over the support material. 

Secondly, the slurry impregnation technique was further employed to prepare MoxCy nanoparticles 

supported on various metal oxide support materials (SiO2, Al2O3, ZrO2, Ga2O3, TiO2 and CeO2), bearing 
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different acid/base and redox properties. Due to the large difference in the surface area of each support, 

the emphasis of these samples was put on an equal molybdenum loading (20 wt.-%), well defined carbide 

composition (via Rietveld refinement) and confirmation of any carbon deposition (by means of Raman 

spectroscopy) upon the synthesis of the catalyst. The acid and base characteristics of the catalysts were 

determined via NH3 and CO2 temperature programmed desorption (TPD). The effect of the metal oxide 

support material on the affinity of the catalyst to activate CO2 (as function of temperature) and the activity 

in the CO2-ODH reaction were evaluated. In addition, several CO2-ODH testing experiments were 

conducted in an attempt to improve the catalytic stability by co-feeding of H2. 

Thirdly, the performance of a MoxCy catalyst supported on SiO2 in the CO2-ODH reaction mechanism 

was explored with the addition of a promoter (iron, platinum, nickel and potassium). The choice of the 

promoters was based on literature. The addition of iron has shown to increase CO2-ODH performance by 

means of stabilizing the oxygen surface species5 and to weaken basic sites.10 Platinum has shown to form 

the (cubic) α-MoC1-x phase11 and can enhance C-H bond scission and suppress C-C bond cleavage.12 

Nickel and potassium have shown to cause a shift in the acidity of the catalysts13, 14, a property known to 

influence the CO2-ODH performance, specifically regarding reaction mechanism. The promotion effect 

on the carburization mechanism and the structural and chemical properties of the catalyst was extensively 

studied by means of several offline and in situ techniques. In situ XRD was employed to study the phase 

transformation from the precursor material to the final carbide composition. Electron microscopy 

techniques were used to confirm the close proximity and homogeneous distribution of the Mo and 

promoter metals on the SiO2 support material. By means of CO2-TPD, NH3-TPD and temperature 

programmed CO2 activation experiments, the acid/base properties as well as the affinity towards CO2 

activation as a function of temperature were investigated and linked to the presence of the promoter.. 

The catalytic performance and stability of all synthesized catalysts, carburized in situ, were studied in 

an in-house developed laboratory scale fixed bed reactor system. The catalysts were exposed to a variety 

of conditions, which include a range of reaction temperatures (550-750 °C) and co-feeding experiments of 

H2 (at 0, 5, 10 or 17 vol.-%) or H2O (at 4-5 vol.-%). The space velocity remained stable for the majority 

of the experiments (15 L h-1 gcat
-1) and the pressure was atmospheric. A special emphasis was put on the 

catalyst stability, by studying all catalyst for a period of 24 hours, and the determination of the reaction 

and deactivation mechanism. A deeper understanding of the reaction mechanism was obtained by closely 

monitoring the product species and the various product ratios that are coherently related to the number of 

possible side reactions. In addition, selected catalysts were evaluated under reverse water-gas-shift 

(RWGS) conditions. As the RWGS reaction is suggested to be a part of the reaction mechanism, highly 

active catalysts for the RWGS reaction15-17 are likely to support the RWGS in combination with DH, to 
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yield the overall CO2-ODH reaction, as the reaction conditions are very similar. The catalysts were 

evaluated within a range of temperatures (400 to 600 °C) and varying the H2 to CO2 feed ratios (1, 2.5, 

3.5 and 7.0) at atmospheric pressure.  
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4 Experimental Methodology 

4.1 Synthesis of supported molybdenum carbide nanoparticles 

4.1.1. Slurry (wet) impregnation method 

A slurry (often referred to as wet) impregnation method was utilised to support ammonium 

heptamolybdate tetrahydrate (AHM, (NH4)6Mo7O24·4H2O, purchased from SAARCHEM PTY LTD 

(81.5 % MoO3) or Merck (>99.3 %), South Africa) on a selection of support materials. Due to a large 

variation in sample batch size and support material utilised, a generalised method is described in short. In 

a typical synthesis yielding a 20 wt.-% Mo loading, 10 mL of a 0.038 M aqueous solution of AHM was 

added dropwise per gram of support material. The suspension was stirred for 30 minutes and dried in an 

oven at 120 °C overnight. Large batch sizes (up to 100 mL of solution) were first dried by means of a 

rotary evaporator using a 500 mL round-bottom Büchi flask at 60 °C, 72 mbar and 155 rpm, until a thick 

slurry was obtained prior to drying in the oven at 120 °C overnight. 

The promoted samples were prepared via a slurry co-impregnation method, similar to the unpromoted 

samples. Per gram of support material, a 3 mL aqueous solution of the promoter precursor (iron(III) 

nitrate nonahydrate (>98 %), potassium nitrate (>99 %), nickel(II) nitrate hexahydrate (>98.5 %) or 

tetraamineplatinum(II) nitrate (99.995 %), all purchased from Sigma-Aldrich, South Africa) was mixed 

with 10 mL of a 0.038 M aqueous solution of AHM via dropwise addition while stirring continuously for 

30 minutes followed by drying in the oven at 120 °C overnight. 

Selected samples supported on SiO2 were exposed to a calcination treatment at 400 °C for 5 hours in 

a tubular furnace with a heating rate of 5 °C min-1, in an air flow of 3 L h-1 gcat
-1. The samples were 

calcined either in absence, before or after addition of the promoter. 

4.1.2. Sol-Gel method 

A second method, the sol-gel method, was applied to obtain MoO3 nanoparticles supported on SiO2. The 

method was adopted from Umbarkar et al.1 and Amrute et al.2 who employed MoO3 supported on SiO2 

for the vapor phase nitration of benzene and the liquid phase condensation of anisole with 

paraformaldehyde, respectively. In a typical synthesis yielding a 20 wt.-% Mo loading, 100 mL of a 

0.025 M AHM was dissolved in 100 mL of hot distilled water. The AHM solution was added dropwise to 

a solution of 37.16 mL tetraethyl orthosilicate (TEOS, Sigma Aldrich, 99.99 %) and 20 mL of 2-propanol 

(anhydrous, Sigma-Aldrich, 99.5 %), followed by a 3 hour aging step under continuous stirring. The 

obtained greenish precipitate was further aged inside the flask for 2 days at room temperature (RT), 
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resulting in a gel of the same colour. The gel was dried in an oven at 120 °C overnight, followed by 

calcination in a Nabertherm calcination oven at 500 °C for 10 hours in a stagnant air atmosphere. 

4.1.3. Hybrid nanocrystal method 

A third method, the hybrid nanocrystal (HNC) synthesis technique, was applied to obtain MoO3 

nanoparticles supported on SiO2 or SBA-15. The method was first reported and developed3 by the group 

of Xiaojun Bao who prepared MoO3 nanoparticles supported on Al2O3
4, 5 and SBA-156, 7. For a typical 

synthesis, yielding a 20 wt.-% Mo loading, a 2.4 M hydrochloric acid (HCl, Kimix, 33 %) aqueous 

solution was added dropwise to 180 mL of 0.067 M aqueous sodium molybdate solution 

(Na2MoO4·2H2O, Sigma-Aldrich, ≥99.5 %) while monitoring the pH. At a pH of 4.5, 40 mL of a 0.16 M 

cetyl trimethyl ammonium bromide (CTAB) aqueous solution (CTAB-to-Mo molar ratio of 0.53:1) was 

added dropwise under vigorous stirring (>1000 rpm). After the complete addition of CTAB, the pH was 

again adjusted to 4.5 by means of HCl addition. The mixture was stirred for another 2 hours. After 

completion, the white suspension was transferred to an autoclave and exposed to a hydrothermal 

deposition treatment of the crystals onto previously prepared SBA-15 (synthesised via a method reported 

by Nair8). The autoclave was heated to 100 °C while stirring (650 rpm) and held at that temperature for 

12 hours. The mixture was washed with DI water, filtered using a Büchner funnel, and dried in an oven 

overnight at 60 °C. Once dry, the sample was calcined in a tubular furnace at 400 °C (heating rate 

5 °C min-1) for 5 hours in an air flow of 3 L h-1 gcat
-1. 

4.1.4. Carburization method 

In general, the prepared samples discussed in sections 4.1.1, 4.1.2 and 4.1.3, were carburized by means of 

a temperature-programmed reaction treatment in a 20 vol.-% CH4 in H2 atmosphere, a method first 

reported by Volpe and Boudart9, to prepare supported MoxCy nanoparticles. The carburization conditions 

varied to the specifications of the experiment are all reported in their respective experimental 

methodology and in Table K.1. All samples were loaded into a ¼ in. quartz fixed-bed reactor (details 

about reactor unit can be found in section 4.3.1). Unless stated otherwise, the temperature was ramped at 

a rate of 1 °C min-1, to a final temperature of 600 °C, holding it for 5 hours at the maximum temperature. 

The reaction gas mixture was fed to the reactor at a space velocity of 15 L h-1 gcat
-1 at atmospheric 

pressure. Some samples were carburized using a diluted reaction mixture, to the requirements of the 

respective reactor unit or product analysis technique, specified in their respective experimental 

methodology. After completion of the carburization, the catalyst was either passivated at RT (for ex situ 

characterization purposes) in a flow of 1 vol.-% O2 in N2 for 1 hour at a space velocity of 15 L h-1 gcat
-1 or 

directly exposed to testing conditions. 



42 

 

4.2 Characterization of supported molybdenum carbide nanoparticles 

4.2.1. Powder X-Ray diffraction (XRD) 

X-ray diffraction (XRD) was performed of the freshly synthesized samples and after catalytic testing to 

analyse the crystal phases and structures present. A D8 Advance diffractometer (Bruker, Germany) was 

equipped with a position sensitive detector (LYNXEYE) in Bragg Brentano geometry and a Co anode 

powered at 35 kV and 40 mA. The diffraction patterns were compared to reference data files (see Table 

4.1) reported in the International Centre for Diffraction Data (ICDD) databases PDF-4+ 2021. All 

diffraction patterns were acquired in the  θ range of   ° to    ° (1/d = 0.19 1/Å to 0.97 1/Å), with a step 

size of 0.043° and 0.75 seconds per step. Quantitative analysis of the obtained diffraction spectra was 

conducted by way of Rietveld refinement10 using the TOPAS 5 software package (Bruker AXS). 

Table 4.1. Overview of reference patterns used in this work obtained from the PDF-4+ (2019/20) in the ICDD database. 

Phase Name Crystal System / space group PDF-4+ identity 

Mo0 Molybdenum Cubic / Im-3m (229) 00-042-1120 

MoO2 Molybdenum(IV) oxide (tugarinovite) Monoclinic / P21/c (14) 04-003-1961 

hP-MoO3 Molybdenum(VI) oxide Hexagonal / P63/m (176) 00-065-0141 

oP-MoO3 Molybdenum(VI) oxide (molybdite) Orthorhombic / Pbnm (62) 00-005-0508 

β-Mo2C Molybdenum carbide Hexagonal / P63/mmc (194) 00-035-0787 

α-MoC1-x Molybdenum carbide Cubic / Fm-3m (225) 04-004-2516 

η-MoC0.59 Molybdenum carbide Hexagonal / P63/mmc (194) 04-013-5833 

MoOxCy Molybdenum Oxide Carbide Cubic / Fm-3m (225) 00-017-0104 

HxMoO3 Hydrogen molybdenum oxide Monoclinic / C2/m (12) 04-011-9826 

(NH4)8Mo10O34 Ammonium Molybdenum Oxide Triclinic (anorthic) / P-1 (2) 00-037-0381 

(NH4)2Mo4O13 Ammonium Molybdenum Oxide Triclinic (anorthic) / P-1 (2) 04-011-4665 

γ-Al2O3 Aluminum oxide Cubic / Fd-3m (227) 04-005-4662 

ZrO2 Zirconium oxide (baddeleyite) Monoclinic / P21/c (14) 00-024-1165 

Zr(MoO4)2 Zirconium molybdenum oxide Hexagonal / P-31c (163) 00-038-1466 

Ga2O3 Gallium oxide Monoclinic / C2/m (12) 04-007-1397 

TiO2 Titanium oxide (rutile) Tetragonal / P42/mnm (136) 00-021-1276 

CeO2 Cerium oxide Cubic / Fm-3m (225) 00-001-0800 

Ce2(MoO4)3 Cerium molybdenum oxide Tetragonal / I41/a (88) 00-057-0952 
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4.2.2. Raman spectroscopy 

Any form of carbon deposition on the freshly carburized or spent catalysts was analysed by means of 

Raman spectroscopy. The Raman spectra were collected using a Witec Confocal Raman Microscope 

Alpha300 and collected in the range of 3500 to 100 cm-1 using a 532 nm green laser under ambient 

conditions. The specific particles analysed were targeted using a CCD camera connected to a Zeiss EC 

Epiplan-Neufluar 100x/0.9 objective. The spectra were taken using a laser power of 2.5 mW, an 

integration time of 1.2 seconds and 20 accumulations. The software package WITecProject (WITec, 

Germany) was used for the data analysis. Alternatively, a Renishaw inVia Raman Microscope equipped 

with a green laser (532 nm) was used. The data analysis was then performed using the WiRE 3.4 HF5925 

build 2377 software. The measurements were acquired with a laser power ranging between 20 and 

60 mW. Table 4.2 represents the Raman bands of the bulk metal oxide support materials. 

Table 4.2. Raman bands observed in literature of their respective metal oxide materials. 

Phase Raman bands (cm-1) 

oP-MoO3 114 127 158 196 218 245 283 292 335 364 379 665 817 995 

m-ZrO2 
117-180 

pair 
222 330 376 473 633         

Ga2O3 201 350 417 527 631 653 767        

r-TiO2 134 231 438 604           

CeO2 250 464 550 595 830 860 950 1170       

4.2.3. Transmission electron microscopy (TEM) 

TEM micrographs of selected samples were taken using a Tecnai F20 transmission electron microscope 

equipped with a field emission gun and operated at 200kV (Gatan). TEM imaging was done with a 

US4000 4kX4k CCD camera (Gatan). A small volume of the materials was dispersed in 100 % ethanol. A 

droplet of the suspension was transferred onto a holey carbon-coated copper grid and air dried. 

4.2.4. Scanning electron microscopy (SEM) 

SEM-EDS analysis was conducted on selected samples to examine the distribution of Mo over the 

samples on a high-resolution field emission Nova NanoSEM 230 (FEI) equipped with high resolution 

in-lens secondary, low voltage backscatter, STEM as well as Oxford X-Max silicon drift EDS detectors. 

Similar to the TEM grid preparation, a small volume of the materials was suspended in 100 % ethanol (or 
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water for the samples prepared via the HNC method) and subsequently transferred onto a carbon coated 

copper grid by means of 1 or 2 droplets and dried in air. 

4.2.5. X-ray absorption spectroscopy (XAS) 

Ex situ XAS transmission experiments were performed on selected samples at the Diamond Light Source 

facility at the B18 general purpose XAS beamline as part of the Block Allocation Group of the UK 

Catalysis Hub in December 2018. The samples were analysed at the Mo K-edge including three reference 

materials prepared in our laboratories, MoO2, MoO3 and β-Mo2C (see Figure 4.1). Each scan was repeated 

3 times to increase statistical relevance. The samples were all pressed into pellets with cellulose prior to 

the analysis. Data processing was performed using Athena from the Demeter software package.11 The 

linear combination fitting tool was applied for all samples with the three reference materials, for phase 

quantification. 

 

Figure 4.1. XRD patterns of the XAS reference materials.  

4.2.6. Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) 

ICP-OES elemental analysis was performed on all samples using a Varian ES 730 ICP-Optical Emission 

Spectrophotometer. The samples were digested using a Mars 6 Microwave Digester. HNO3, H2SO4, Aqua 

Regia, HCl and/or HF were used for digestion and H3BO3 for neutralization. The digested samples were 

transferred accurately to a volumetric flask and diluted to 50 mL using 2 wt.-% HNO3. For the analysis, 

the sample was filtered using a 0.2 μm filter. 1 mL of the sample was pipetted into a 100 mL volumetric 

flask and made up with 2 wt.- % HNO3 (i.e., 100 dilution factor). 
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4.2.7. Surface area and pore volume measurements 

The surface area (Sg) and pore volume of selected materials was analysed by means of N2 physisorption 

analysis using a Micromeritics TriStar II 3020. 50 mg of each sample was degassed at 150-200 °C 

overnight. By way of the Barrett, Joyner and Halenda (BJH) model the pore size distribution, pore 

volume and average pore diameters were derived from the desorption branch of the isotherm. 

4.2.8. CO2 temperature-programmed desorption (CO2-TPD) 

The number and strength of the basic sites of selected samples were analysed by means of CO2-TPD 

experiments and were performed in a ¼ inch quartz tube fixed bed reactor (see section 4.3.1). Directly 

after completion of the carburization process (100 mg of catalyst was loaded prior to carburization), the 

samples were quenched to 300 °C and de-gassed in Ar for 30 minutes at 45 L h-1 gcat
-1. The samples were 

then cooled to 50 °C and exposed to a mixture of 50 vol.-% CO2 in Ar. The mixture was fed to the 

samples at a space velocity of 12 L h-1 gcat
-1 for 30 minutes. Then, the samples were flushed in Ar at 

45 L h-1 gcat
-1 for 1-2 hours at 50 °C. CO2-TPD measurements were performed between 50 and 800 °C at a 

heating rate of 10 °C min-1 in Ar at a space velocity of 12 L h-1 gcat
-1. The effluent gas analysis was 

achieved by means of a mass spectrometer (MS, HPR-20 R&D, Hiden Analytical, see section 4.3.4 for 

more details on the product analysis). 

4.2.9. NH3 temperature-programmed desorption (NH3-TPD) 

The number and strength of acid sites of selected samples was analysed by means of NH3-TPD 

experiments performed on a Micromeritics AutoChem II 2920 chemisorption analyser. 100 mg of each 

sample was carburized in situ prior to the NH3-TPD experiment. A mixture of 20 vol.-% CH4 in H2 

(15 L h-1 gcat
-1) was fed to the samples while heating to 600 °C at 1 °C min-1, holding for 5 hours. 

Following the carburization treatment, the samples were quenched to 300 °C in He atmosphere and 

degassed for 30 minutes at 30 L h-1 gcat
-1. It was subsequently cooled to 50 °C and exposed to a 1 vol.-% 

NH3 in He mixture for 1 hour at 30 L h-1 gcat
-1. The samples were then flushed in He for 1 hour at 30 L h-1 

gcat
-1. The NH3-TPD measurements were performed between 50 and 800 °C at a heating rate of 

10 °C min-1 in He at 18 L h-1 gcat
-1. The effluent gas analysis was achieved by means of an incorporated 

thermo-conductivity detector in the AutoChem analyser. 

4.2.10. Temperature-programmed reaction of CO2 (TP-CO2) 

Selected samples were exposed to a TP-CO2 experiment to study their affinity towards CO2 activation as 

a function of temperature. All experiments were performed directly after the carburization of the samples 
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in the ¼ inch quartz fixed bed reactor. Catalyst loading prior to carburization was 50 or 100 mg. The 

carburization process was completed by flowing 20 vol.-% CH4 in H2 over the samples at a space velocity 

of 15 or 30 L h-1 gcat
-1 while ramping the temperature by 1 °C min-1 to 600 °C, with a holding time of 

5 hours. After carburization, the samples were quenched to room temperature while flushing the reactor 

with Ar. At room temperature 1 vol.-% of CO2 was added at a total space velocity of 60 L h-1 gcat
-1. The 

reactor temperature was increased to 700 °C at a heating rate of 1 or 5 °C min-1. At 700 °C, the reaction 

temperature was held stable for 10 minutes before cooling back to RT. The effluent gas analysis was 

performed by means of mass spectrometry or online gas chromatography (GC, see section 4.3.4). 

4.2.11. Thermogravimetric analysis (TGA) 

The carburization process was followed by means of TGA analysis on selected samples. The experiments 

were performed in a Discovery SDT 650 instrument (TA instruments, USA). 5 to 30 mg of solid sample 

was loaded into an alumina pan in parallel with an empty reference pan. Carburization of the samples was 

completed by using a diluted mixture of 20 vol.-% CH4 in H2 by an inert gas (Ar/N2) achieving an 

absolute H2 content of 4 vol.-%, as per instrument requirements. A total flowrate of 100 mL min-1 was set. 

The temperature was ramped up from 50 °C to 600 °C at a 1 °C min-1 ramp rate. 

4.2.12. In situ powder X-ray diffraction 

Online XRD analysis was conducted to follow the phase transformation during the (calcination and) 

carburization of the SiO2 and SBA-15 supported samples, in the presence and absence of a promoter 

material. The reaction was realised using a XRK900 Anton Paar reaction cell attached to a laboratory 

XRD (Bruker D8 Advance) equipped with a Mo source, powered at 50 kV and 35 mA, and a position 

sensitive detector (Bruker AXS Vantec). Every 5 minutes a scan was collected in the  Θ range of   ° to 

28° (1/d = 0.25 to 0.65 1/Å) at a step size of 0.017° and time per step of 0.2 sec. To the specifications of 

the XRK reaction cell, during carburization, the 20 vol.-% CH4 in H2 feed gas was diluted in N2, to 

achieve an absolute H2 content of 10 vol.-%, at a space velocity of 40 L h-1 gcat
-1. In general, 150 mg of 

the powder samples was loaded in the flow through holder and subsequently exposed to calcination or 

carburizing conditions. 

4.2.13. In situ Raman spectroscopy 

The carburization process of the SiO2 supported sample, synthesised via the slurry impregnation method, 

was followed by means of in situ Raman spectroscopy. 29 mg of powder sample were loaded on a Patm 

Linkam cell using a 785 nm laser source (ITQ, Valencia). The cell was slightly modified to allow sample 
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temperatures up to 600 °C. A total flow of 30 mL min-1 of the gas mixture (10 vol.-% CH4, 40 vol.-% H2, 

balance He) was established through the cell. Then the temperature was increased from RT to 600 °C in 

50 °C steps. A heating rate of 3 °C min-1 was set between the temperature levels. Raman spectra were 

recorded in situ at each temperature level. The sample was maintained at 600 °C for 5 hours before 

cooling down to RT while flowing the carburization mixture. At RT, the Raman spectra of the freshly 

carburized sample was collected. The cell was flushed with He at RT and then passivated in a 1 vol.-% O2 

in N2 atmosphere (15 mL min-1) for 2 hours. Spectra were recorded after the passivation treatment. Next, 

the carburization gas mixture was re-established, and the temperature was heated to 600 °C at a ramp rate 

of 3 °C min-1. The sample was maintained at 600 °C for 1 hour before cooling down to RT. At RT, 

another spectrum was collected. The sample was flushed with He and another passivation treatment was 

established for 1 hour, as described above. The cell was opened up and the sample was exposed to air 

atmosphere overnight. Then the cell was closed and flushed with He before collecting another spectrum at 

RT. The cell was opened again, and a final spectrum was collected while the sample was exposed to air 

atmosphere. The heating experiment from RT to 600 °C in 50 °C steps was repeated, but in an air 

atmosphere. 

4.2.14. In situ X-ray absorption spectroscopy 

The carburization and TP-CO2 experiments were also followed by means of in situ XAS analysis. The 

experiments were performed at the CAT-ACT beamline12 of the KIT synchrotron in Karlsruhe, Germany. 

The XAS data (Mo-K edge) were recorded in transmission mode using ionization chambers. The energy 

of the Si(311) double crystal monochromator was calibrated by setting the first maximum of the first 

derivative of the XAS spectrum measured on Mo foil to the tabulated value of 20.000 keV. Data analysis 

was performed using Athena from the Demeter software package.11 All samples were pressed into pellets, 

crushed and sieved to 100-200 μm. In situ experiments were performed in quartz capillaries of 1.5 mm 

diameter (20 µm wall thickness) as reactor. The reactor was placed inside a newly build oven made out of 

copper13 and covered with the X-ray transparent Kapton windows. The heating was realised using the 

resistance wires around ceramic rods, which were in turn placed above and below the capillary; the 

temperature was monitored by the thermocouple inside the oven calibrated to the temperature inside the 

capillary prior to the experiment (accuracy better than 10 °C at 700 °C). The samples were first exposed 

to a carburization treatment in 20 vol.-% CH4 in H2. Temperature was increased to 380 °C with a linear 

ramp rate of 10 °C min-1, followed by a further ramp to 650 °C with 2 °C min-1. The temperature was held 

at 650 °C for 2.5 hours before cooling down to room temperature. Subsequently, the gas mixture was 

changed to 1 % CO2 in He. The temperature was increased to 330 °C with 10 °C min-1 followed by a 
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ramp to 740 °C at 5 °C min-1. The temperature was held at 740 °C for 1 hour before the samples were 

cooled down to room temperature. The total gas flowrate of each experiment was 50 mL min-1 controlled 

by the mass flow controllers (Bronkhorst, Germany). The EXAFS data up to k = 16 Å-1 were recorded at 

room temperature before the carburization, after the carburization and after the temperature-programmed 

reaction with CO2 (TP-CO2). During the temperature-programmed reactions, rapid XANES spectra were 

measured (2 minutes per spectrum, from 19 900 to 20 400 eV) to monitor the changes in the chemical 

state of Mo during the carburization and TPR in CO2. The reference materials (commercial MoO2 and 

in-house prepared MoO3, β-Mo2C and α-MoC1-x, see section 4.2.5) were diluted with cellulose to about 

20 vol.-% of Mo and pressed in pellets for the transmission measurements. 

4.3 Catalytic performance evaluation in CO2-ODH and RWGS 

4.3.1. Test unit and reactor set-up 

All catalysts were carburized and tested in the test unit set-up shown in Figure 4.2, unless stated 

otherwise. All gases were fed into the reactor by means of mass flow controllers (Brooks Instruments) 

which were calibrated before use for each individual gas. Selected gases then combined prior to reaching 

3-way valve 4 (3WV-4). The 3-way valve regulates the feed gas between the reactors and the bypass. 

When fed to the reactors, the reaction mixture was split by means of two equal length (±1-2 m) fused 

silica columns (Sigma Aldrich, 0.1 mm ID) due to an equal pressure drop over the two columns. The feed 

gas was then sent separately into two ¼ inch quartz tubes (Hilgenberg GmbH, Germany, L = 150 ± 0.5 

mm, OD = 6.36 ± 0.3 mm, ID = 4 mm, S = 1.175 ± 0.2 mm) at atmospheric pressure to allow for parallel 

analysis of two catalysts under the same reaction conditions. The two quartz tubes were heated by means 

of an insulated stainless-steel heating block, equipped with 4 heating cartridges (Thermon South Africa 

Pty Ltd, L = 100 mm, 40 mm cold end, D = 8 mm, 200 W, 230 V) and a centrally located thermocouple 

(see Figure H.1). The catalysts were tightly packed between two plugs of quartz wool in the middle of the 

quartz tube with silicon carbide (average particle size ~ 1 mm) loaded on each side of the catalyst bed as a 

gas pre-heating zone (inlet) and to prevent the catalyst to move out of the isothermal zone (outlet). The 

silicon carbide was held in place with quartz wool on both the inlet and the outlet side of the reactor tube 

(see Figure H.2 for a schematic representation of a loaded reactor and the isothermal zone). The two 

reactor outlet gas streams were led through heated (80 °C) lines to two separate condensation traps, both 

at room temperature, to remove water from the product mixture. Subsequently, each line was sent through 

a 3-way solenoid valve (Bürkert), programmed to alternate the two reactor effluent gases between product 

analysis and venting. This allows for product analysis of one reactor at a time, with a consistent time 

interval. The product gas was either vented or analysed by online gas chromatography or mass 
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spectrometry (see section 4.3.4 on more information on the product analysis). The set-up was also 

equipped with a bypass line to allow the flow to stabilize before the reaction takes place. The bypass 

stream was sent through four needle valves to mimic the pressure drop observed through the fused silica 

columns. After the needle valves, the bypass, at atmospheric pressure, was sent to the online GC, MS or 

vented, as required. 

 

Figure 4.2. Process flow diagram of the rig set-up used for carburization and testing of the catalysts. Red lines are heated lines. 
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4.3.2. Experimental procedure for CO2-ODH experiments 

 he evaluation of the catal sts’ performance under CO2-ODH conditions were conducted in the ¼ inch 

quartz fixed bed reactors. Upon completion of the carburization process, the reactor was flushed and 

cooled to 300 °C in an inert atmosphere by flowing Ar at 15 L h-1 gcat
-1. Subsequently, the reactor was 

isolated, and the feed gas was switched (at valve 3WV-4) to bypass the reactor to allow the reaction 

mixture to stabilize for 3-5 hours. Upon reaching a stable bypass flow, the reactor was heated (still in an 

inert atmosphere) to reaction temperature. The reaction was then started by switching the reactive gas 

flow back to the reactor. The product stream was analysed by means of online gas chromatography (see 

section 4.3.4). Upon termination of the reaction, the temperature of the reactor was cooled down to room 

temperature while flushing the reactor with an inert gas. At room temperature, the samples were 

passivated by means of a 1 vol.-% O2 in N2 flow, for 1 hour at a space velocity of 15 L h-1 gcat
-1. The 

catalysts were then exposed to spent catalyst characterization, which includes XRD and Raman 

spectroscopy.  

A large variety of experiments were performed within a range of carburization and reaction 

conditions. All experiments are grouped based on the conditions used and the purpose of the study. A 

detailed overview of the different sets of experiments is given below. 

Chapter 5: Effect of carburization and reaction conditions 

In Chapter 5 the samples were prepared by means of the wet impregnation technique with a Mo target 

loading of 20 wt.-%. The samples were carburized at 700 °C and exposed to the following CO2-ODH 

conditions: T = 550, 600, 650, 700 or 750 °C, P = 1 atm, SV = 9.4 L h-1 gcat
-1 and a CO2:C2H6:Ar =1:1:2 

feed (see Table 4.3). 

Table 4.3. Overview of CO2-ODH experiments discussed in Chapter 5. 

Sample 
Carb. T. 

(°C) 

ODH T. 

(°C) 

CO2 : C2H6 

feed ratio 

SV 

(L h-1 gcat
-1) 

Gas supply Comment 

MoxCy/SiO2 700 

550, 600, 

650, 700, 

750 

1:1 9.4 Mixture - 

MoxCy/SiO2-O2 700 

550, 600, 

650, 700, 

750 

1:1 9.4 Mixture 

Exposure of freshly 

carburized sample to 

1 vol.-% O2 for 

30 minutes at room 

temperature 

MoxCy/SiO2 (ODH-550) 700 550 1:1 9.4 Mixture - 

MoxCy/SiO2 (ODH-650) 700 650 1:1 9.4 Mixture - 

MoxCy/SiO2 (ODH-750) 700 750 1:1 9.4 Mixture - 
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Chapter 6: Effect of synthesis technique 

In Chapter 6 the samples were prepared via three different synthesis techniques, each with a Mo loading 

of 20 wt.-%. The three synthesis techniques include the wet impregnation (WI, see section 4.1.1), the 

sol-gel method (SG, see section 4.1.2) and the hybrid nano-crystal route (HNC, see section 4.1.3). All 

samples were carburized at 600 °C and exposed to the following CO2-ODH conditions: T = 600 °C, P = 

1 atm, SV = 15 L h-1 gcat
-1 and a CO2:C2H6:Ar =1:1:2 feed (see Table 4.4). 

Table 4.4. Overview of CO2-ODH experiments discussed in Chapter 6. 

Chapter 7: Effect of support material 

In Chapter 7 the effect of different support materials on the performance of MoxCy-based catalysts was 

evaluated. All samples were prepared via the wet-impregnation method (see section 4.1.1) with a 

Mo-loading of 20 wt.-%. All samples were carburized at 600 °C and exposed to a variety of reaction 

conditions, including the co-feeding of H2 (see Table 4.5). The following CO2-ODH conditions were 

employed: T = 600 °C, P = 1 atm, SV = 15 L h-1 gcat
-1 and a CO2:C2H6:Ar =1:1:2 feed. In the presence of 

H2 co-feeding, a mixture of H2 and N2 was added to the already existing feed gas, increasing the SV to 

18.2 L h-1 gcat
-1. The final H2 concentrations fed to the reactor was set to 0, 5 and 17 vol.-%, in individual 

experiments. 

Table 4.5. Overview of CO2-ODH experiments discussed in Chapter 7. 

Sample 
Carb. T. 

(°C) 

ODH T. 

(°C) 

CO2 : C2H6 

feed ratio 

SV 

(L h-1 gcat
-1) 

Gas supply Comment 

MoxCy/SiO2-WI 600 600 1:1 15 Mixture - 

MoxCy/SBA-15-HNC 600 600 1:1 15 Mixture - 

MoxCy/SiO2-HNC 600 600 1:1 15 Mixture - 

MoxCy/SiO2-SG 600 600 1:1 15 Mixture - 

Sample 
Carb. T. 

(°C) 

ODH T. 

(°C) 

CO2 : C2H6 

feed ratio 

SV 

(L h-1 gcat
-1) 

Gas supply Comment 

SiO2 600 600 1:1 15 Mixture - 

ZrO2 600 600 1:1 15 Mixture - 

Ga2O3 600 600 1:1 15 Mixture - 

TiO2 600 600 1:1 15 Mixture - 

MoxCy/SiO2 600 600 1:1 15 Mixture 
Same as MoxCy/SiO2-WI 

in Chapter 6 
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Chapter 8: Effect of promoter 

In Chapter 8 the effect of the nature of the promoter and promotion sequence on the CO2-ODH 

performance was investigated. Unless otherwise stated, the promoter was added to the sample via 

co-impregnation (Co-Imp), prior to carburization. In addition, an Fe-promoted sample was prepared via 

sequential-impregnation (Seq-Imp) or impregnation after calcination (Calc-Imp) (see section 4.1.1). A Pt-

promoted sample was prepared via co-impregnation followed by a calcination treatment prior to 

carburization (Co-Imp-Calc). All samples were exposed to the following CO2-ODH conditions: T = 

600 °C, P = 1 atm, SV = 15 L h-1 gcat
-1 and a CO2:C2H6:Ar =1:1:2 feed. In addition, an Fe-promoted 

sample was also exposed to H2 co-feeding (5 vol.-%, same procedure as in Chapter 7), a Pt-promoted and 

Ni-promoted sample to an increased CO2 content in the feed (CO2:C2H6:Ar = 5:1:6), and an unpromoted 

sample to H2O co-feeding (see Table 4.6). 

  

MoxCy/Al2O3 600 600 1:1 15 Mixture - 

MoxCy/ZrO2 600 600 1:1 15 Mixture - 

MoxCy/Ga2O3 600 600 1:1 15 Mixture - 

MoxCy/TiO2 600 600 1:1 15 Mixture - 

MoxCy/CeO2 600 600 1:1 15 Mixture - 

MoxCy/Al2O3 (5:1) 600 600 5:1 15 Mixture - 

MoxCy/ZrO2 (5:1) 600 600 5:1 15 Mixture - 

MoxCy/Ga2O3 (5:1) 600 600 5:1 15 Mixture - 

MoxCy/SiO2 (0 % H2) 600 600 1:1 18.2 Mixture 0 vol.-% H2 co-feeding 

MoxCy/SiO2 (5 % H2) 600 600 1:1 18.2 Mixture 5 vol.-% H2 co-feeding 

MoxCy/SiO2 (10 % H2) 600 600 1:1 18.2 Mixture 10 vol.-% H2 co-feeding 

MoxCy/SiO2 (17 % H2) 600 600 1:1 18.2 Mixture 17 vol.-% H2 co-feeding 

MoxCy/ZrO2 (0 % H2) 600 600 1:1 18.2 Mixture 0 vol.-% H2 co-feeding 

MoxCy/ZrO2 (5 % H2) 600 600 1:1 18.2 Mixture 5 vol.-% H2 co-feeding 

MoxCy/ZrO2 (17 % H2) 600 600 1:1 18.2 Mixture 17 vol.-% H2 co-feeding 

MoxCy/Ga2O3 (5 % H2) 600 600 1:1 18.2 Mixture 5 vol.-% H2 co-feeding 

MoxCy/Ga2O3 (10 % H2) 600 600 1:1 18.2 Mixture 10 vol.-% H2 co-feeding 
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Table 4.6. Overview of CO2-ODH experiments discussed in Chapter 8. 

  

Sample 
Carb. T. 

(°C) 

ODH T. 

(°C) 

CO2 : C2H6 

feed ratio 

SV 

(L h-1 gcat
-1) 

Gas supply Comment 

MoxCy/SiO2 (IND)* 600 600 1:1 15 Individual - 

MoxCy/SiO2 (IND)** 600 600 1:1 15 Individual - 

MoxCy/SiO2 (MIX)* 600 600 1:1 15 Mixture - 

MoxCy/SiO2 (MIX)** 600 600 1:1 15 Mixture 

Same as 

MoxCy/SiO2-WI in 

Chapter 6 

Fe-MoxCy/SiO2 600 600 1:1 15 Mixture 

Activity data 

normalized to 

MoxCy/SiO2 (MIX)* 

Pt-MoxCy/SiO2 600 600 1:1 15 Individual 

Activity data 

normalized to 

MoxCy/SiO2 (IND)* 

Ni-MoxCy/SiO2 600 600 1:1 15 Mixture 

Activity data 

normalized to 

MoxCy/SiO2 (MIX)* 

K-MoxCy/SiO2 600 600 1:1 15 Mixture 

Activity data 

normalized to 

MoxCy/SiO2 (MIX)* 

Fe-MoxCy/SiO2 (Seq-Imp) 600 600 1:1 15 Mixture 

Activity data 

normalized to 

MoxCy/SiO2 (MIX)* 

Fe-MoxCy/SiO2 (Calc-Imp) 600 600 1:1 15 Individual 

Activity data 

normalized to 

MoxCy/SiO2 (IND)* 

MoxCy/SiO2 (Calc) 600 600 1:1 15 Individual - 

Pt-MoxCy/SiO2 (Co-Imp-Calc) 600 600 1:1 15 Individual - 

MoxCy/SiO2 (H2O) 600 600 1:1 15 Individual 
4-5 vol.-% H2O co-

feeding 

Fe-MoxCy/SiO2 (5 % H2) 600 600 1:1 18.2 Mixture 
5 vol.-% H2 co-

feeding 

Pt-MoxCy/SiO2 (5:1) 600 600 5:1 15 Mixture - 

Ni-MoxCy/SiO2 (5:1) 600 600 5:1 15 Mixture - 
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4.3.3. Experimental procedure for RWGS experiments 

The initial procedure of the RWGS experimental procedure shows resemblance to the CO2-ODH 

experimental procedure. After carburization of the catalysts, the reactor was cooled down to 300 °C while 

flushing the reactor with an inert gas (Ar/N2). Stabilizing the reaction mixture was done bypassing the 

reactor. The reactor was heated to the required reaction temperature and then the gas flow was switched 

back to the reactor to start the reaction. Upon completion of the reaction, the reactor was cooled down to 

RT in a flow of inert gas. At RT, the samples were passivated by means of a 1 vol.-% O2 in N2 flow, for 

1 hour at a space velocity of 15 L h-1 gcat
-1. The catalysts were then exposed to spent catalyst 

characterization, which includes XRD and Raman spectroscopy. The feed gas composition for the RWGS 

reaction was adjusted per experimental requirements. The H2 to CO2 feed gas ratio varied between 1:1 to 

1:7 diluted in Ar (50:50 vol.-%). The product stream was analysed by means of online gas 

chromatography (see 4.3.4). 

Chapter 6: Effect of synthesis technique 

In Chapter 6, the effect of synthesis technique on the RWGS activity was evaluated. The three synthesis 

techniques include the wet impregnation (WI, see section 4.1.1), the sol-gel method (SG, see section 

4.1.2) and the hybrid nano-crystal route (HNC, see section 4.1.3). All samples were carburized at 600 °C 

and exposed to the following RWGS conditions: T = 400, 500 or 600 °C, P = 1 atm, SV = 60 or 120 L h-1 

gcat
-1 and a H2:CO2 = 1:1, 3.5:1 or 7:1 feed ratio (see Table 4.7). The space velocity is calculated based on 

reactive gases only; H2 and CO2. 

Table 4.7. Overview of RWGS experiments discussed in Chapter 6. 

Sample 
Carb. T. 

(°C) 

RWGS T. 

(°C) 

H2 : CO2 

feed ratio 

SV 

(L h-1 gcat
-1) 

MoxCy/SiO2-WI 600 400, 500 ,600 1:1 60 

MoxCy/SBA-15-WI 600 400, 500 ,600 1:1 60 

MoxCy/SBA-15-HNC 600 400 1:1 60 

MoxCy/SiO2-WI 600 400 1:1, 3.5:1, 7:1 120 

MoxCy/SiO2-SG 600 400 1:1, 3.5:1, 7:1 120 

Chapter 8: Effect of promoter material 

In Chapter 8, the effect of promoter material on the RWGS activity was evaluated. The samples were 

prepared via co-impregnation (see section 4.1.1). All samples were carburized at 600 °C and exposed to 
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the following RWGS conditions: T = 600 °C, P = 1 atm, SV = 60 or 120 L h-1 gcat
-1 and a H2:CO2 = 2.5:1 

feed ratio (see Table 4.8). The space velocity is calculated based on reactive gases only; H2 and CO2. 

Table 4.8. Overview of RWGS experiments discussed in Chapter 8. 

Sample 
Carb. T. 

(°C) 

RWGS T. 

(°C) 

H2 : CO2 

feed ratio 

SV 

(L h-1 gcat
-1) 

MoxCy/SiO2 600 600 2.5:1 60 

Fe-MoxCy/SiO2 600 600 2.5:1 60 

Pt-MoxCy/SiO2 600 600 2.5:1 60 

Ni-MoxCy/SiO2 600 600 2.5:1 60 

K-MoxCy/SiO2 600 600 2.5:1 60 

MoxCy/SiO2 600 600 2.5:1 120 

Fe-MoxCy/SiO2 600 600 2.5:1 120 

Pt-MoxCy/SiO2 600 600 2.5:1 120 

Ni-MoxCy/SiO2 600 600 2.5:1 120 

4.3.4. Product analysis 

Product analysis was performed either by means of an online GC equipped with three columns and 

thermal conductivity detectors (GC-TCD) or a bench-top triple filter quadrupole MS. The TP-CO2 

experiments were analysed by GC-TCD or MS. The GC-TCD was used when comparing the different 

synthesis techniques. For increased sensitivity, the TP-CO2 experiments performed on the various 

promoted samples were analysed by MS. The carburization and CO2-TPD experiments were analysed by 

MS. The reaction data for both CO2-ODH as well as RWGS experiments were all analysed by means of 

GC-TCD. 

GC-TCD 

For the GC analysis, an Agilent 490 micro gas chromatograph equipped with three different dedicated 

thermal conductivity detectors was used for the analysis of Ar, N2, CO, CO2, H2, CH4, C2H4 and C2H6 (see 

Table I.1). The GC-TCD separates the various gases by their respective thermal conductivity in relation to 

the carrier gas (H2 or Ar). In general, an inert gas was used as internal standard (Ar or N2) as it does not 

react with the catalyst or the reaction mixture and can thus be used for quantitative analysis purposes. 

While it varies between experiments, the concentration of the reference gas is known and remains stable 

during the entire reaction. The reactants and products can thus be calculated based on their specific 

response factor (see Appendix A), respective to the inert gas used, and the known concentration of the 
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reference gas. GC calibration is performed to obtain the response factors of each gas, by analysing gas 

mixtures with known concentrations of each gas (see Table I.2). The concentration of each compound in 

the product gas can then be calculated using the known concentration of the inert gas and the response 

factors obtained. The Varian Galaxie Chromatography Data System 1.9.3.2 software package was used 

for data analysis purposes. 

Mass spectrometry 

A Hiden HPR-20 R&D mass spectrometer (Hiden Analytical, United Kingdom) equipped with a Quartz 

Inert Capillary and two detectors; the Faraday Cup and Secondary Electron Multiplier (SEM), was 

utilized for the continuous analysis of product gases obtained during the carburization procedure, TP-CO2 

and CO2-TPD experiments. Massoft Professional control software was used for data analysis purposes. 

More details of the configuration of the mass spectrometer can be found in Table J.1 

In general, the mass spectrometer ionizes the various compounds in the gas mixture to positive ions 

by electron-impact, creating a fragmentation pattern for each molecule (see Table J.2). In case of 

overlapping ion fragments (for example mass 28 for CO2 and CO), the intensity of each fragment should 

be calibrated per compound to differentiate the contribution of each overlapping compound to the 

specified mass (see Appendix A for more details). For quantitative purposes, the various compounds are 

calibrated to an inert gas, in this study Ar, and their respective relative sensitivity factors (RSF) are 

calculated. The concentration of each compound can then be calculated using the known concentration of 

the inert gas and their respective RSF values (see Table J.2). The calibrations for the RSF of each 

compound, needs to be performed at concentrations similar to the expected concentration range of the 

product spectrum. In case of an unsuccessful calibration due to technical limitations, the theoretical RSF 

values were used. Each experiment was accompanied by an external source of Ar, with a continuous flow 

to the sample capillary to minimize the background contribution of air (N2 and O2) in between (and for 

selected samples during) experiments. 

The background corrected CO2 data obtained during CO2-TPD were deconvoluted by means of 

several equal full width at half maximum (FWHM) Gaussian curves. It should be noted that during the 

curve-fitting process, the number of Gaussian curves was minimized while simultaneously attaining a 

good degree of similarity and consistency between the different samples in terms of peak temperatures 

and FWHM. 
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Conversion, selectivity, and yield 

The activity of the catalysts for CO2-ODH is usually expressed as the amount of reactant (C2H6 or CO2) 

converted in relation to its respective amount fed into the reactor. This can also be described as the C2H6 

(𝑋𝐶2𝐻6
) or CO2 (𝑋𝐶𝑂2

) conversion (see Equation 4.1). 

Where, 𝑋𝑟 is the conversion, 𝑛̇𝑟,𝑖𝑛 the molar flow rate into the reactor and 𝑛̇𝑟,𝑜𝑢𝑡 the molar flow rate 

out of the reactor, of reactant 𝑟, i.e., C2H6 or CO2. 

The effectivity of the catalysts is usually reported by means of the product selectivity; the amount of 

product formed in relation to the reactant converted. However, due to the presence of carbon in both 

reactants and the large number of possible side reactions, the selectivity of the carbonaceous products is 

represented as C-%, calculated based on the number of carbons in all carbonaceous products (see 

Equation 4.2). It should be noted that the carbon detected on the surface of the spent catalysts through 

carbon depositions is of insufficient amount to influence the carbon balance. 

Where, 𝑆𝑝 is the carbon corrected selectivity, 𝑛̇𝑝 the molar flow rate, 𝑛𝐶𝑝 the number of carbons of 

product 𝑝 and 𝑛 the number of measured carbonaceous products (i.e., C2H4, CO and CH4). The CO2-ODH 

reaction produces one mole C2H4 and one mole CO and thus a maximum selectivity towards ethylene 

(𝑆𝐶2𝐻4
) of 67 C-% can be achieved if the CO2-ODH reaction would be the only reaction occurring. In the 

presence of an increased DR activity, the ethylene selectivity would decrease and the CO selectivity 

(𝑆𝐶𝑂) increase. An increased methanation activity would decrease both CO and C2H4 selectivity. If the 

direct dehydrogenation of C2H6 is taking place, the C2H4 selectivity increases. 

Ethylene yield (𝑌𝐶2𝐻4
) is another measure of catalyst efficiency and can be described as the amount of 

ethylene formed (𝑛̇𝐶2𝐻4
) in relation to the amount of ethane fed into the reactor (see Equation 4.3). 

𝑋𝑟(%) =  
(𝑛̇𝑟,𝑖𝑛 − 𝑛̇𝑟,𝑜𝑢𝑡)

𝑛̇𝑟,𝑜𝑢𝑡

∙ 100 % Equation 4.1 

𝑆𝑝(𝐶%) =  
𝑛̇𝑝 ∙ 𝑛𝐶𝑝

∑ (𝑛
𝑖=1 𝑛̇𝑝,𝑖 ∙ 𝑛𝐶𝑝,𝑖)

∙ 100 % Equation 4.2 

𝑌𝐶2𝐻4
(%) =  

𝑛̇𝐶2𝐻4

𝑛̇𝐶2𝐻6,𝑖𝑛

∙ 100 % Equation 4.3 
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The multiple possible reactions happening simultaneously or subsequently during CO2-ODH can be 

challenging to distinguish based on the conversion, selectivity, and yield data only. The C2H6 to CO2 

conversion ratio (𝑋𝐶2𝐻6
/𝑋𝐶𝑂2

), and the H2 to CO (𝑛̇𝐻2
𝑛̇𝐶𝑂⁄ ), C2H4 to CO (𝑛̇𝐶2𝐻4

𝑛̇𝐶𝑂⁄ ) and C2H4 to H2 

(𝑛̇𝐶2𝐻4
𝑛̇𝐻2

⁄ ) product ratios can assist in identifying possible reaction pathways occurring on the catalyst 

(see Table 4.9). At an equimolar CO2 to C2H6 feed gas composition (1:1) and a dominant CO2-ODH 

reaction pathway, 𝑋𝐶2𝐻6
/𝑋𝐶𝑂2

 equals 1. A dominant DR reaction pathway yields an 𝑋𝐶2𝐻6
/𝑋𝐶𝑂2

 of 0.5. 

An increase or a decrease in 𝑋𝐶2𝐻6
/𝑋𝐶𝑂2

 occurs when the activity towards DH or RWGS, respectively, 

increases. It must be noted that the RWGS reaction can only occur as a secondary reaction, with H2 

produced from DR or DH. The 𝑋𝐶2𝐻6
/𝑋𝐶𝑂2

 ratio at a CO2 to C2H6 feed of 5:1 increases fivefold for both 

CO2-ODH and DR. As the CO2-ODH reaction does not produce any H2, 𝑛̇𝐻2
𝑛̇𝐶𝑂⁄  decreases with an 

increase in CO2-ODH activity. DR produces 4 moles of CO and 3 moles of H2 which equals to a 𝑛̇𝐻2
𝑛̇𝐶𝑂⁄  

of 0.75. The RWGS reaction will only decrease 𝑛̇𝐻2
𝑛̇𝐶𝑂⁄ , when H2 is sourced from DR. The direct 

dehydrogenation increases 𝑛̇𝐻2
𝑛̇𝐶𝑂⁄ . With a dominant CO2-ODH reaction pathway 𝑛̇𝐶2𝐻4

𝑛̇𝐶𝑂⁄  is 1 but 

decreases significantly when DR is dominant due to the conversion of C2H6 to CO. The DH will again 

have an increasing effect and the RWGS decreases 𝑛̇𝐶2𝐻4
𝑛̇𝐶𝑂⁄ . The last product ratio, 𝑛̇𝐶2𝐻4

𝑛̇𝐻2
⁄ , is 

particularly focused on the DH reaction, at a ratio of 1. A decrease is observed when DR is prominent and 

a slight increase for both ODH as well as RWGS. 

Table 4.9. The effect of reaction pathway on the conversion ratio (at a 1:1 and 5:1 CO2 to C2H6 feed), the product ratios, and the 

C2H4 and CO selectivity. 

  

Reaction 
𝑿𝑪𝟐𝑯𝟔

/𝑿𝑪𝑶𝟐
 𝒏̇𝑯𝟐

𝒏̇𝑪𝑶

 
𝒏̇𝑪𝟐𝑯𝟒

𝒏̇𝑪𝑶

 
𝒏̇𝑪𝟐𝑯𝟒

𝒏̇𝑯𝟐

 𝑺𝑪𝟐𝑯𝟒
 𝑺𝑪𝑶 

1:1 5:1 

𝐶2𝐻6 + 𝐶𝑂2 ↔ 𝐶𝑂 + 𝐶2𝐻4 + 𝐻2𝑂 1 5 ~0 ∞ ∞ 67 % 33 % 

𝐶2𝐻6 + 2𝐶𝑂2 ↔ 4𝐶𝑂 + 3𝐻2 0.5 2.5 0.75 ~0 ~0 0 % 100 % 

𝐶2𝐻6 ↔ 𝐶2𝐻4 + 𝐻2 ∞ ∞ ∞ ∞ 1 100 % 0 % 

𝐶𝑂2 + 𝐻2 ↔ 𝐶𝑂 + 𝐻2𝑂 ~0 ~0 ~0 ~0 ∞ 0 % 100 %↑ 
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5 In situ carburization and CO2-ODH performance of 

SiO2 supported MoxCy nanoparticles 

In this chapter an in-depth analysis of the thermodynamics of the CO2-ODH reaction as well as possible 

side reactions is discussed. The equilibrium composition of the entire system as a function of temperature, 

in the presence and absence of carbon and/or methane formation, and the thermodynamic phase 

transition between MoO2 and Mo2C, under CO2-ODH reaction conditions is investigated. Experimentally, 

the (surface sensitive) phase evolution during the carburization process is studied by means of in situ 

XRD, TGA, XAS and in situ Raman spectroscopy. Furthermore, the effect of various possible reaction 

conditions on the CO2-ODH catalytic performance is evaluated. 

A section of the results reported in section 5.2 are part of a research article published as: W. 

Marquart, S. Raseale, G. Prieto, A. Zimina, B. B. Sarma, J.-D. Grunwaldt, M. Claeys, N. Fischer, ACS 

Catalysis 2021, 11, 1624-1639. 

5.1 Thermodynamic analysis of the CO2-ODH reaction 

In section 2.3, the thermodynamic challenge of the CO2-ODH reaction has been briefly described by 

means of the Gibbs free energy of the various possible side reactions. It is clear that the dry-reforming of 

ethane to synthesis gas is thermodynamically favoured and a catalyst system that kinetically activates the 

C-H bond and prevents C-C bond scission is required for a successful CO2-ODH process. In this chapter 

we perform a thermodynamic analysis of the entire system, including all possible side and secondary 

reactions (see Table 5.1), product species and study the effect of reaction conditions. Previous studies 

have performed similar thermodynamic analyses, but the focus was either on the dehydrogenation of 

propane1-4, n-butane5, 6 or they did not consider the coking effect or CO2/CO methanation as a side 

reaction7, 8. From our own laboratories9, the effect of coking and of the methanation reaction was 

incorporated. In this study, we would like to extend this work and consider different Mo phases (MoO3, 

MoO2 and Mo2C) and observe the thermodynamic stability of these under reaction conditions. 

The equilibrium conversion of each possible reaction can be calculated using the following format, 

considering the reversible reaction, 𝑎𝐴 + 𝑏𝐵 ↔ 𝑐𝐶 + 𝑑𝐷, and the conversion of compound A defined by 

Equation 5.1. 

 
Equation 5.1 𝑋𝐴 =

𝐹𝐴,𝑖𝑛𝑙𝑒𝑡 − 𝐹𝐴,𝑜𝑢𝑡𝑙𝑒𝑡

𝐹𝐴,𝑖𝑛𝑙𝑒𝑡
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Where 𝐹𝑥 is the molar flow rate of compound 𝑥. The molar fraction (𝑦𝑥) and partial pressure (𝑃𝑥) of 

each compound can be calculated with Equation 5.2 and Equation 5.3, respectively. 

The ‘modelled’ equilibrium constant (𝐾𝑝) for each reaction can then be defined by Equation 5.4. 

Simultaneously, the ‘calculated’ equilibrium constant can also be determined by Equation 5.5. 

Where 𝑅 is the ideal gas constant, 𝑇 the reaction temperature and ∆𝐺𝑇
𝑟𝑥𝑛 the Gibbs free energy of 

reaction at reaction temperature, which is calculated using Equation 5.6. 

Where ∇𝑎𝑟𝑥𝑛, ∇𝑏𝑟𝑥𝑛, ∇𝑐𝑟𝑥𝑛 and ∇𝑑𝑟𝑥𝑛 are the specific heat capacity coefficients of the reaction, 

calculated using the data obtained from Knacke et al.10 and Barin11, for each reactant or product species. 

Finally, the equilibrium conversion can be ‘modelled’ b  solving the ‘modelled’ 𝐾𝑝 to the ‘calculated’ 

𝐾𝑝. 

 

Equation 5.2 

 

Equation 5.3 

 

Equation 5.4 

 
Equation 5.5 

 

Equation 5.6 
∆𝐺𝑇

𝑟𝑥𝑛 = 𝑇 (
𝛥𝐺298𝐾

𝑟𝑥𝑛

𝑇0
− [(−∇𝑎𝑟𝑥𝑛𝑇0 −

1

2
∇𝑏𝑟𝑥𝑛𝑇0

2 +
∇𝑐𝑟𝑥𝑛

𝑇0
−

1

3
∇𝑑𝑟𝑥𝑛𝑇0

3 + ∆𝐻298𝐾
𝑟𝑥𝑛 ) ∙ (

1

𝑇0
−

1

𝑇
) +

∇𝑎𝑟𝑥𝑛(𝑙𝑛𝑇 − 𝑙𝑛𝑇0) +
1

2
∇𝑏𝑟𝑥𝑛(𝑇 − 𝑇0) +

1

2
∇𝑐𝑟𝑥𝑛 (

1

𝑇2 −
1

𝑇0
2) +

1

6
∇𝑑𝑟𝑥𝑛(𝑇2 − 𝑇0

2)])  

𝐾𝑝 =  𝑒
−∆𝐺𝑇

𝑟𝑥𝑛

𝑅𝑇  

𝐾𝑝 =
[𝐶]𝑐 ∙ [𝐷]𝑑

[𝐴]𝑎 ∙ [𝐵]𝑏
=

[𝑃𝑡𝑜𝑡 ∙ (
𝐹𝐶 + 𝑋𝑒𝑞

𝐹𝐴 + 𝐹𝐵 + 𝐹𝐶 + 𝐹𝐷
)]

𝑐

[𝑃𝑡𝑜𝑡 ∙ (
𝐹𝐷 + 𝑋𝑒𝑞

𝐹𝐴 + 𝐹𝐵 + 𝐹𝐶 + 𝐹𝐷
)]

𝑑

[𝑃𝑡𝑜𝑡 ∙ (
𝐹𝐴 − 𝑋𝑒𝑞

𝐹𝐴 + 𝐹𝐵 + 𝐹𝐶 + 𝐹𝐷
)]

𝑎

[𝑃𝑡𝑜𝑡 ∙ (
𝐹𝐵 − 𝑋𝑒𝑞

𝐹𝐴 + 𝐹𝐵 + 𝐹𝐶 + 𝐹𝐷
)]

𝑏

=  
[𝑃𝑡𝑜𝑡 ∙ (𝐹𝐶 + 𝑋𝑒𝑞)]

𝑐
[𝑃𝑡𝑜𝑡 ∙ (𝐹𝐷 + 𝑋𝑒𝑞)]

𝑑

[𝑃𝑡𝑜𝑡 ∙ (𝐹𝐴 − 𝑋𝑒𝑞)]
𝑎

[𝑃𝑡𝑜𝑡 ∙ (𝐹𝐵 − 𝑋𝑒𝑞)]
𝑏 

𝑃𝑥 = 𝑦𝑥 ∙ 𝑃𝑡𝑜𝑡 

𝑦𝑥 =
𝐹𝑥

𝐹𝑡𝑜𝑡
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Table 5.1. Overview of possible side reactions considered in the CO2-ODH. Sorted in order from endothermic to exothermic at 

25 °C and 1 bar pressure: Non-selective reaction (NSR), carbon formation (CF), dry-reforming of ethane (DR), CO2-oxidative 

dehydrogenation of ethane (ODH), direct dehydrogenation of ethane (DH), ethane decomposition (EAD), methane 

decomposition (MD), reverse water-gas-shift (RWGS), ethylene decomposition (EED), ethane hydrogenolysis (EH), CO 

reduction (COR), methanation of CO2 (MCO2), Boudouard reaction (BR) and methanation of CO (MCO). 

From the study of the thermodynamic equilibrium conversions as function of temperature of each of 

the discussed reactions within the temperature range of interest for the CO2-ODH (500-700 °C), it is clear 

that the primary ethylene formation routes (ODH or DH) are thermodynamically the least favoured 

reactions (see Figure 5.1). All primary reactions that include the cleavage of ethane’s C-C bond (NSR, 

CF, DR an EAD) are far more favourable assuming stoichiometric feed conditions. Secondary reactions 

can include RWGS, BR, EED, MCO2, MCO, COR and EH. 

Methane decomposition is a possible tertiary reaction. Carbon deposits can be produced via BR, CF, 

EAD, EED, MD or COR. However, with CO2 in the feed, the Boudouard reaction can potentially be 

reversed, removing previously deposited carbon species. 

 

Reaction 
∆𝑯𝟐𝟓°𝑪

𝒇
 

(kJ mol-1) 

∆𝑮𝟐𝟓°𝑪
𝒇

 

(kJ mol-1) 

NSR 𝐶2𝐻6 + 5𝐶𝑂2 ↔ 7𝐶𝑂 + 3𝐻2𝑂 552.4 358.0 

CF 2𝐶2𝐻6 + 4𝐶𝑂2 ↔ 5𝐶𝑂 + 3𝐶 + 3𝐻2𝑂 + 3𝐻2 463.9 269.9 

DR 𝐶2𝐻6 + 2CO2 ↔ 4CO + 3𝐻2 428.9 272.1 

ODH 𝐶𝑂2 + 𝐶2𝐻6 ↔ 𝐶𝑂 + 𝐶2𝐻4 + 𝐻2𝑂 177.6 129.0 

DH 𝐶2𝐻6 ↔ 𝐶2𝐻4 + 𝐻2 136.4 100.4 

EAD 𝐶2𝐻6 ↔ 2𝐶 + 3𝐻2 84.0 32.0 

MD 𝐶𝐻4 ↔ 𝐶 + 2𝐻2 74.6 50.5 

RWGS H2 + CO2 ↔ CO + 𝐻2𝑂 41.2 28.6 

EED 𝐶2𝐻4 ↔ 2𝐶 + 2𝐻2 -52.4 -68.4 

EH 𝐶2𝐻6 + 𝐻2 ↔ 2𝐶𝐻4 -65.2 -69.0 

COR 𝐶𝑂 + 𝐻2 ↔ 𝐶 + 𝐻2𝑂 -131.3 -91.4 

MCO2 𝐶𝑂2 + 4𝐻2 ↔ 𝐶𝐻4 + 2𝐻2𝑂 -164.7 -113.3 

BR 2𝐶𝑂 ↔ 𝐶𝑂2 + 𝐶 -172.5 -120.0 

MCO 𝐶𝑂 + 3𝐻2 ↔ 𝐶𝐻4 + 𝐻2𝑂 -205.9 -141.9 
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Figure 5.1. Thermodynamic equilibrium conversions as a function of temperature at 1 bar pressure of the non-selective reaction 

(NSR), carbon formation (CF), dry-reforming of ethane (DR), CO2-oxidative dehydrogenation of ethane (ODH), direct 

dehydrogenation of ethane (DH), ethane decomposition (EAD), methane decomposition (MD), reverse water-gas-shift (RWGS), 

ethylene decomposition (EED), ethane hydrogenolysis (EH), CO reduction (COR), methanation of CO2 (MCO2), Boudouard 

reaction (BR) and methanation of CO (MCO). Red shaded area indicates temperature range of interest for CO2-ODH. Compound 

specific thermodynamic data from Knacke et al.10. 
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Increasing the reaction pressure of the CO2-ODH does not support the forward reaction. However, 

through increasing the CO2 content in the feed gas or co-feeding an inert gas (dilution), the conversion 

level can be increased (see Figure 5.2). For the ODH reaction, at 600 °C and 1 bar pressure, the 

equilibrium conversion increases from 24 % at a CO2 to C2H6 feed ratio of 1 and 0 % dilution, to 29 % by 

simply increasing the dilution to 50 %. Opposing the effect of pressure, dilution of the reaction feed 

increases the volume of the system, changing the partial pressures of both the reactants and products. The 

decrease in the relative volume ratio between reactants and products will shift the reaction towards the 

side with more gaseous compounds. Increasing the CO2 content in the feed will increase the equilibrium 

conversion of ODH from 29 %, at feed ratio of 1 and dilution of 50 %, to 56 % at feed ratio of 4 and 

dilution of 50 %. It should be noted that an increase in CO2 content or dilution also increases the 

equilibrium conversion for dry-reforming. 

 

Figure 5.2. Thermodynamic equilibrium conversion for ODH and DH as a function of CO2 to C2H6 feed ratio and dilution at 

600 °C and 1 bar pressure. Compound specific thermodynamic data from Knacke et al.10. 

Thermodynamic equilibrium product compositions can be calculated by minimizing the Gibbs free 

energy of the entire system (see Equation 5.7), which can be accomplished by varying the molar 

concentration of the various compounds and their corresponding chemical potentials (see Equation 5.8). 

 
Equation 5.7 

𝜇𝑖
𝑇,𝑃 = ∆𝐺25°𝐶

𝑓
+ 𝑅𝑇 ln

𝑛𝑖

∑𝑛
𝑃

100𝑘𝑃𝑎
 

Equation 5.8 

∆𝐺𝑇,𝑃
𝑠𝑦𝑠𝑡𝑒𝑚

= ∑𝑛𝑖𝜇𝑖  
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Where 𝑛𝑖 is the molar concentration and 𝜇𝑖 the chemical potential of compound 𝑖. The Gibbs free 

energy of the entire system can be calculated using Equation 5.9, where 𝑎, 𝑏, 𝑐 and 𝑑 are the specific heat 

capacity coefficients of each individual compound. 

Based on the various possible reactions discussed and demonstrated in Figure 5.1, the individual 

compounds considered for the product equilibrium are C2H6(g), C2H4(g), CO2(g), CO(g), H2O(g), H2(g), CH4(g) 

and C(s) (see Figure 5.3-A). This allows for all possible reactions to proceed to equilibrium, as a function 

of temperature, at 1 bar pressure with an equimolar CO2 to C2H6 feed ratio. Within the temperature range 

of interest (500 °C – 700 °C), solid carbon (C) is the main carbon-containing product. C2H6 is fully 

converted and no C2H4 formation is observed. This reiterates the thermodynamic challenge faced by 

CO2-ODH or DH compared to DR, decomposition or methanation reactions. It must be noted that even 

though a thermodynamic equilibrium is calculated, it does not predict a reaction mechanism or provides a 

pathway analysis. 

When all coke forming pathways are neglected (see Figure 5.3-B), a remarkable disappearance of 

H2O over the full temperature range is observed. This suggests that the majority of the H2O produced in 

Figure 5.3-A, is via CO reduction, as no secondary reaction with H2O as the reactant can explain its 

disappearance. This could also suggest that the CH4 formed is not via any methanation reaction, but rather 

via (exothermic) ethane hydrogenolysis (EH). With the H2 (and CO) being sourced (formed) via the 

dry-reforming reaction, becoming more dominant from 500 °C. At 900 °C, DH partially replaces EH, 

shown by an increase in C2H4 and H2 content. 

When all CH4 formation pathways are neglected, but the coke forming reactions included (see Figure 

5.3-C), H2O is formed in parallel with carbon and H2 in a ratio of C:H2O:H2 = 1.5:1:0.5 at low 

temperatures. This supports the earlier suggestion that H2O is mainly produced via COR. Between 500 °C 

and 700 °C, the CO2 concentration shows a slight increase, with a simultaneous decrease in carbon and 

H2O, suggesting a lower COR activity. The decrease in C and H2O paralleled with an increase in H2, and 

eventually CO, concentration, showing the more dominant contribution of dry-reforming. H2 is also 

produced via C2H6 decomposition, similar to the scenario described in Figure 5.3-A. 

Lastly, in Figure 5.3-D, the thermodynamic equilibrium in the absence of CH4 and C is calculated, 

which is a common approach in literature for this reaction system.2-5, 7 In essence, by neglecting any 

 

Equation 5.9 

∆𝐺𝑇
𝑓

= 𝑇 (
𝛥𝐺298𝐾

𝑓

𝑇0
− [(−𝑎𝑇0 −

1

2
𝑏𝑇0

2 +
𝑐

𝑇0
−

1

3
𝑑𝑇0

3 + 𝐻298𝐾
𝑓

) (
1

𝑇0
−

1

𝑇
) + 𝑎(𝑙𝑛𝑇 − 𝑙𝑛𝑇0)

+
1

2
𝑏(𝑇 − 𝑇0) +

1

2
𝑐 (

1

𝑇2 −
1

𝑇0
2) +

1

6
𝑑(𝑇2 − 𝑇0

2)]) 
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carbon and CH4 forming reactions, the equilibrium is calculated for the ODH, DH and dry-reforming 

reactions only. In that case, C2H6 and CO2 only start to react from 300 °C, which is dominated by 

dry-reforming and at about 600 °C the dehydrogenation proceeds simultaneously. 

 

Figure 5.3. Product equilibrium of the CO2-ODH system as a function of temperature. [A] All compounds considered, [B] 

carbon formation neglected, [C] methane formation neglected and [D] carbon and methane formation neglected. Red shaded area 

indicates temperature range of interest for CO2-ODH. Compound specific thermodynamic data from Knacke et al.10. 

Mo0, MoO2, MoO3 and Mo2C are included into the calculation at a starting composition containing a 

CO2:C2H6:Mo2C molar ratio of 1:1:0.35. This ratio is in line with the reaction conditions discussed in 

section 4.3.2 and is equal to 20 mg Mo2C in 12.5 mL of 1:1 CO2 and C2H6. The addition of the various 

Mo phases results in a significant change in the product composition observed, specifically at lower 

temperatures (see Figure 5.4). A transition between MoO2 and Mo2C occurs around 500 °C in the 

presence of CH4 which is slightly decreased when CH4 formation pathways are neglected. Under the 

proposed reaction conditions (600 °C) the thermodynamically favoured Mo-phase is Mo2C. No indication 

of MoO3 or metallic Mo formation over the entire temperature range is observed. In the absence of C2H6 

in the feed (see Figure A.1), the MoO2-Mo2C transition occurs at 600 °C. In contrast to a CO2-ODH feed, 

MoO2 does not disappear completely and increases again with an increased reaction temperature. 

Previously observed formation of MoO2 under CO2-ODH conditions is thus predominantly driven by 

kinetics rather than thermodynamic limitations. 
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Figure 5.4. Product equilibrium of the system as a function of temperature including Mo-phases. [A] and [B] all compounds 

considered, [C] and [D] methane formation neglected. Red shaded area indicates temperature range of interest for CO2-ODH. 

Compound specific thermodynamic data from Knacke et al.10. 

5.2 In situ characterization of the carburization process 

The carburization technique has shown to be highly sensitive to carbon deposition12, which affects the 

active surface area by blocking catalytic sites and in consequence decrease performance. It is thus 

important to find the optimum carburization temperature; a balance between a high purity MoxCy and 

excessive carbon deposition. In addition to surface carbon, surface oxygen species can be detrimental to 

the catalytic activity when they react with the carbon resulting in the formation of MoOx. 

A sample was prepared targeting a 20 wt.-% Mo loading on a nonporous SiO2 support via a slurry 

impregnation (see section 4.1.1) of ammonium heptamolybdate (AHM/SiO2). The SiO2 support material 

was selected to confidently confirm the presence of the carbide phase, by way of XRD analysis. Because 

of the amorphous nature of SiO2, overlap of diffraction reflexes is prevented, as would be the case on a 

crystalline metal oxide supports such as Al2O3. 

During the carburization process of AHM/SiO2, in situ XRD (see Figure 5.5-A, B, D) evidences the 

decomposition of ammonium decamolybdate ((NH4)8Mo10O34) to ammonium tetramolybdate 
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((NH4)2Mo4O13), which is first detected at 181 °C. The average crystallite size increases slightly during 

the transition from around 5 nm to 10 nm. The molybdate precursor is fully decomposed by 227 °C, 

where a molybdenum trioxide mixture of hexagonal (hP-MoO3) and orthorhombic (oP-MoO3) is formed 

with a crystallite size of around 9 and 6 nm, respectively. The orthorhombic phase becomes the dominant 

phase at 347 °C with a slight increase in crystallite size to around 9 nm. The reduction of MoO3 to MoO2 

proceeds slowly, reflected by a long phase overlap, with the first MoO2 diffractions appearing at 363 °C 

to eventually become a pure MoO2 phase at 466 °C with a crystallite size of around 12 nm. The 

mol bdenum carbide, in form of β-Mo2C and η-Mo2C, is initially observed after holding at 600 °C for 

25 minutes and is the dominant phase after 95 minutes at 600 °C. The final carbide phase consists of a 

mixture of β-Mo2C (44 wt.- ) and η-Mo2C (56 wt.-%) with crystallite sizes of around 4 and 3.8 nm, 

respectively. 

 

Figure 5.5. Carburization process of MoxCy/SiO2 as function of temperature, with [A] top view of in situ XRD patterns, [B] 

corresponding Rietveld refinement analysis with phase composition and [D] particle size and [C] TGA analysis with TG curve 

(red dashed line) and differential thermal analysis (DTA) signal (grey solid line). Conditions: Tfinal = 600 °C, P = 1 atm, heating 

rate = 1 °C min-1, holding time = 5 hours. 

The TG and DTA curves (see Figure 5.5-C) are in line with the XRD results, showing four significant 

weight changes and one small and broader signal, while increasing temperature. Together with the XRD 

analysis it can be confirmed that the two losses at approximately 169 °C and 247 °C represent the 
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decomposition of the molybdate to MoO3. The small broad signal indicates the transition from hexagonal 

to orthorhombic MoO3. At 450 °C, a major weight loss is associated to the reduction towards MoO2. 

Finally, at 600 °C the carburization of MoO2 to Mo2C takes place, which is completed after an hour time 

on stream. Similar observations are made during the carburization of bulk AHM (see Figure C.1) and in 

the study by Wienold et al.13 reporting on the decomposition of AHM in a diluted H2 atmosphere at 

elevated temperatures. 

The carburization of MoxCy/SiO2 was also studied by in situ Raman spectroscopy (see Figure 5.6-A). 

The molybdate precursor is fully decomposed below 200 °C in both air and carburization atmosphere. 

However, the decomposition pathway seems to be influenced from the early stages by the different 

atmospheres, as is indicated by the Raman band at 963 cm-1. Interestingly, at temperatures above 200 °C, 

under carburization conditions, no clear Raman spectra for MoO3 or MoO2 are observed. A small broad 

band is observed at 250 and 300 °C around 721 cm-1 which can be linked to MoO2 species, but it 

disappears at 350 °C.12 Since Raman is not a bulk technique relying on long range order, these 

observations may suggest that the surface of the Mo particles carburize at much lower temperatures than 

for the bulk of the crystallites, as is observed by XRD. On the contrary, calcination of the precursor in air 

(see Figure 5.6-B) under otherwise identical experimental settings led to the detection of prominent MoO3 

Raman bands at 665 cm-1 (v(OMo3)), 817 cm-1 (v(OMo2)) and 994 cm-1 (v(Mo=O)) in the entire 

temperature range of 150-600 °C. In a previous study from our laboratory, bulk carburized samples show 

MoO3 Raman spectra after passivation, even though invisible to laboratory XRD analysis.14 The observed 

MoO3 was proposed to be in form of an amorphous passivation layer formed before removal from the 

reactor. However, our latest in situ Raman spectroscopy results (see Figure 5.7) show that after the 

carburization of the catalyst, followed by passivation at room temperature, no MoO3 is formed. This can 

be explained by a report of Ovari et al.15, who observed that at room temperature O2 dissociates on the 

carbide surface but it does not oxidize. The passivated sample was then exposed to a reactivation 

treatment in an attempt to remove/re-carburize the oxygen/oxide surface layer (heated up to 600 °C at 

3 °C min-1 in 10 vol.-% CH4, 40 vol.-% H2, balance He, and held at 600 °C for 1 hour) and again spectra 

were collected at RT and no Raman bands were observed. No signal associated to carbon deposits was 

detected either. Subsequently, the reactivated sample was passivated as described above, exposed to an air 

atmosphere overnight at RT and again spectra were collected, first in an inert atmosphere followed by an 

air atmosphere. In the inert atmosphere, neither MoO3 nor MoO2 were observed. The measurement in air 

atmosphere clearly showed oxidation, confirming that a local energy input due to laser irradiation in the 

presence of oxygen is necessary for the oxygen to react with the surface carbon resulting in the oxidation 

of the carbide to MoO3 (bands at 817 and 991 cm-1). 
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Figure 5.6. In situ Raman spectra collected for [A] the carburization and [B] the calcination of MoxCy/SiO2. Conditions: T = 

600 °C, P = 1 atm, heating rate = 3 °C min-1. For the carburization a 10 vol.-% CH4, 40 vol.-% H2, balance He mixture was used 

at 60 L h-1 gcat
-1. 

 

Figure 5.7. In situ Raman spectra collected at room temperature for MoxCy/SiO2 with [A] after passivation treatment, [B] after 

reactivation treatment of passivated sample, and [C, D] after exposure of the passivated-reactivated-passivated sample to air at 

room temperature overnight, recorded in [C] helium and [D] air atmosphere. 
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Ex situ XAS anal sis was performed on bulk β-Mo2C samples, carburized at different temperatures. 

In addition, the samples were exposed to air with and without a prior passivation treatment to study phase 

stability under atmospheric conditions. To quantify the changes in the XANES region indicated by the red 

arrows (see Figure 5.8-A), the derivative of each spectrum was fitted by means of a linear combination of 

MoO3, MoO2 and β-Mo2C (see Table 5.2 and Figure G.1). Note that by means of XRD analysis (see 

Figure 5.8- ), the bulk carbides did not show an  traces of η-MoC0.59 or MoOxCy (see Table 5.2), 

although this does not necessarily exclude them to be present on the surface. At a carburization 

temperature of 600 °C, the efficiency of a passivation treatment is evidenced by the significant difference 

in MoO2 content (26.7 ± 0.7 wt.-% with passivation and 32.1 ± 0.8 wt.-% without passivation) suggesting 

a re-oxidation. XRD analysis of the non-passivated sample carburized at 600 °C indicates the presence of 

5 wt.-% MoO2 in the form of large crystallites (105.3 ± 9.8 nm). 

 

Figure 5.8. [A] Mo K-edge XANES region, shifted to 20,000 eV and [B] XRD patterns of bulk β-Mo2C samples carburized at 

different temperatures, exposed to air with (P) and without (NP) passivation treatment. The XAS references, MoO3, MoO2 and 

β-Mo2C, used for linear combination fitting are indicated in black.  

The large crystallites are potentially originating from sintering due to the strong exothermic 

re-oxidation reaction, leading to localized temperature spikes, when suddenly exposed to a high 

concentration of oxygen (see Figure 5.9-A), such as in air. It appears that O2 dissociation on the carbide 

surface without causing an oxidation of the Mo phase only proceeds when the oxidant is introduced at 

low concentrations at room temperature15 or lower, hence the passivation treatment of 1 vol.-% O2, 
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preventing bulk oxidation (see Figure 5.9-B). With increasing temperature of carburization, the content of 

MoO2 in the samples decreases, independent of a previous treatment, and the crystallite size of the carbide 

phase increases. While the latter is probably the effect of enhanced sintering during carburization, the 

former can be associated to the previously reported increase in carbon deposits creating a protective layer 

around a carbide core (see Figure 5.9-C). The MoO2 content is believed to be a residue from the synthesis 

rather than stem from the re-oxidation by air, possibly in form of a core, too small/thin for XRD to detect, 

surrounded by a thick carbide shell. 

Table 5.2. Phase composition via XANES linear combination fitting and XRD Rietveld analysis, including crystallite sizes, on 

bulk β-Mo2C carburized at different temperatures and exposed to air with (P) and without (NP) passivation treatment. 

Sample 

XANES XRD 

MoO2 β-Mo2C MoO2 β-Mo2C 

wt.-% 

(error) 

wt.-% 

(error) 

wt.-% 

(error) 

nm 

(error) 

wt.-% 

(error) 

nm 

(error) 

600 °C (P) 
26.7 

(0.7) 

73.3 

(1.0) 
- - 100.0 

7.5 

(0.1) 

600 °C (NP) 
32.1 

(0.8) 

67.9 

(1.0) 

5.7 

(0.2) 

105.3 

(9.8) 

94.3 

(0.2) 

7.3 

(0.1) 

650 °C (P) 
24.7 

(0.8) 

75.3 

(1.1) 
- - 100.0 

9.0 

(0.1) 

650 °C (NP) 
24.3 

(0.8) 

75.7 

(1.1) 
- - 100.0 

8.7 

(0.1) 

700 °C (P) 
16.9 

(0.5) 

83.1 

(0.8) 
- - 100.0 

13.8 

(0.6) 

700 °C (NP) 
18.7 

(0.6) 

81.3 

(0.9) 
- - 100.0 

14.3 

(0.7) 

750 °C (P) 
5.8 

(0.7) 

94.2 

(1.0) 
- - 100.0 

13.1 

(0.6) 

750 °C (NP) 
5.9 

(0.6) 

94.1 

(0.9) 
- - 100.0 

14.9 

(0.8) 



 

73 

 

 

Figure 5.9. Schematic representation of bulk Mo2C particles with a residual oxide core and different possible surface states and 

their effect on reactivity: [A] Bare carbide surface is partially re-oxidized, causing (and subsequently accelerated by) localized 

temperature spikes when exposed to high concentrations of oxygen such as in air. [B] O2 is dissociated on a bare carbide surface 

at low partial pressures of the oxidant, forming a passivating layer around the carbide particle. [C] Thick layer of carbon deposits 

around the carbide particle at higher carburization temperatures, protecting the carbide surface from reoxidation in air (compare 

case [A]). 

5.3 CO2-ODH catalytic performance 

The CO2-ODH catalytic performance of MoxCy/SiO2 is evaluated within a range of reaction temperatures. 

In addition, the effect of an O2 surface treatment on the catalytic performance is investigated. All 

experiments discussed in this section are conducted using an equimolar feed gas composition of CO2 and 

C2H6, diluted by 50 vol.-% Ar at a SV of 9.4 L h-1 gcat
-1. The samples were carburized at 700 °C. XRD 

analysis of the freshly prepared samples suggest that after carburizing at 600 °C, the sample contains 

21.4 wt.-% β-Mo2C and 78.6 wt.-  η-MoC0.59. The sample carburized at 700 °C shows a slight decrease 

in β-Mo2C content (14.4 wt.-%) however this is a negligible difference considering the Mo loading, the 

error of analysis and the similarity in the obtained patterns (see Figure 5.10). 

To determine the optimum reaction temperature for CO2-ODH over Mo-based catalysts, a sample 

containing 20 wt.-% loading of Mo on SiO2 support, carburized at 700 °C, was evaluated for its 

performance within a range of reaction temperatures (see Figure 5.11). Each temperature was kept under 

isothermal conditions for 12 hours, starting from 550 °C increasing to 750 °C, with a 50 °C step interval. 

After 12 hours at 750 °C, the temperature was returned to 650 °C for 6 hours before termination of the  
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Figure 5.10. XRD patterns of freshly carburized samples at 600 °C and 700 °C. 

reaction. Within each 12 hour holding step, catalyst deactivation is observed, which becomes more severe 

with an increase in temperature. At 550 °C, the ethane conversion (𝑋𝐶2𝐻6
) is ~1 %, which drops to ~0.6 % 

after 12 hours (-34.4 % decrease). Upon the increase to 600 °C, the conversion is enhanced to 2.4 % with 

a subsequent drop to 1.4 % after 12 hours (-41.7 % decrease). A further step increase in ethane conversion 

is observed upon reaching 650 °C, 700 °C as well as 750 °C, recording ethane conversions of 4.7 %, 

7.2 % and 16.3 %, respectively. After 12 hours time on stream (TOS), the 𝑋𝐶2𝐻6
 decreased by -44.7 %, 

-44.4 % and -10 %, to 2.6 %, 4.0 % and 14.8 %, respectively. Upon returning to 650 °C, the catalyst 

shows to have suffered significant deactivation, only achieving an ethane conversion of ~0.2 %, equal to a 

-96 % decrease when compared to the initial conversion recorded at 650 °C (4.7 %). 

In terms of CO2 conversion, a similar trend is observed (see Figure 5.12), showing an increase in 

conversion with increased reaction temperatures and deactivation in each isothermal period. The C2H6 to 

CO2 conversion ratio (𝑋𝐶2𝐻6
/𝑋𝐶𝑂2

) starts just below 1 at 550 °C, and increases to 1.4 at 750 °C, which 

can suggest a more dominant dehydrogenation pathway with the increase in reaction temperature (see 

Figure 5.12). Besides achieving and maintaining a decent conversion, the selectivity towards C2H4 (𝑆𝐶2𝐻4
) 

is another key factor to examine the performance of the catalyst for CO2-ODH. If the CO2-ODH 

mechanism is dominant, the maximum possible ethylene selectivity calculated based on carbonaceous 

products (C2H4, CO and CH4), is 67 C-% (indicated by the black line). MoxCy/SiO2 achieves an initial 

𝑆𝐶2𝐻4
 of 60 C-%. Within the 12 hour isothermal period, the selectivity increased to 67 C-%. Upon the 

temperature ramp to 600, 650 and 700 °C, the selectivity drops back to 60 C-% but then quickly recovers 

to 67 C-%. Only at 750 °C and upon the return to 650 °C, the ethylene production decreased without 

recovery. The CO selectivity varies between 40 and 33 C-% and only a negligible amount of CH4  
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Figure 5.11. C2H6 conversion, C2H4 selectivity and C2H4 yield, of MoxCy/SiO2 and MoxCy/SiO2-O2. Conditions: T = 550 °C 

(0-12 hours TOS), 600 °C (12-24 hours TOS), 650 °C (24-36 hours TOS), 700 °C (36-48 hours TOS), 750 °C (48-60 hours TOS) 

and 650 °C (60-66 hours TOS). P = 1 atm, SV = 9.4 L h-1 gcat
-1, C2H6:CO2:Ar = 1:1:2. Theoretical maximum C2H4 selectivity for 

CO2-ODH indicated by solid black line. 

is detected. An ethylene selectivity close to the theoretical maximum for CO2-ODH, suggests that all 

ethane converts into ethylene, which is confirmed by an ethylene yield (𝑌𝐶2𝐻4
) equal to 𝑋𝐶2𝐻6

. Although 

the selectivity data already clarifies that CO2-ODH is the most prominent reaction, the product ratios of 

C2H4, CO and H2 can possibly identify which side reactions occur simultaneously (see section 4.3.4). The 

𝑛̇𝐶2𝐻4
𝑛̇𝐶𝑂⁄  ratio is close to 1, slightly dropping at each temperature interval, before recovering back to 1 

(see Figure 5.12). An equal amount of C2H4 and CO produced is in line with the CO2-ODH reaction. The 

slight drop suggests a temporarily higher CO formation, which is either formed by DR or RWGS. For 

RWGS to occur, H2 needs to be produced either from DR or DH, with the latter causing the 𝑛̇𝐶2𝐻4
𝑛̇𝐶𝑂⁄  

ratio to be 1. Thus, a drop in 𝑛̇𝐶2𝐻4
𝑛̇𝐶𝑂⁄  is likely due to DR, unless any other side reactions occur, such as 

reverse Boudouard (see Figure 5.1). The 𝑛̇𝐻2
𝑛̇𝐶𝑂⁄  ratio is more specifically related to DR, which should 

be 0.75 (3/4), if only DR occurs. Nevertheless, CO2-ODH produces CO and DH produces H2. A dominant 

CO2-ODH reaction, with some minor DH, would cause values below 1 as well, further decreasing with 

the higher CO2-ODH activity. The RWGS reaction causes a decrease in the 𝑛̇𝐻2
𝑛̇𝐶𝑂⁄  ratio, no matter 

whether the H2 is sourced from DR or DH. The 𝑛̇𝐻2
𝑛̇𝐶𝑂⁄  is relatively stable within the 12 hour time 

period, suggesting the increased CO formation is equal to the increased H2 formation, which can suggest 

DR. Although, the ratio is initially well below 0.75, caused by the dominant CO2-ODH pathway. Upon 

increase in reaction temperature, 𝑛̇𝐻2
𝑛̇𝐶𝑂⁄  increases as well, which suggests an increased DH activity. 

The latter is also observed with the 𝑛̇𝐶2𝐻4
𝑛̇𝐻2

⁄ . When only DH would occur, 𝑛̇𝐶2𝐻4
𝑛̇𝐻2

⁄  is equal to 1 and 

there is no CO formation whatsoever from CO2-ODH, DR or RWGS. An increase in the 𝑛̇𝐶2𝐻4
𝑛̇𝐻2

⁄  ratio  
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Figure 5.12. CO2 conversion, CO selectivity, C2H6 to CO2 conversion ratio, C2H4 to CO product ratio, H2 to CO product ratio 

and C2H4 to H2 product ratio, of MoxCy/SiO2 and MoxCy/SiO2-O2. Conditions: T = 550 °C (0-12 hours TOS), 600 °C 

(12-24 hours TOS), 650 °C (24-36 hours TOS), 700 °C (36-48 hours TOS), 750 °C (48-60 hours TOS) and 650 °C (60-66 hours 

TOS). P = 1 atm, SV = 9.4 L h-1 gcat
-1, C2H6:CO2:Ar = 1:1:2. Theoretical maximum CO selectivity for CO2-ODH indicated by 

solid black line. 

suggest an increased C2H4 formation (CO2-ODH), or a decreased H2 formation (consumed by RWGS). 

DR would cause a sharp drop in the ratio, as it consumes C2H6 and converts it into H2. The 𝑛̇𝐶2𝐻4
𝑛̇𝐻2

⁄  

ratio starts off relatively high, and again showing a sharp drop upon increasing the temperature, slightly 

increasing within the 12 hours period. This suggest that upon the increase in reaction temperature, a short 

term increase in the occurrence of the DR pathway is observed. With further ramping temperature, the 

ratio remains lower, suggesting a more prominent DH activity. 

The same sample was carburized, but upon completion of the carburization treatment, the sample was 

exposed to a 1 vol.-% O2 in N2 mixture at room temperature for 30 minutes. On completion, the reactor 

was flushed with Ar and then re-heated to the reaction temperature to subsequently be exposed to the 

same CO2-ODH conditions (MoxCy/SiO2-O2, see Figure 5.11 and Figure 5.12). Overall, a similar trend 

can be observed between MoxCy/SiO2 and MoxCy/SiO2-O2, but the oxygen pre-treated sample shows 

slightly increased conversions, more prominently observed for 𝑋𝐶2𝐻6
, with a similar 𝑆𝐶2𝐻4

, thus 

           

            
 

 

  

  

  

  

 
 
 

 

  
 

 
 o

x
C
 
 SiO

 
 o

x
C
 
 SiO

 
 O

 

            
 

  

  

  

  

   

 
 
 
  
 
  

 

 ax S
CO

            
 

 

 

 

 

 
 

 
 

 

  
  

 
 

 

            
 

 

 

 

 

 
 
 

 
  
  

 

            
 

 

 

 

 
 

 
  
  

 

            
 

 

 

 

 

 
 
 

 
  
  

 



 

77 

 

increasing 𝑌𝐶2𝐻4
. An interesting observation is the significant improvement in catalyst stability at 600 °C, 

barely observing any deactivation for MoxCy/SiO2-O2. This effect is reversed at 650 °C, showing a much 

sharper decrease in conversion with TOS. The oxygen modification could possibly create more available 

oxygen surface species, increasing the C2H6 activation rate.16, 17 

The cause of catalyst deactivation can be determined as a combination of molybdenum oxidation and 

carbon deposition. Oxidation to MoO2 is observed for both samples (see Figure 5.13) and determined via 

Rietveld refinement18 to represent about 15 wt.-% of the various Mo phases available (see Table K.2). 

SiO2 has an amorphous structure and cannot be quantified by means of XRD. In addition, the presence of 

α-MoC1-x is of interest, but its occurrence will be discussed in more detail later in this section. 

 

Figure 5.13. XRD patterns of the spent catalysts MoxCy/SiO2 and MoxCy/SiO2-O2, after exposure to CO2-ODH conditions over a 

range of reaction temperatures. 

Raman spectroscopy confirmed the presence of amorphous or disordered carbon, shown by the two 

broad peaks obtained around 1350 and 1580 cm-1, designated as D- and G-band, respectively (see Figure 

5.14).19 Although Raman analysis does not quantify the amount of carbon deposited on the surface, the 

intensity ratio between the D- and G-band (ID/IG) as well as the full width at half maximum (FWHM) of 

the G-band is often used to identify the type of carbon deposited on the surface. Graphitic carbon will 

show a narrow G-band with a low ID/IG. Both samples almost have an identical intensity ratio and G-band 

width. The values are in close proximity to the values reported for glassy carbon.20 
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Figure 5.14. Raman spectra of the spent catalysts, MoxCy/SiO2 and MoxCy/SiO2-O2, after exposure to CO2-ODH conditions over 

a range of reaction temperatures. 

MoxCy/SiO2 was again exposed to three different reaction temperatures, 550 °C, 650 °C and 750 °C, 

but now in three individual experiments, each for 24 hours TOS (see Figure 5.15 and Figure B.1). The 

individual experiments allow for a more accurate study of the initial activity observed at each temperature 

range, without prior surface/bulk modifications. At 550 °C, the initial ethane conversion at 1 hour TOS is 

3.7 %. At 650 °C and 750 °C, the initial conversion is significantly higher, recording 12.1 % and 21.0 %, 

respectively. The catalyst deactivates withing the first 9-12 hours TOS after which it stabilizes. The jump 

in conversion at 750 °C observed, in both experiments, can be explained by the appearance of thermally 

activated C2H6
21 and CO2 reacting with solid C from the MoxCy structure.22 The 𝑆𝐶2𝐻4

 for all reaction 

temperatures is close to 67 C-%, suggesting that the dominant reaction pathway is CO2-ODH. At 750 °C, 

a lower 𝑛̇𝐶2𝐻4
𝑛̇𝐻2

⁄  ratio is observed. Together with a conversion ratio above one, and a 𝑛̇𝐶2𝐻4
𝑛̇𝐶𝑂⁄  ratio 

close to 1, an increased H2 formation from DR or DH is unlikely, however increased C2H6/C2H4 cracking 

(to solid C and H2) is likely to occur at those temperatures. 

The highest degree of oxidation (to MoO2) is observed at a reaction temperature of 550 °C, 

determined via XRD analysis of the spent sample (see Figure 5.16 and Table K.2). The spent samples are 

further analysed by means of XANES (see Table 5.3). The slight discrepancies in the phase composition 

between the XRD and XANES data can be explained by the use of bulk references for the purpose of 

linear combination fitting of the supported samples. This is mainly observed in the quality of fit (Figure 

G.2). Nevertheless, the same trend is observed, showing a decrease in MoO2 content with an increase in 

reaction temperature. This suggests, as discussed during the earlier presented thermodynamic analysis 

(see section 5.1), that (re-)carburization of the oxide phase can occur at higher reaction temperatures. This 

can also explain the presence of α-MoC1-x in the spent samples after ODH at 650 °C and 750 °C, but not 
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observed for ODH at 550 °C. C2H6 has previously been reported as an alternative carbon source for the 

carburization process12, forming α-MoC1-x.23, possibly via an oxycarbide intermediate (MoOxCy).24 The 

MoOxCy phase has previously been suggested to be the active phase in CO2-ODH for C-H bond 

cleavage.25 Other studies have reported the formation of molybdenum oxyhydride (MoOxHy), which 

cannot be excluded, but the likeliness of its formation post reaction is minimal as supported by a study 

from Bouchy et al.26 where the oxyhydride was formed upon reduction of MoO3 in pure hydrogen at 

350 °C for 24 h. This resulted in only a fraction of the sample to form MoOxHy, balanced by MoO2. In the 

CO2-ODH reaction, a carbon source is present at all times (C2H6, C2H4, CH4 or C*), thus the formation of 

MoOxCy is more likely. 

 

Figure 5.15. C2H6 conversion, C2H4 selectivity and C2H4 yield, of MoxCy/SiO2. Conditions: T = 550 °C, 650 °C or 700 °C, P = 

1 atm, SV = 9.4 L h-1 gcat
-1, C2H6:CO2:Ar = 1:1:2. Theoretical maximum C2H4 selectivity for CO2-ODH indicated by solid black 

line. 

 

Figure 5.16. XRD patterns of the spent catalysts after exposure to CO2-ODH conditions at 550 °C, 650 °C and 750 °C. 
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Table 5.3. Phase composition obtained via XANES linear combination fitting of a freshly carburized MoxCy/SiO2 at 700 °C, and 

exposed to CO2-ODH conditions at 550 °C, 650 °C and 750 °C. 

Sample 

β-Mo2C 

wt.-% 

(error) 

MoO2  

wt.-% 

(error) 

MoO3  

wt.-% 

(error) 

Fresh 
46.8 

(1.3) 
- 

53.2 

(2.6) 

ODH 550 °C 
62.9 

(0.8) 

13.8 

(1.5) 

23.3 

(1.7) 

ODH 650 °C 
74.3 

(1.1) 

5.2 

(2.1) 

20.5 

(2.4) 

ODH 750 °C 
82.1 

(1.1) 
- 

17.9 

(2.3) 

Raman analysis confirms the presence of carbon on all three samples. The increase in temperature 

seems to slightly increase the ID/IG and decrease the G-band width. Although this does not mean a drastic 

change in the type of carbon present, it does suggest an increased disorder of the carbon species upon 

higher reactor temperatures.25 

 

Figure 5.17. Raman spectra of the spent MoxCy/SiO2 after exposure to CO2-ODH conditions at 550, 650 and 750 °C. 

5.4 Concluding remarks 

The thermodynamic analysis of the endothermic CO2-ODH system concludes that under the proposed 

reaction conditions (600 °C), side reactions such as the dry-reforming of ethane as well as the direct 

dehydrogenation reaction are thermodynamically favoured over the ODH reaction. At lower 

temperatures, the methane or carbon formation routes are significantly more feasible and at higher 

temperature the syngas formation routes are dominant. The CO2-ODH equilibrium conversion can be 

pushed via dilution of the feed mixture or with an increased CO2 content in the feed mixture. Gibbs free 
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energy minimization of the entire system concluded that both C2H4 and C2H6 are not stable in the 

evaluated temperature range. Only upon omitting CH4 and solid carbon in the system, a slight increase in 

C2H4 concentration can be observed above 600 °C, formed via the direct dehydrogenation pathway. 

Oxidation of Mo2C to MoOx is thermodynamically not favoured at 600 °C, thus catalyst deactivation 

through oxidation is predominantly driven by kinetics. In the absence of C2H6 in the feed, Mo2C and 

MoOx are predicted to co-exist at 600 °C. 

In situ XRD analysis confirmed that the carburization of AHM/SiO2 to MoxCy/SiO2 proceeds via the 

decomposition of the AHM to hP-MoO3 and eventually oP-MoO3, followed by the reduction to MoO2 

and finally carburization to a mixture of β-Mo2C and η-MoC0.59. In situ Raman analysis suggests that the 

carburization process of the surface of the nanoparticles occurs at temperatures as low as 350 °C. 

Additionally, the freshly carburized surface dissociates O2 on the surface when exposed to low 

concentrations (1 vol.-%) and at room temperature. An increase in O2 concentration or exposure to higher 

temperatures can cause a violent re-oxidation to MoO2. 

The CO2-ODH performance of MoxCy/SiO2 was evaluated within a range of reaction temperatures. 

An increase in the reaction temperature shows an increase in the conversion of C2H6 and CO2, however a 

more rapid catalyst deactivation with time on stream is observed. At higher reaction temperatures, the 

oxidation of the carbide to MoO2 is limited, most likely due to the re-carburization of MoOxCy or MoOx 

by C2H6 as thermodynamically predicted. An oxygen treatment at room temperature prior to the reaction 

has caused the catalyst to have a higher initial activity, likely due to the available oxygen surface species. 

However, the oxygen surface species also a caused a more severe catalyst deactivation, possible due to 

higher amount of carbon deposits either from ethylene decomposition or the re-carburization reaction. At 

750 °C, the conversion showed a sharp increase in both C2H6 and CO2 conversion, suggesting an 

increased thermal activation of both reactants. The CO2-ODH reaction is the most dominant reaction 

pathway occurring at all reaction temperatures tested. The initial higher activity is in parallel to a slightly 

increased DR presence, but the C2H4 selectivity remains above 60 C-%. 
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6 Supported MoxCy via different synthesis techniques 

In this chapter the thermodynamic analysis discussed in Chapter 5 was extended by exploring the reverse 

water-gas-shift reaction and its major side reaction, the methanation of CO2, focusing on the equilibrium 

conversion and the entire system. Experimentally, the synthesis and characterization of SiO2 or SBA-15 

supported MoxCy nanoparticles, by means of three different synthesis techniques (wet impregnation, 

hybrid nano-crystals and sol-gel) is investigated. The effect of synthesis technique on the carburization 

process, the final carbide composition as well as their catalytic performance in CO2 activation in the 

absence and presence of C2H6 or H2 is discussed. 

A section of the results reported in this chapter are part of research articles published as: W. 

Marquart, S. Raseale, G. Prieto, A. Zimina, B. B. Sarma, J.-D. Grunwaldt, M. Claeys, N. Fischer, ACS 

Catalysis 2021, 11, 1624-1639, and: W. Marquart, M. Claeys, N. Fischer, Faraday Discussions 2021, 

230, 68-86. 

6.1 Thermodynamic analysis of the RWGS reaction 

In section 5.1, a comprehensive thermodynamic analysis of the CO2-ODH system is discussed. In this 

chapter, the thermodynamic analysis is extended by focusing on the reverse water-gas-shift reaction. The 

reverse water-gas-shift reaction is often suggested to be part of the CO2-ODH mechanism, where CO2 

reacts with H2 produced from the direct dehydrogenation of ethane. CO2 methanation (MCO2) is a 

prominent side reaction and is thus included in the thermodynamic evaluation. 

 

Figure 6.1. Effect of feed ratio (H2 to CO2) and temperature on the equilibrium conversion of the reverse water-gas-shift 

(RWGS) reaction and the methanation of CO2 (MCO2), at 1 bar pressure. Thermodynamic parameters are from Knacke et al.1. 
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In order to understand which process conditions are required to achieve the maximum possible CO2 

conversion in the RWGS and CO2 methanation, the thermodynamic equilibrium conversion is computed 

as a function of temperature and feed ratio. It is confirmed that higher temperatures and H2 to CO2 ratios 

yield higher CO2 conversion in the RWGS (see Figure 6.1). However, a higher H2 to CO2 ratio also 

favours the CH4 formation due to the increase in equilibrium conversion for the methanation reaction. The 

methanation of CO2 is an exothermic reaction, thus an increase in temperatures decreases the equilibrium 

conversion. 

 

Figure 6.2. Product equilibrium of the RWGS system as a function of temperature at a H2 to CO2 feed ratio of 1 [A, B], 2.5 [C], 

or 5.0 [D], with [A, C, D] all compounds considered, and [B] carbon formation neglected. Compound specific thermodynamic 

data from Knacke et al.1. 

When minimalizing the Gibbs free energy of the RWGS system as a function of temperature, the 

following compounds are considered calculating the product equilibrium: CO2(g), CO(g), H2O(g), H2(g), 

CH4(g) and C(s). At a stoichiometric feed ratio (H2:CO2) of 1 and 1 bar pressure (see Figure 6.2-A), the 

thermodynamic analysis suggests that at lower temperatures (below 400 °C) the reduction of CO2 to H2O 

and solid carbon (assumed as graphite) is the most favourable reaction. Simultaneously, at 400 °C the 

methanation reaction is predicted to reach its maximum. CO starts to form as the CH4, C and H2O 

concentrations drop, surpassing CH4 concentrations at 530 °C. Above 750 °C a H2O to CO product ratio 

of 1 is observed, the desired product ratio for stoichiometric RWGS. When all coke forming pathways are 
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neglected, the methanation contribution increases significantly, being the dominant carbon containing 

product below 450 °C (see Figure 6.2-B). Increasing the H2 to CO2 ratio to 2.5 (see Figure 6.2-C) or 5 

(see Figure 6.2-D) suppresses carbon formation at lower temperatures, increasing the formation to 

methane and water. 

6.2 Catalyst characterizaton: effect of synthesis techniques 

6.2.1. Hybrid nano-crystal technique 

The hybrid nano-crystal (HNC) technique was used to prepare MoxCy nanoparticles supported on 

SiO2 or SBA-15. In short, the synthesis technique allows for the formation of mono-dispersed Mo-based 

inorganic-organic HNCs made of Mo8O26
4- as the inorganic core and long-chain quaternary ammonium 

cations as the organic shell.2, 3 Upon dispersion in ethanol, followed by drying for TEM analysis purposes, 

a lamellar mesostructure is obtained (see Figure 6.3-A, B). The HNCs were supported on SiO2 or SBA-15 

via dispersion in deionized water and a hydrothermal deposition treatment in an autoclave. The dispersed 

supported HNCs were dried and subsequently calcined at 400 °C for 5 hours (see section 4.1.3). Although 

a lot smaller in size, TEM micrographs of the supported MoO3 on SBA-15 reveal the presence of similar 

lamellar mesostructures as observed before calcination (see Figure 6.3-C, D). XRD analysis confirms the 

formation of oP-MoO3 with an average crystallite size of 55.3±1.4 nm (see Figure D.1). 

 

Figure 6.3. TEM micrographs of [A, B] freshly prepared hybrid nano-crystals and [C, D] MoO3 supported on SBA-15 prepared 

via HNC synthesis route. 
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The carburization of MoxCy/SBA-15-HNC at 600 °C was monitored by means of in situ XRD and 

TGA analysis. According to the XRD patterns and the corresponding Rietveld refinement analysis results 

(see Figure 6.4-A, B, D), the reduction of oP-MoO3 to MoO2 is first observed at 400 °C, becoming the 

dominant phase at 491 °C. Simultaneously, the average crystallite size is slightly reduced. First signs of 

η-MoC0.59 can be observed by a broad reflex at 580 °C, followed b  β-Mo2C at 600 °C. After 5 minutes at 

600 °C the MoO2 reflections disappear completely. TGA analysis (see Figure 6.4-C) shows four 

significant weight losses, with the first as a small broad event at 250 °C. This observation is in contrast 

with the first detection of oxide reduction at 400 °C by XRD, but it can be rationalized by an incomplete 

calcination process from AHM to oP-MoO3 prior to TGA analysis, which is also shown by the continuous 

loss of mass from the beginning of the experiment (around 5 wt.-% in total). This is followed by a large 

and prolonged drop in mass which is associated to the reduction of oP-MoO3 to MoO2 starting at 407 °C 

with a maximum at 467 °C. At around 567 °C, the mass loss observed is linked to the formation of the 

carbide. The carburization process lasts for at least 2.5 hours, after which no further change in weight is 

observed. 

 

Figure 6.4. Carburization process of MoxCy/SBA-15-HNC as function of temperature, with [A] top view of in situ XRD patterns, 

[B] corresponding Rietveld refinement analysis with phase composition and [D] particle size and [C] TGA analysis with TG 

curve (red dashed line) and differential thermal analysis (DTA) signal (grey solid line). Conditions: Tfinal = 600 °C, P = 1 atm, 

heating rate = 1 °C min-1, holding time = 5 hours. 
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TGA results captured during the carburization of bulk MoO3 (see Figure C.2) show no weight loss 

until 450 °C. Upon the formation of the carbide in the bulk sample, the measured weight loss is briefly 

higher than expected for a full conversion to the carbide. This could be explained by a partial reduction of 

MoO2 to MoO2-x prior to the incorporation of carbon in the structure. In the supported sample this 

behaviour could not be resolved possibly due to the lower Mo concentration in the sample. However, the 

carbide formation for the supported sample appears to be more facile at 600 °C, whereas the bulk sample 

only fully carburized at 650 °C. 

6.2.2. Sol-Gel technique 

The third technique used to prepare MoxCy nanoparticles was the Sol-Gel method, adapted from the 

reports by Umbarkar et al.4 and Amrute et al.5. Upon calcination of the greenish precipitate at 500 °C for 

10 hours (see section 4.1.2 for more details on the synthesis method), oP-MoO3 supported on SiO2 was 

achieved as confirmed by means of XRD analysis (see Figure D.1). Similar to MoO3/SBA-15-HNC, the 

average crystallite size of oP-MoO3 is refined to 48.3±1.5 nm. The presence of large, agglomerated 

particles of MoO3 on the SiO2 support is observed in the TEM micrographs (see Figure 6.5). 

 

Figure 6.5. TEM micrographs of MoO3 supported on SiO2 prepared via the sol-gel method. 

The carburization process to obtain MoxCy/SiO2-SG was also followed by means of in situ XRD and a 

similar behaviour to MoxCy/SBA-15-HNC can be observed (see Figure 6.6). oP-MoO3 starts reducing at 

400 °C as can be seen by the appearance of the three major reflexes for MoO2, at 0.3, 0.42 and 0.58   Å. 

MoO3 is then fully reduced by 498 °C, with MoO2 becoming the only visible phase present. First reflexes 

showing the formation of MoxCy (η-MoC0.59 and or β-Mo2C), between 0.4 and 0.45   Å, are observed at 

600 °C. 
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Figure 6.6. Carburization process of MoxCy/SiO2-SG as function of temperature, with [A] top view of in situ XRD patterns [B] 

XRD patterns obtained at 50 °C, 550 °C and 600 °C. 

6.2.3. Characterization of activated catalysts: effect of synthesis techniques 

Based on the results obtained by studying the carburization process of MoxCy/SiO2(-WI), in section 5.2, 

and the results discussed in section 6.2.1, for MoxCy/SBA-15-HNC, and 6.2.2, for MoxCy/SiO2-SG, all 

samples evaluated for their catalytic performance in both RWGS as well as CO2-ODH, were carburized at 

600 °C for 5 hours with a ramp rate of 1 °C min-1 to maintain consistency. In addition to the 

above-mentioned samples, MoxCy/SiO2-HNC as well as MoxCy/SBA-15-WI are prepared via the HNC 

and WI method, respectively. Although XRD analysis confirmed the presence of a carbide phase in all 

samples, the different synthesis techniques yielded variations in the compositions of the carbides, 

determined via Rietveld refinement (see Table 6.1 and Figure 6.7).  

 

Figure 6.7. XRD patterns of the freshly carburized samples at 600 °C. 
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Table 6.1. Phase composition and crystallite sizes determined via XRD Rietveld analysis of the freshly carburized catalysts. 

The refinements of MoxCy/SBA-15-HNC and MoxCy/SiO2-SG suggest the presence of a different 

phase than β-Mo2C, as was observed by in situ XRD (see Figure D.3). The reflections at 0.41 and 

0.48 1/Å can either be related to a cubic MoOxCy phase or α-MoC1-x.6, 7 The latter phase was observed in 

the CO2-ODH spent samples in section 5.3 due to re-carburization of the oxidized sample in the ethane 

atmosphere at higher reaction temperatures (650 and 750 °C).  reshl  prepared α-MoC1-x is usually 

synthesized by carburization of Mo2N8 or when promoted with platinum9, we therefore suggest that the 

observed phase in these freshly prepared samples is more likely MoOxCy, indicating the presence of an 

intermediate phase between the reduction and carburization step.10 β-Mo2C is observed when the same 

samples are carburized at higher temperatures (see Figure D.4). However, higher temperatures also 

increase carbon deposition, which in turn blocks the catalytically active sites. Thus, these carbide 

composition discrepancies between in situ XRD and reactor carburization could be associated to 

variations in the heating system and gas flow patterns resulting from the differences between the 

dedicated fixed bed reactor and the XRK900 reactor chamber and reaffirm the sensitivity of the physical 

properties of MoxCy on the carburization process and fluid dynamics, specifically at smaller particle sizes. 

In this work, molybdenum oxycarbide is described as cubic structure (space group: Fm-3m) with a 

stoichiometry of MoOC, as the MoOxCy phase (PDF 00-017-0104) is insufficiently described in literature 

and no pure phase was available prohibiting the use of alternative Rietveld refinement strategies such as 

PONKCS.11 Besides β-Mo2C or MoOxCy, all samples co-exist with a second carbide phase, (hexagonal) 

η-MoC0.59, with an increased C/Mo ratio. The average cr stallite size of the η-carbide for all samples is 

smaller than for β-Mo2C or MoOxCy (see Table 6.1), suggesting a size dependent effect with the smaller 

particles to be more sensitive to form the over-carburized η-phase.12 Carbon deposition during the 

carburization reaction is one of the major challenges while producing transition metal carbides, due to the 

decomposition of the carbonaceous source, in this case CH4. 

Sample 

β-Mo2C η-MoC0.59 α-MoC1-x / MoOxCy 

wt.-% 

(error) 

nm 

(error) 

wt.-% 

(error) 

nm 

(error) 

wt.-% 

(error) 

nm 

(error) 

MoxCy/SiO2-WI 
21.4 

(2.7) 

4.9 

(0.8) 

78.6 

(2.7) 

3.3 

(0.2) 
- - 

MoxCy/SBA-15-WI 
19.4 

(2.9) 

9.2 

(2.0) 

80.6 

(2.9) 

4.6 

(0.4) 
- - 

MoxCy/SBA-15-HNC - - 
45.5 

(4.6) 

3.4 

(0.5) 

54.5 

(4.6) 

4.0 

(0.4) 

MoxCy/SiO2-HNC 
37.5 

(1.9) 

6.3 

(0.4) 

62.5 

(1.9) 

3.4 

(0.2) 
- - 

MoxCy/SiO2-SG - - 
55.8 

(4.3) 

4.4 

(0.5) 

44.2 

(4.3) 

5.7 

(0.8) 
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By means of TEM analysis it was confirmed that the carbide particles are evenly distributed over the 

SiO2 support and no large variations in terms of particle size are observed. Due to the low contrast 

between the small carbide particles and the support, a reliable particle size distribution could not be 

extracted (see Figure 6.8) but the sizes measured are in line with the data obtained from ex situ XRD. No 

sign of excessive carbon formation is observed. 

 

Figure 6.8. TEM micrographs of the freshly carburized samples at 600 °C. No micrographs available for MoxCy/SiO2-HNC. 

SEM-EDS mapping confirms a homogenous distribution of the molybdenum over the support 

material for all samples, with minimum agglomeration of particles observed (see Figure 6.9). 

Raman spectroscopy was employed to further probe the presence of carbonaceous deposits analysing 

multiple areas of each sample (see Figure 6.10). MoxCy/SiO2-WI is the only sample which showed some 

degree of carbon deposits identified by the D-band at 1350 cm-1 and the G-band at 1580 cm-1. These 

deposits are however not found throughout the sample. 

BET analysis on all samples shows slight variations between the samples (see Table K.1). A drop in 

surface area is observed for MoxCy/SiO2-WI, compared to the surface area of AEROSIL® 200. 

Impregnation of an AHM solution onto non-porous SiO2 does not seem to affect the support structure and 

the drop in surface area can thus be explained by carbon deposition during the carburization treatment. 

The samples supported on SBA-15 show a significant drop in surface area compared to the support 

material, SBA-15, alone. Prior to carburization, the average crystallite size of MoO3/SBA-15-HNC is 

about 55 nm. The MoO3 particles are thus located outside the pore structure, blocking pores, resulting in 
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the observed increase in average pore width (from 4.1 to 8.5 nm) and decrease in pore volume (from 0.68 

to 0.47 cm3 g-1) and BET surface area (from 825 to 209 m2 g-1). Carburization of the oxide particles to 

molybdenum carbide does not change the pore width significantly and the further decrease in BET 

surface area (147 m2 g-1) can be rationalized by the average crystallite size of MoxCy/SBA-15-HNC 

(3.7 nm), which is close to the average pore diameter of the freshly prepared SBA-15 (4.1 nm), and thus 

likely causing further pore blockage. For MoxCy/SBA-15-WI, the pore width did not increase much, 

however a drop in pore volume is the main cause for the loss of surface area. This can either be caused by 

the filling of the pores by the carbide particles or due to pore breakup of the support occurring during the 

robust carburization treatment. The surface area of the SiO2 structure for MoxCy/SiO2-SG was not 

determined, however, it was previously confirmed that upon a 20 wt.-% Mo loading, the BET surface area 

drops from 450 to 86 m2/g.5 

 

Figure 6.9. SEM-EDS micrographs and elemental mapping of the freshly carburized samples at 600 °C. No micrographs 

available for MoxCy/SBA-15-WI. 
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Figure 6.10. Raman spectra of freshly carburized samples at 600 °C. 

6.3 CO2 activation: effect of synthesis technique 

The activation of thermodynamically stable CO2 is the key step in the CO2-ODH reaction. The formation 

of CO as function of temperature was used as probing reaction in the present study, both using a 

fixed-bed reactor set-up and in situ XAS. In the reactor studies, CO formation is first observed in the 

temperature range between 230 °C and 330 °C independent of the synthesis route (see Figure 6.11-A). At 

higher temperatures, between 530 °C and 580 °C, the CO formation rate increases significantly, reaching 

a maximum concentration of CO in the reactor outlet gas between 610 °C and 650 °C. Normalization of 

the CO yield to the Mo content (see Table K.8) shows that MoxCy/SiO2-WI shows the highest yield of CO 

at 645 °C. MoxCy/SiO2-SG, MoxCy/SiO2-HNC and MoxCy/SBA-15-WI reach the peak formation rate at 

significantly lower temperatures (620 °C vs. 645 °C) suggesting a higher intrinsic activity or rather a 

higher affinity for re-oxidation. No correlation can be observed between the average mass specific Mo 

surface area of all five freshly carburized samples (Table K.8) and the observed CO yield. During the 

reaction, all five supported samples show oxidation to MoO2 (see Figure 6.12) with an increased average 

crystallite size of 17.1 to 29.5 nm (see Table K.3), leading to a significant decrease in the average mass 

specific Mo surface area. MoxCy/SBA-15-WI contains some leftover η-MoC0.59, which is likely due to 

higher Mo content in the sample and the larger crystallite sizes observed in the freshly carburized sample 

(see Table 6.1). 
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Figure 6.11. Temperature programmed CO2 activation, with [A] CO yield normalized to mass of Mo content in the catalyst and 

[B] TP-CO2 activation over bulk β-Mo2C. Conditions: heating rate from RT to 700 °C at 1 °C min-1 in 1 vol.-% CO2/N2 with a 

SV of 60 L h-1 gcat
-1 at a pressure of 1 atm. 

Two main pathways can lead to the formation of CO. Option 1: CO2 dissociates on the catalyst 

surface to CO and surface oxygen species, leading to the possible formation of Molybdenum oxycarbide 

(MoOxCy) on the surface and eventually bulk oxide. Option 2: via the reverse Boudouard reaction, 

removing carbon either from earlier deposited surface carbon or from the carbide. To understand which 

pathway is preferred, a similar CO2 activation experiment is performed on bulk β-Mo2C as higher 

quantities of CO are formed thus limiting uncertainties in data acquisition (see Figure 6.11-B). Surface 

activation of CO2 will lead to an equal amount of CO formed compared to CO2 reacted while the removal 

of carbon via the reverse Boudouard reaction yields two moles of CO per mole of CO2 reacted. Since 

there were no other products observed, it is possible to assign all CO2 reacted to CO formed. At 

temperatures below 530 °C, the molar rate of CO formed, and CO2 reacted is equal, which suggests the 

CO2 surface activation pathway to be dominant. At higher temperatures, the molar rate of CO formed is 

larger than CO2 reacted, but the ratio is lower than 2. This could suggest that initially, due to CO2 

dissociation on the surface, oxygen species on the carbide surface are formed potentially leading to an 

oxycarbide like structure and subsequently, at temperatures above 530 °C, the surface oxygen species 

react with the carbon species from the carbide structure, liberating CO and forming MoO2 (see Figure 

6.12). The observed drop in CO formation at around 680 °C and the remaining carbide in the bulk sample, 

suggest that CO2 dissociation is happening on the top surface layer(s) only and once these layers are 

oxidized, the catalyst becomes inactive for CO2 activation. The incomplete oxidation of the bulk sample 

is likely due to the larger crystallite size resulting in a dense oxide layer protecting an inner carbide core. 
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Figure 6.12. XRD patterns of the spent TP-CO2 activation catalysts. 

In situ XAS experiments were performed on three out of the five supported samples: MoxCy/SiO2-WI 

(see Figure 6.13), MoxCy/SBA-15-HNC (see Figure 6.15) and MoxCy/SiO2-SG (see Figure 6.16). Each 

sample was exposed to an in situ carburization treatment followed by a temperature programmed reaction 

in 1 % CO2/He. It must be highlighted that the carburization and CO2 temperature programmed activation 

conditions vary from the earlier described synthesis and reactor studies. Under carburization conditions, 

the temperature was ramped to 380 °C (10 °C min-1), followed by a further ramp to 650 °C (2 °C min-1) 

holding at 650 °C of 2.5 hours. During exposure to CO2, the temperature was ramped to 330 °C 

(10 °C min-1) followed by a ramp to 740 °C (5 °C min-1) holding at 740 °C for 1 hour. XAS 

measurements were taken at room temperature before (referred to as RT-1) and after the two different 

treatments, and XANES measurements were recorded throughout the temperature ramping. The in situ 

XANES spectra of MoxCy/SiO2-WI are presented by a top view plot (see Figure 6.13-A, B) accompanied 

by the linear combination fitting results of the different Mo-phases (see Figure 6.13-C, D). Unlike the in 

situ XRD results (see Figure 5.5), but similar to the in situ Raman observations (see Figure 5.6), no clear 

MoO3 spectra is observed during the decomposition of the molybdate precursor in the presence of the 

carburization gas mixture (see Figure 6.14). This can be explained by the differences in temperature ramp 

rate between XRD (1 °C min-1), Raman (3 °C min-1) and XAS (10 °C min-1) and sample presentation. 

Note that small differences in signal intensity in the spectra, between RT-1 and MoO2 can be observed 

(indicated by the arrow in Figure 6.13-A). Due to the unavailability of further reference materials, RT-1 

was used as reference for the molybdate in the XANES LCF. 
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Figure 6.13. In situ XANES spectra on MoxCy/SiO2-WI with [A] carburization treatment and [B] TP-CO2 activation and their 

corresponding LCF results in [C] and [D], respectively. For detailed experimental conditions, see section 4.2.14. 

 

Figure 6.14. Normalized in situ XANES spectra of the Mo K edge, of MoxCy/SiO2-WI during carburization from 390 to 470 °C. 

At 450 °C a phase change from the molybdate to MoO2 is observed (see Figure 6.13-A, C). Linear 

combination fitting results suggest that the carburization of the formed oxide phase starts almost 

simultaneously, indicating a much lower carburization onset temperature than observed by XRD, but 

supporting the earlier described in situ Raman observations. The maximum MoO2 content in the sample 

was observed to be about 50 wt.-%. At 520 °C the carbide phase becomes the dominant phase, reaching a 
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95 wt.-% carbide content at 550 °C. No significant change in the Mo-phase composition is observed 

during the 2.5-hour isothermal conditions at 650 °C. 

The in situ XANES carburization of MoxCy/SBA-15-HNC displays two significant phase changes 

from MoO3 to MoO2 to Mo2C (see Figure 6.15-A, C). The reduction of MoO3 to MoO2 starts at 460 °C. 

The formation of the carbide again appears to start simultaneously. The maximum MoO2 content reached 

is 42 wt.-% at 500 °C, with the carbide becoming the dominant phase at 510 °C. The final carbide content 

of 88 wt.-% is observed after about 30 minutes holding at 650 °C, with the remainder being mainly 

MoO3. 

 

Figure 6.15. In situ XANES spectra on MoxCy/SBA-15-HNC with [A] carburization treatment and [B] TP-CO2 activation and 

their corresponding LCF results in [C] and [D], respectively. For detailed experimental conditions, see section 4.2.14. 

MoxCy/SiO2-SG, also starting from the MoO3 phase, shows a similar behaviour during carburization 

(see Figure 6.16-A, C) with the reduction of MoO3 starting at 410 °C and simultaneously forming the 

carbide phase. The maximum MoO2 content was observed at 470 °C (51 wt.-%) with the carbide phase 

becoming dominant at 500 °C. The final carbide composition is estimated at 94 wt.-%, mainly balanced 

by MoO3. The observed differences in onset temperatures between the three samples (SG < WI < HNC) 
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are clearly evidencing a dependency of synthesis route and/or type of support material, during the early 

stages of the carburization process. 

The compositions obtained from LCF of the XANES spectra collected at room temperature, after the 

carburization treatment, are in line with the above observations (see Table 6.2 and Figure G.3). The slight 

discrepancy between the fitting results of the RT spectra and in situ spectra can be rationalized by the 

noise induced at high temperatures but are within the usual LCF error (±10 wt.-%). These compositions 

cannot be directly compared to the samples prepared inside the reactor, due to different carburization 

protocols with the higher ramp rate to be most likely the main cause for the leftover oxidic species. 

 

Figure 6.16. In situ XANES spectra on MoxCy/SiO2-SG with [A] carburization treatment and [B] TP-CO2 activation and their 

corresponding LCF results in [C] and [D], respectively. For detailed experimental conditions, see section 4.2.14. 

EXAFS analysis was performed to further investigate the different Mo oxide/carbide allotropes 

present in the samples as the normalized     S spectra do not show clear differences between β-Mo2C 

and α-MoC1-x (no reference materials available for η-MoC0.59 and MoOxCy). In k-space, small but clearly 

visible features can be identified, distinguishing the two carbide phases (indicated by arrows in Figure 

6.17-A). These observations confirm that no alpha-carbide phase is present. In R-space, the first and 

second shell, Mo-C and Mo-Mo, are indistinguishable between the alpha and beta carbide phase and each 
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sample can be fitted with a crystal structure corresponding to the beta-carbide phase. The only difference 

observed is between  .  and  .  Å (see Figure 6.17-B). All fits and corresponding fit parameters can be 

found in Figure G.4 and Table K.7). During the temperature programmed reaction with CO2 over the 

freshly carburized samples, one significant step change in the XANES spectra is observed for all samples 

(see Figure 6.13-B for MoxCy/SiO2-WI, Figure 6.15-B for MoxCy/SBA-15-HNC and Figure 6.16-B for 

MoxCy/SiO2-SG). LCFs of the in situ XANES spectra show that the oxidation onset temperature of MoxCy 

to MoO2 (and MoO3) is between 630 and 650 °C. These results confirm the observations made during the 

reactor studies, despite the difference in temperature ramp rate. This strengthens the previously proposed 

CO2 activation mechanism. Contrary to the XRD analysis after the reactor studies, the LCF results of the 

XAS spectra after CO2 activation (see Table 6.2) indicate that the carbide does not only oxidize to MoO2, 

but also to MoO3. It is thus suggested that the crystallinity of MoO3 is insufficient to be observed by 

XRD, e.g., that amorphous MoO3 is formed, or it is located at the surface of the particles. A study 

presented by Solymosi et al.13 confirms the possible (surface) oxidation of Mo2C to MoO3 in the presence 

of CO2 by means of XPS analysis. MoO3 is reported as the dominant species at reaction temperatures of 

800 °C. 

 

Figure 6.17. k3-weigthed Mo K edge EXAFS spectra of MoxCy/SiO2-WI, MoxCy/SBA-15-HNC, MoxCy/SiO2-WI, 

β-Mo2C-reference and α-MoC1-x-reference in [A] k-space and [B] R-space. 
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Table 6.2. Overview of phase quantification of the XANES spectra via linear combination fitting, measured at room temperature 

after carburization and after TP-CO2 activation. 

Sample 

MoO3 MoO2 β-Mo2C 

wt.-% 

(error) 

wt.-% 

(error) 

wt.-% 

(error) 

MoxCy/SiO2-WI    

Fresh 
5.9 

(0.8) 

0.0 

(0.9) 

94.1 

(1.1) 

TP-CO2 
34.9 

(1.0) 

49.1 

(1.2) 

16.0 

(1.5) 

MoxCy/SBA-15-HNC 
   

Fresh 
12.7 

(0.7) 

1.6 

(0.9) 

85.7 

(1.1) 

TP-CO2 
35.5 

(0.8) 

43.2 

(0.9) 

21.3 

(1.2) 

MoxCy/SiO2-SG    

Fresh 
7.9 

(0.7) 

2.0 

(0.9) 

90.1 

(1.1) 

TP-CO2 
36.6 

(0.7) 

45.4 

(0.8) 

18.0 

(1.1) 

6.4 RWGS performance: effect of synthesis technique 

The samples, MoxCy/SiO2-WI, MoxCy/SBA-15-WI, MoxCy/SBA-15-HNC and MoOxCy/SiO2-SG, were 

tested for their RWGS activity in a range of reaction conditions with varying CO2 : H2 ratios. At every 

temperature and H2 to CO2 feed ratio, the thermodynamic equilibrium conversion (Xeq) of the RWGS 

reaction was calculated for comparison to make sure that the observed conversion is not limited by 

thermodynamics. At a temperature of 400 °C, a H2 to CO2 ratio of 1 (Xeq = 22.1 %) and a space velocity 

of 60 L h-1 g-1
cat (of which 50 vol.-% is argon), the catalysts MoxCy/SiO2-WI* and MoxCy/SBA-15-HNC 

show very similar conversions, close to Xeq, with XCO2 = 17 % and XH2 = 19 % for MoxCy/SiO2-WI* (see 

Figure 6.18-A, C). MoxCy/SBA-15-WI is less active with a CO2 and H2 conversion of 11 % and 12 %, 

respectively. Freshly carburized, the molybdenum phases of both catalysts prepared via wetness 

impregnation consist of approximately 80 wt.-  η-MoC0.59 and 20 wt.-  β-Mo2C (see Table 6.1). While 

the SBA-15 supported sample displays a slightly larger crystallite size for both carbide phases, this is 

somewhat overcompensated by the higher Mo content (see Table K.1 and Table K.8). During the 

exposure to RWGS conditions at different temperatures (see Figure 6.18-A), the carbide phase of 

MoxCy/SBA-15-W  transitions full  into a pure η-MoC0.59 without crystallite growth, while the 

composition of MoxCy/SiO2-WI* remains largely unchanged with some crystallite growth (see Table K.6 

and Table K.8). No oxidation to MoO2 was observed (see Figure 6.19). At what stage of the reaction the 
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transition occurs is unfortunately currently unknown. The higher activity of the SiO2 supported catalyst 

can be associated to the retention of the beta carbide phase which has previously been identified as more 

active in a study by Wan et al.14. MoxCy/SBA-15-HNC, only tested at 400 °C for 24 hours, also 

transforms to a pure η-MoC0.59, starting from a 30 wt.-% oxycarbide content (see Table 6.1 and Table 

K.6).  he catal st’s activit  is on par with  oxCy/SiO2-WI* and outperforms MoxCy/SBA-15-WI by 

100 °C (see Figure 6.18-A at 12 to 24 hours TOS) while displaying very comparable phase compositions 

and crystallite sizes (analysis of the spent catalysts, see Table K.6). The overall carbide surface area 

appears not to be responsible for the observed difference in performance, which is mirrored in the 

formation rate of CO in the CO2 activation experiments between 330 and 580 °C (see Figure 6.11-B). A 

previous study by Kurlov et al. suggests that molybdenum oxycarbide is the active phase for the RWGS 

reaction.15 The different synthesis routes chosen can affect other parameters such as the location of the 

carbide crystals on the support. 

All catalysts show over 98 % CO selectivity and less than 1 % CH4 selectivity (see Figure 6.11-E, F). 

This clearly indicates that the thermodynamically more favoured CO2 and CO methanation reactions (see 

Figure 5.1), are kinetically suppressed by the catalyst. The observed low concentrations of CH4 formed 

can, in combination with experimental uncertainties, account for the observed temperature and sample 

independent 2-3 % over stoichiometric hydrogen conversion. 

Increasing the H2 to CO ratio at a reaction temperature of 400 °C is thermodynamically a more 

favourable condition for CO2 methanation. However, when activating CO2 together with green hydrogen 

to produce synthesis gas and subsequent fuels and chemicals, it is of interest to operate the RWGS at a 

higher than stoichiometric H2 to CO2 ratios to achieve higher CO2 conversions and yield the desired 

synthesis gas composition at the reactor outlet.16 Both MoxCy/SiO2-WI (in this experiment referred to as 

MoxCy/SiO2-WI**), the best performing catalyst at varying reaction temperatures, and MoxCy/SiO2-SG, 

the catalyst with the apparent most facile CO2 activation, were studied at feed ratios of 1, 3.5 and 7 and an 

increased space velocity of 120 L h-1 g-1
cat in a single experiment with intermittent flushing to set the new 

feed composition (see Figure 6.11-B, D, F). At all conditions, both catalysts achieve similar activity and 

selectivity. With a feed ratio of 1, XCO2 is around 10 %, with minimum deactivation over 24 hours TOS 

and XH2 of 12 to 14 %. Increasing the feed ratio to 3.5 (Xeq = 39.0 %) the CO2 conversion increases to 

about 20 % for both catalysts, with again minimum deactivation observed after 24 hours TOS. A 

hydrogen conversion of 6-7 % corresponds to a 1:1 conversion ratio in moles. A feed ratio of 7 (Xeq = 

50.7 %) further increases conversion levels without changing the stability of the catalyst. At the highest 

feed ratio, a methane selectivity of approximately 1.2 % is recorded, which decreases steadily with time 

on stream to below 1 %. While in the freshly carburized samples MoxCy/SiO2-WI and MoxCy/SiO2-SG 
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show clear differences, namely 20-24 wt.-  of the carbide phase in form of β-Mo2C or oxycarbide for 

MoxCy/SiO2-WI and MoxCy/SiO2-SG respectively, the composition of the spent catalysts is nearly 

identical. Compared to the RW S experiment at different temperatures, the β-Mo2C component is hardly 

retained resulting in a predominantl  η-MoC0.59 active phase with very similar crystallite sizes. 

 

Figure 6.18. [A, B] CO2 conversion, [C, D] H2 conversion and [E, F] CO and CH4 selectivity, of [A, C, E] MoxCy/SiO2-WI* and 

MoxCy/SBA-15-WI and MoxCy/SBA-15-HNC, with T = 400 °C (0-12 hours TOS), T = 500 °C (12-24 hours TOS), T = 600 °C 

(24-36 hours TOS) and 400 °C (36-42 hours TOS). For MoxCy/SBA-15-HNC, T = 400 °C (0-24 hours TOS). H2/CO2 ratio = 1, 

SV (CO2 + H2) = 60 L h-1 gcat
-1. [B, D, F] MoxCy/SiO2-WI** and MoxCy/SiO2-SG: T = 400 °C, H2/CO2 ratio of 1.0, 3.5 or 7.0. SV 

= 120 L h-1 gcat
-1. Thermodynamic equilibrium conversions for CO2 and H2 are displayed by Xeq. 
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Figure 6.19. XRD patterns of the spent catalysts after exposure to various RWGS conditions. 

For a closer comparison of the catalytic performance, the accumulated CO formed per feed ratio is 

calculated as function of time on stream (see Figure 6.20). It is apparent that at a feed ratio of H2:CO2 of 

1, the catalyst prepared via the sol gel technique shows slight advantages compared to MoxCy/SiO2-WI**, 

but at a feed ratio of 3.5 this trend is reversed. No difference in performance is observed at the highest 

hydrogen concentration (H2:CO2 of 7). As discussed earlier, MoxCy/SiO2-SG also shows the highest 

propensity to activate pure CO2 which could be an indication of an enhanced redox activity. Such an 

enhancement is expected to be most prominent in the RWGS at low H2 partial pressures. 

 

Figure 6.20. Accumulative formation of CO as a function of time under RWGS conditions normalized to the Mo content in the 

catalysts. MoxCy/SiO2-WI** (red) and MoxCy/SiO2-SG (purple): T = 400 °C for 24 hours at H2/CO2 ratio of 1.0, 3.5 or 7.0. SV = 

120 L h-1 gcat
-1. 
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6.5 CO2-ODH performance: effect of synthesis technique 

The CO2-ODH catalytic performance of MoxCy/SiO2-WI is thoroughly investigated in section 5.3 within a 

range of reaction conditions. In this section, the activity of supported MoxCy nanoparticles, synthesized 

and supported via three different techniques (WI, HNC and SG) are evaluated for their CO2-ODH 

performance. All catalysts were tested under CO2-ODH conditions for 24 hours with a reaction 

temperature of 600 °C at atmospheric pressure with a space velocity of 15 L h-1·gcat
-1 and an equimolar 

feed of CO2 and C2H6 diluted in 50 vol.-% argon (see Figure 6.21 and Figure B.2). Ethane conversion is 

under these conditions thermodynamically limited at 28.6 % for CO2-ODH, 98.5 % for dry-reforming 

(DR) and 29.7 % for direct dehydrogenation (DH).17 

The performance of the catalysts prepared via different synthesis techniques, mainly differs during 

the first 12 hours TOS. After 1 hour TOS, MoxCy/SiO2-WI, MoxCy/SBA-15-HNC and MoxCy/SiO2-HNC 

show similar ethane conversions, between 5 and 5.8 %. MoxCy/SiO2-SG achieves a much lower 𝑋𝐶2𝐻6
 of 

2.1 % (see Figure 6.21). With time on stream, catalyst deactivation is observed for all three catalysts, 

although each sample shows a slight recovery in 𝑋𝐶2𝐻6
 between 3 and 12 hours TOS. This is believed to 

occur due to the formation of a ‘metastable’  oOxCy phase under reaction conditions. After 12 hours 

TOS the difference in conversion levels between the four catalysts has become less, achieving 𝑋𝐶2𝐻6
 of 

approximately 1.6-2.9 %. In terms of CO2 conversion, 𝑋𝐶𝑂2  (see Figure B.2), a similar trend is observed 

for all four catalysts, however the conversion is slightly lower and decreases faster with time on stream, 

reaching close to 0 % after 12-18 hours TOS. A CO2-ODH performing catalyst should achieve a 

stoichiometric conversion ratio (𝑋𝐶2𝐻6
/𝑋𝐶𝑂2

) of 1. A ratio lower than 1 can indicate, but is not limited to, 

an increased dry-reforming (DR) activity and above 1 an increased direct dehydrogenation (DH) activity. 

After 1 hour TOS, MoxCy/SiO2-WI, MoxCy/SBA-15-HNC and MoxCy/SiO2-HNC achieve conversion 

ratios between 1.13 and 1.29, respectively, but MoxCy/SiO2-SG records a ratio of 1.9, This suggests that 

MoxCy/SiO2-SG converts almost double the amount of ethane compared to CO2 (see Figure B.2). All 

three catalysts show a sharp increase in 𝑋𝐶2𝐻6
/𝑋𝐶𝑂2

 with TOS indicating a significantly increased DH 

activity with limited CO2 activation. A CO2-ODH selective catalyst can reach a maximum C2H4 

selectivity of 67 C-% and a CO selectivity of 33 C-% (as indicated in section 4.3.4), calculated based on 

the total carbonaceous products (C2H4, CH4 and CO). Overall, all four catalysts show an increase in C2H4 

selectivity (from approximately 60 to 80 C-%) with decreasing C2H6 conversion. The slight differences in 

selectivity observed between the three catalysts correlate with the earlier discussed conversion ratios. 

MoxCy/SiO2-SG reported the highest conversion ratios, suggesting a favoured DH mechanism, which 

aligns with the higher ethylene selectivity. MoxCy/SiO2-WI achieves the lowest conversion ratios, with the 
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lowest ethylene selectivity. Only a trace amount of CH4 is observed for all four catalysts, correlating to a 

maximum selectivity of 2.5 C-%. No other hydrocarbon products are detected. The remaining product 

selectivity is balanced by CO (decreasing from 40 to 20 C-%). The high C2H4 selectivity and low CO 

selectivity suggest that all three catalysts mainly perform the CO2-ODH reaction mechanism, with an 

enhanced DH activity further increasing with TOS. The DR of ethane and the methanation reaction are 

successfully suppressed. In terms of C2H4 yield, MoxCy/SiO2-WI and MoxCy/SBA-15-HNC achieved 

initially the highest yield with 4.7-4.9 % after 1 hour TOS. Thereafter, MoxCy/SiO2-WI is swiftly 

outperformed by MoxCy/SiO2-HNC (see Figure 6.21), but MoxCy/SBA-15-HNC remains the most 

efficient ethylene producing catalyst, up until 21 hours TOS. After 21 hours TOS, the ethylene yield of all 

four catalysts decreased to about 0.9-1.2 %. 

 

Figure 6.21. C2H6 conversion, C2H4 selectivity and C2H4 yield, of MoxCy/SiO2-WI, MoxCy/SBA-15-HNC, MoxCy/SiO2-HNC 

and MoxCy/SiO2-SG evaluated under the following CO2-ODH conditions: T = 600 °C, P = 1 atm, SV = 15 L h-1 gcat
-1, 

CO2:C2H6:Ar = 1:1:2. Theoretical maximum C2H4 selectivity for CO2-ODH indicated by solid black line. 

The activity and selectivity trend observed between the catalysts can potentially be linked to the different 

carbide phases present. MoxCy/SiO2-WI and MoxCy/SiO2-  C contain β-Mo2C after carburization, 

previously shown to effectively activate CO2.18 MoxCy/SiO2-SG and MoxCy/SBA-15-HNC contain 

MoOxCy, previously suggested to play a prominent role in the activation of ethane19, without any (visible 

b   R ) presence of β-Mo2C. The initial high activity of MoxCy/SiO2-WI and MoxCy/SiO2-HNC, can 

thus be explained by the higher activity towards CO2 bond scission over the β-Mo2C allotrope, producing 

oxygen surface species which possibly react faster with ethane, than MoxCy/SiO2-SG, which contains 

MoOxCy and possibly requires the removal of an oxygen from the oxycarbide lattice via a Mars van 

Krevelen type mechanism. The higher activity observed for MoxCy/SBA-15-HNC does not agree with this 

but can be explained by the higher mass specific Mo surface area (see Table K.8) as well as a slightly 

higher MoOxCy content, supplying more active oxygen sites. This assumes that the CO2 activation 
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efficienc  of the η-carbide phase is significantly weaker playing a minor role in the activity of the sample. 

Similar observations were made during the RWGS experiments (see section 6.4) where the β-carbide and 

MoOxCy were suggested to be more active than the η-carbide phase.20 Due to the large amount of oxygen 

surface species produced during CO2-O  , the β-Mo2C (and parts of η-MoC0.59) in MoxCy/SiO2-WI and 

MoxCy/SiO2-HNC (quickly) oxidize to MoO2, whereas MoxCy/SiO2-SG only loses about 10 wt.-% of its 

original 44.2 wt.-% MoOxCy to MoO2 (see Figure 6.22 for the respective XRD patterns and Table K.2 for 

the quantifications from Rietveld refinement). 

  

Figure 6.22. XRD patterns of the spent CO2-ODH catalysts. 

The formation of MoO3 under reaction conditions is not favoured thermodynamically (see Figure 5.4 

in section 5.1), yet small reflexes in the XRD pattern of MoxCy/SiO2-WI are observed, with the (0 2 1) 

plane at 0.3 1/Å being the most intense, which can only be assigned to MoO3. An optical inspection of 

MoxCy/SiO2-WI post CO2-ODH reaction in the quartz reactor confirms the presence of MoO3 (see Figure 

6.23). A small section at the inlet side of the catalyst bed turned from black (MoxCy) to light blue, the 

colour of MoO3. The SiO2 supported MoxCy catalysts, prepared via three different synthesis techniques, 

show minimal differences on the CO2-ODH performance with all three catalysts show promising 

selectivity towards ethylene, however significant catalyst deactivation with TOS could not be avoided. 

The main deactivation pathway of the catalysts is determined to be the oxidation of the active carbide 

phase to the inactive MoO2 phase. The CO2 is activated at a faster rate than C2H6, leading to a large 

amount of unreacted oxygen surface species on the catalyst surface to react with the carbide instead and 

oxidizing the catalyst. To increase catalysts stability, the rate of removal of the oxygen surface species, by 

means of ethane activation to prevent re-oxidation must be enhanced. 
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Figure 6.23. Optical inspection of MoxCy/SiO2-WI post CO2-ODH reaction in the quartz reactor. 

Raman analysis of the spent samples only revealed low intensity D- and G-bands for MoxCy/SiO2-WI, 

MoxCy/SiO2-HNC and MoxCy/SiO2-SG (see Figure 6.24). Unfortunately, no Raman spectra was obtained 

for MoxCy/SBA-15-HNC. The limited intensity for the D- and G-band does not necessarily mean there is 

only limited carbon deposition occurring under the applied reaction conditions. Previous spent samples 

evaluated at a CO2-ODH reaction temperature of 550 °C and 650 °C (see Figure 5.17 in section 5.3) 

revealed higher D- and G-band intensities. 

 

Figure 6.24. Raman spectra of the spent CO2-ODH catalysts. No data available for MoxCy/SBA-15-HNC. 

6.6 Concluding remarks 

Preparation of MoxCy nanoparticles, supported on a SiO2 or SBA-15 support, yielded a variation in MoxCy 

crystal phase composition, yet all achieved well dispersed nanoparticles within a similar crystallite size 

range. The presence of a MoOxCy phase in MoxCy/SBA-15-HNC and MoxCy/SiO2-SG, but not in the other 

samples, confirms the sensitivity and complexity of the carburization process, specifically at such small 

particle size. 
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Under RWGS conditions, all catalysts tested show high CO2 conversion (up to 30 %) with an 

outstanding CO selectivity of above 99 %, even at high H2 to CO2 ratios of up to 7:1. This clearly shows 

the kinetic suppression of the thermodynamically favoured CO and CO2 methanation. H2 readily removes 

formed oxygen surface species forming H2O, preventing the oxidation of the catalyst. Comparing the 

wetness impregnation catalysts, with comparable carbide phase composition and estimated carbide 

surface area after the carburization, the SiO2 supported sample outperforms the SBA-15-supported sample 

at all tested temperatures. During the reaction, the β-carbide contribution converts completel  into η-

MoC0.59 over the SBA-15 sample, with no such phase change observed on the SiO2 supported catalyst. 

When the MoO3 hybrid nanocrystals are deposited on SBA-15, they perform on par with MoxCy/SiO2-WI, 

although the initial mixture of MoOxCy and η-MoC0.59 converts into 100   η-MoC0.59 after only 24 hours 

TOS at the lowest reaction temperature. MoxCy/SiO2-WI and MoxCy/SiO2-SG showed very similar 

behaviour, despite that MoxCy/SiO2-SG is shown to oxidize at much lower temperatures in a diluted CO2 

stream, suggesting different redox behaviour. Only at the stoichiometric feed ratio, MoxCy/SiO2-SG seems 

to be slightly more active. Maybe, the effect of a material-specific higher redox activity is suppressed at 

higher hydrogen partial pressures. While MoxCy/SiO2-WI, MoxCy/SiO2-SG, and MoxCy/SiO2-HNC show a 

very similar catalytic performance, the slightly improved activity for the SG and HNC samples could 

suggest that MoOxCy can activate CO2 in the same mechanism as β-Mo2C on the C atoms, while also 

providing a Mars van Krevelen-type mechanism via the O atoms. The previously proposed formate route 

(formation of COOH intermediates species) can neither be confirmed nor ruled out with the presented 

data and will require further in situ investigations. 

CO2-ODH performance of the catalysts showed the largest variations in the first 12 hours TOS. 

Thereafter, the catalysts deactivate to similar conversion levels. All catalysts show to predominantly 

perform the CO2-ODH pathway, with an increased occurrence of the DH pathway with time on stream. 

The activity of the catalyst can potentially be linked to their respective carbide compositions, suggesting a 

higher activity for the β-Mo2C and MoOxCy phases over η-MoC0.59.  he lower activit  for η-MoC0.59 is 

likely due to the higher C/Mo ratio in the sample. Catalyst deactivation was observed through both 

oxidation of the carbide phase to MoOx and carbon deposition. MoxCy/SBA-15-HNC seems to be the 

most efficient ethylene producing catalyst, likely due to the higher mass specific Mo surface area and the 

highest MoOxCy content (and lowest η-MoC0.59 content). 
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7 MoxCy supported on various metal oxides 

In this chapter the CO2-ODH related thermodynamic analysis is extended to determine the effect of 

co-feeding H2, H2O or simply an inert gas on the equilibrium composition of the entire system and its 

effect on the oxidation state of the various possible Mo phases. Experimentally, the study continues with 

the use of MoxCy-based catalysts, but here the carbide nanoparticles are supported on a range of metal 

oxide materials, with a range of redox and acid/base properties. These catalysts are characterized to 

confirm the presence of MoxCy on the support as well as for their acid/base characteristics. Additionally, 

their affinity towards CO2 activation via a temperature programmed reaction is evaluated. All catalysts 

are tested in the CO2-ODH reaction with a range of conditions, such as an increase in CO2 content in the 

feed mixture as well as H2 co-feeding. H2O co-feeding, included in the thermodynamic analysis, will be 

experimentally discussed in Chapter 8. 

A section of the results reported in this chapter are part of a research article published as: W. 

Marquart, M. Claeys, N. Fischer, Faraday Discussions 2021, 230, 68-86. 

7.1 Thermodynamic analysis of the CO2-ODH reaction: effect of H2 or 

H2O co-feeding 

In section 5.1 a comprehensive thermodynamic analysis of CO2-ODH of ethane was performed including 

all the possible side reactions, product species and different reaction conditions, e.g., temperature and 

feed gas composition as well as the different Mo compounds (MoO3, MoO2 and Mo2C). In this section the 

CO2-ODH thermodynamic analysis is extended by investigating the effect of H2, H2O and/or co-feeding 

of inert. The feed composition was set at a CO2:C2H6 ratio of 1:1, while varying the H2, H2O and/or inert 

concentration in the feed gas stream to up to 50 vol.-%. Upon H2 co-feeding, the partial pressures of CO2 

and C2H6 are kept constant by simultaneously co-feeding an inert, (see experimental section 4.3.2). As 

described in the experimental section 4.3.2, the co-feeding of H2O was achieved by saturating the feed 

gas mixture by bubbling the reactant mixture through a temperature-controlled water-bath. This allows for 

a consistent flow rate, however partial pressures of CO2 and C2H6 decrease upon the increase in H2O 

content. The same approach is applied during the thermodynamic analysis of co-feeding H2O. The 

decreasing partial pressure of CO2 and C2H6 does allow for the Mo concentration to be kept constant, 

relative to the total system. 

Previous observations (see section 5.1) reveal that the concentration of the desired ODH product 

(C2H4) as well as of the reactant C2H6 under the chosen process conditions is zero at thermodynamic 



112 

 

equilibrium. This suggests that a good ODH catalyst should kinetically suppress all possible side 

reactions resulting in the conversion of C2H4.1 Co-feeding of hydrogen is not expected to bring any 

change to this result, but is specifically studied for its effect on the oxidation state of the molybdenum 

phase. Without considering Mo-species in the thermodynamic calculations, the formation of solid carbon 

(graphite) decreases in favour of CH4 with an increase in H2 concentration in the feed (see Figure A.2). 

The latter can be a direct result of the increased methanation reaction (from CO or CO2), predicted at 

lower temperatures (below 530 °C), or simply the hydrogenation of solid carbon. The effect of hydrogen 

co-feeding at higher temperatures (above 530 °C) is less significant, even up to a H2 concentration of 

50 vol.-%. Adding Mo2C to the feed composition, at a CO2:C2H6:Mo2C molar ratio of 1:1:0.35 (molar 

composition close to the reactor studies described later in this study), results in a significant change in 

behaviour of most product species (see Figure 7.1-A). At 0 vol.-% of H2 co-feeding and temperatures 

below 480 °C, the concentrations of CO2 and H2O are predicted to be significantly lower compared to the 

case in the absence of a Mo phase (see Figure A.2), while the concentration of CH4 is higher. Mo is 

calculated to be present only in the form of MoO2. At 480 °C and above, a gradual transformation from 

MoO2 to Mo2C as a function of temperature, is predicted, suggesting a (re-)carburization reaction (see 

Figure 7.1-B). This reaction happens simultaneously with an initial increase in H2O (a major product in 

the carburization reaction) and CO2 concentration, followed by a gradual decrease of the latter two 

compounds. The co-feeding of hydrogen predicts a slight reduction of the carburization/oxidation onset 

temperature (from 470 °C at 0 % H2 to 430 °C at 50 % H2) stabilizing the active phase. Over the entire 

range of conditions, oxidation to MoO3 or reduction to Mo0 is not predicted. 

 

Figure 7.1. Product equilibrium of the CO2-ODH system as a function of temperature and H2 co-feeding at a stoichiometric feed 

of CO2 to C2H6 (1:1) and 1 bar pressure, with all compounds considered [A] including the four different Mo phases [B]. 
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H2O co-feeding with the CO2-ODH reactant feed would ideally assist in the removal of carbon 

deposits. This can free up active surface sites and thus prolong catalyst lifetime. The thermodynamic 

analysis of H2O co-feeding was performed to study the effect of H2O on the product species, but in 

particular and similar to co-feeding H2, the oxidation state of the Mo species in the presence of H2O. An 

increase in H2O content decreases the concentration of solid carbon (see Figure 7.2-A, as well as Figure 

A.3 without consideration of the Mo phases). In contrast to co-feeding H2, the suppression of coke 

formation does not come simultaneously with the enhanced formation of CH4. In fact, no significant 

changes can be observed amongst the product species, suggesting this to be rather an effect of dilution, 

due to the decreasing partial pressures of CO2 and C2H6 upon co-feeding H2O. Similar effects are 

observed when simply co-feeding an inert, which dilutes the reaction mixture (see Figure A.4). 

Interestingly, the inert co-feeding results in a drop in the MoO2 content, starting from about 25 vol.-%, 

with a simultaneous increase in Mo2C content. Nevertheless, the co-feeding of H2, H2O or inert, does not 

seem to thermodynamically affect the Mo composition at the proposed CO2-ODH reaction temperature, 

i.e., 600 °C. Only in absence of C2H6 in the feed stream, the oxidation/carburization threshold moves to 

higher temperatures (see section 5.1 and Figure A.1). 

 

Figure 7.2. Product equilibrium of the CO2-ODH system as a function of temperature and H2O co-feeding at a stoichiometric 

feed of CO2 to C2H6 (1:1) and 1 bar pressure, with all compounds considered [A] including the four different Mo phases [B]. 
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7.2 Catalyst characterization: effect of MOx support 

In Chapter 6 we have shown that the preparation of supported MoxCy catalysts via different synthesis 

techniques can lead to large differences in textural properties and carbide phase composition, also 

influenced by the sensitivity of the carburization treatment, especially at nanoparticle level. In this 

chapter, due to the large variety of samples and support materials, we focused on the following key 

aspects in terms of the synthesis of the different materials: all samples are prepared via the wet 

impregnation technique, with a total loading of ±20 wt.-% Mo on the support material. The same 

carburization conditions are maintained for all samples with a confirmed formation of a carbide phase 

(β-carbide, η-carbide and/or oxycarbide) with similar crystallite sizes and homogenously distributed over 

the metal oxide support material. Raman spectroscopy was used to confirm the absence of carbon deposits 

on the freshly carburized samples. Temperature-programmed CO2-activation (TP-CO2) experiments, as 

well as temperature-programmed desorptions of CO2 (CO2-TPD) and NH3 (NH3-TPD) were performed to 

examine the effect of the support on the affinity towards CO2-activation and the acid and base properties 

of the catalysts. 

 

Figure 7.3. XRD patterns of the freshly carburized MoxCy catalysts supported on SiO2, Al2O3, ZrO2, Ga2O3, TiO2 or CeO2. 
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A molybdenum loading on all samples of about 20 wt.-% was confirmed by ICP-OES analysis (see 

Table K.1). All samples were carburized at 600 °C for 5 hours with a ramp rate of 1 °C min-1. The 

formation of the carbide phase, crystal phase composition and average crystallite size is analysed by XRD 

(see Figure 7.3) in combination with Rietveld refinement (see Table 7.1). For MoxCy/Al2O3 the alumina 

reflexes mask all evidence of molybdenum phases making quantification unfeasible. MoxCy/SiO2 contains 

an amorphous material represented by a broad feature in the experimental pattern at lower angles. The 

previously determined Mo allotrope composition (see Table 6.1) for MoxCy/SiO2 is therefore quantified as 

a proportion of the total Mo loading on the sample and does not represent the absolute amount in the 

sample. For comparison with the samples supported on crystalline metal oxides, the normalized Mo phase 

composition (normalized to the total Mo content in the sample obtained via ICP-OES) for MoxCy/SiO2 is 

also shown in Table 7.1. Variations in the carbide composition can be found in the samples prepared via 

wet impregnation on the different metal oxide support materials. Note that the carbide phase forms broad 

reflexes, most obvious in the range of 0.38-0.50 1/Å. This confirms that the carbide particles consist out 

of small crystallites and that the large contrast in crystallite size between the bulk metal oxide supports 

and the carbide nanoparticles can impact on the accuracy of the calculated phase composition (and thus 

vary from ICP-OES obtained Mo-loadings) and average cr stallite size. β-Mo2C was detected in all 

samples with η-MoC0.59 also present in the samples supported on ZrO2 and Ga2O3. ZrO2 was observed to 

be in the monoclinic phase and TiO2 in the rutile structure. The crystallite sizes determined by Rietveld 

refinement, suggests that all carbide species are below 10 nm, which is line with previous observations of 

MoxCy supported on SiO2 discussed in Table 6.1. 

Table 7.1. Phase composition and crystallite sizes determined via XRD Rietveld analysis of the freshly carburized MoxCy 

catalysts supported on SiO2, Al2O3, ZrO2, Ga2O3, TiO2 or CeO2. 

Sample 

Metal oxide support β-Mo2C η-MoC0.59 

wt.-% 

(error) 

nm 

(error) 

wt.-% 

(error) 

nm 

(error) 

wt.-% 

(error) 

nm 

(error) 

MoxCy/SiO2 - - 

21.4 

(2.7) 

(N. 4.1) 

4.9 

(0.8) 

78.6 

(2.7) 

(N. 15.1) 

3.3 

(0.2) 

MoxCy/Al2O3 - - - - - - 

MoxCy/ZrO2 
82.0 

(5.8) 

56.0 

(1.0) 

8.7 

(2.9) 

3.8 

(0.5) 

9.26 

(3.1) 

2.5 

(0.4) 

MoxCy/Ga2O3 
85.2 

(0.6) 

30.3 

(0.3) 

4.6 

(0.3) 

9.1 

(0.8) 

10.3 

(0.5) 

3.6 

(0.3) 

MoxCy/TiO2 
85.1 

(0.8) 

37.6 

(0.5) 

14.9 

(0.8) 

1.8 

(0.1) 
- - 

MoxCy/CeO2 
70.7 

(2.0) 

27.1 

(0.3) 

29.3 

(2.0) 

5.6 

(0.7) 
- - 
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The carburizing conditions applied prevent carbon deposition which is confirmed by means of Raman 

spectroscopy (see Figure 7.4). No signs of the typical D- and or G-band (at 1350 and 1580 cm-1, 

respectively) are observed. The bands at 995 cm-1, 817 cm-1, 665 cm-1 and in the lower region between 

100-380 cm-1, which are visible in almost all samples, indicate the presence of MoO3.2 Note that the 

re-oxidation of the carbide into MoO3 has been confirmed to occur via the local energy input due to laser 

irradiation in air. The intensities of the oxide bands are therefore influenced by the exposure time of the 

laser on the sample.3 In addition, the alignment of the laser and the positioning of the sample can impact 

the intensity greatly, thus no direct correlation between intensity and quantity can be made across 

samples. The other bands visible in the different spectra represent their corresponding metal oxide support 

materials (see Table 4.2 for band identification). 

 

Figure 7.4. Raman spectra of the freshly carburized MoxCy catalysts supported on SiO2, Al2O3, ZrO2, Ga2O3, TiO2 or CeO2. 

SEM-EDS mapping confirms a homogeneous distribution of the Mo particles over the support 

material for all samples, with minimal agglomeration observed (see Figure 7.5). N2 physisorption analysis 

determined the BET surface area, pore volume and pore width of each sample (see Table K.1). It is no 

surprise that the SiO2 and γ-Al2O3 supported samples show significantly larger surface areas than the 

non-porous reducible metal oxides (ZrO2, TiO2, CeO2 and Ga2O3). 
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Figure 7.5. SEM-EDS micrographs and elemental mapping of the freshly carburized MoxCy supported on SiO2, Al2O3, ZrO2, 

Ga2O3, TiO2 or CeO2. 
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7.3 Acid-base properties: effect of MOx support 

Acid and base pairs on the surface of the catalysts are believed to be the major contributors to the 

CO2-ODH reaction mechanism.4-6 Ethane is activated on acid sites, but the strength of the acidic site 

determines whether C-H or C-C bond cleavage occurs, with the latter enhancing the undesired 

dry-reforming and cracking reactions. Basic sites can assist in the activation of CO2, but very strong basic 

sites can lead to secondary CO dissociation. NH3 and CO2 temperature programmed desorption (TPD) 

experiments are common techniques used to study acid and base sites, respectively. Stronger acid/base 

sites require higher temperatures for the probe molecule to desorb from the catalytic surface. Each sample 

was exposed to both TPD programs to determine the amount and strength of acid/base sites on MOx 

supported MoxCy catalysts.  

During each CO2-TPD experiment, CO2 is first desorbed followed by CO desorption with increasing 

temperature. The observed desorption of CO can be attributed to thermal decomposition of surface 

oxygen complexes, commonly found in carbon-containing materials.7, 8 The desorbed CO2 and CO were 

detected by mass spectrometry. The background corrected CO2 desorption spectra were deconvoluted by 

means of several equal full width at half maximum (FWHM) Gaussian curves (see Figure 7.6). It should 

be noted that during the curve-fitting process, the number of Gaussian curves were minimized while 

simultaneously attaining a good degree of similarity and consistency between the different samples in 

terms of peak temperatures and FWHM (see Table K.9 for more details on the fits). The various CO2 

desorption peaks can be assigned to functional groups such as carboxylic acid sites between 130-300 °C 

and lactone sites between 350-600 °C.9 Trapezoidal numerical integration of the individual Gaussian 

curves (see Figure 7.7) reveals a significant change in the amount of CO2 desorbed between the five 

different supports. In the absence of a CO2 adsorption step (referred to as MoxCy/SiO (no CO2) in Figure 

7.6), CO2 and CO gas desorption was still detected, confirming the presence of (sub-)surface oxygen 

complexes reacting with pre-adsorbed carbon deposits (broad CO2 signal at 360 °C) or lattice carbon (CO 

signal starting from 400 °C). The latter leads to the decomposition of molybdenum carbide to metallic 

Mo, clearly observed by means of the (0 1 1) reflex of metallic Mo at 0.45 1/Å in the XRD patterns of the 

spent samples (see Figure 7.8). Another experiment in the absence of CO2 adsorption was halted at 

600 °C and subsequent XRD analysis confirmed that neither bulk decomposition nor changes to the 

carbide composition occurred despite the measured CO formation (see Figure D.2). Due to the large 

difference observed in the surface area between the bulk metal oxides (see Table K.1) the CO2 desorbed 

signal is normalized to the surface area of each sample. The CO signal is normalized to the Mo content in 

each sample, determined by ICP-OES (see Table K.1), as it is expected that most of the desorbed CO 

originates from the decomposition of the carbide material. 
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Figure 7.6. CO2 temperature programmed desorption profiles of MoxCy catalysts supported on SiO2, Al2O3, ZrO2, Ga2O3 or 

TiO2, with one experiment supported on SiO2, recorded omitting a CO2 adsorption step. Temperature heated up to 800 °C at 

10 °C min-1, in an Ar atmosphere. Area plots: CO2, with deconvoluted peaks in white, dashed lines: CO. 

 

Figure 7.7. Overview of CO2 desorbed (normalized to mmol per m2 surface area) as a function of temperature recorded during 

CO2 desorption of MoxCy catalysts supported on SiO2, Al2O3, ZrO2, Ga2O3 or TiO2. 

Assuming that the CO2 desorption between 300-500 °C is mainly caused by surface carbon removal, 

the desorption profile below 300 °C is of most interest with regards to the acid base properties. When 
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normalized to BET surface area, MoxCy/TiO2 shows the largest amount of weak basic sites, as is shown 

by CO2 desorption observed around 130 °C. It is closely followed by MoxCy/Al2O3, although its 

desorption temperature is slightly increased (150 °C). No weak basic sites can be observed for 

MoxCy/ZrO2 and MoxCy/Ga2O3, and a minor signal is observed for MoxCy/SiO2 at 130 °C. Some stronger 

basic sites result in CO2 desorption around 190 °C for MoxCy/ZrO2, 215 °C for MoxCy/Al2O3, and 180 for 

MoxCy/SiO2. For MoxCy/ZrO2 and MoxCy/Ga2O3, CO2 desorption in only observed at 270 and 290 °C 

respectively. As indicated, the signals between 300 °C and 500 °C are disregarded, due to an overlap with 

signal originating from carbon removal. However, the much larger signal observed for MoxCy/TiO2 

between 300 °C and 500 °C can suggest a combination of stronger basic sites and the removal of free 

carbon deposits. 

 

Figure 7.8. XRD patterns of the spent CO2-TPD MoxCy catalysts supported on SiO2, Al2O3, ZrO2, Ga2O3 or TiO2. 

An increase in CO desorption with temperature was observed for all samples. XRD patterns of the 

spent samples confirm the decomposition to Mo0 (see Figure 7.8) by Rietveld refinement (see Table K.4). 

The reflexes related to β-Mo2C are more intense and signs of η-MoC0.59 are observed, suggesting that 

β-Mo2C is the more thermodynamically stable phase undergoing sintering, evidenced by the increase in 

crystallite size from a maximum of 9.1 nm in the freshly carburized samples (see Table 7.1) to up to 

17.5 nm in the spent samples.  
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Four desorption events can be observed in the TCD signal of MoxCy/SiO2 (see Figure 7.9). Without 

an NH3 pre-adsorption step (MoxCy/SiO2 (no NH3)), the TCD signal shows overlapping features from 

about 400 °C onwards. The peak at 470 °C can be assigned to the removal of pre-adsorbed carbon via 

reaction with (sub-)surface oxygen complexes. This is a higher desorption temperature than discussed 

earlier and can be explained due to the difference in reactor set-up (fixed-bed reactor set-up for CO2-TPD 

vs AutoChem chemisorption analyser for NH3-TPD) and the corresponding variations in the temperature 

of the catalyst bed and heating rate.7 The rising signal starting above 600 °C is in line with the previously 

identified reaction of (sub-)surface oxygen species with carbon from the carbide structure forming Mo0.8 

Based on previous literature reports on NH3-TPD, the signal at 100 °C is attributed to weak acid sites and 

the signal at 340 °C can be attributed to Brønsted acid sites.10 Although the strength of the acid sites 

observed for MoxCy/Al2O3 are fairly similar to MoxCy/SiO2, we could compare the number of sites present 

in the sample when comparing the intensities to the respective peak at 470 °C. For MoxCy/SiO2, the signal 

at 100 °C and 340 °C is lower than the signal at 470 °C, which is reversed for MoxCy/Al2O3. This could 

suggest a higher number of weak and Brønsted acid sites for MoxCy/Al2O3. MoxCy/ZrO2 shows 

significantly lower desorption at 100 °C and ±300 °C, followed by a signal at 500 °C. However, a much 

more intense event is observed around 750 °C, which can suggest the presence of strong Lewis acid  

 

Figure 7.9. NH3 temperature programmed desorption profiles normalized to surface area of MoxCy catalysts supported on SiO2, 

Al2O3, ZrO2, Ga2O3 or TiO2, with one experiment, supported on SiO2, recorded omitting a NH3 adsorption step. The grey 

background signals (--) show the original data, prior to normalization. Temperature heated up to 800 °C at 10 °C min-1, in an He 

atmosphere. 
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sites11, despite the (co-)desorption of CO at that temperature range. This is supported by the lack of such 

an intense signal in CO2-TPD of MoxCy/ZrO2 at a comparable temperature range. MoxCy/Ga2O3 does not 

show any evidence of weak acid sites, however a signal at 640 °C is observed suggesting the presence of 

strong acid sites. For MoxCy/TiO2, besides the signals observed at 100 °C and 310 °C, a shoulder can be 

observed on the high temperature side of the peak at 500 °C, which might again suggest the presence of 

strong acid sites. This is supported by a study from Ferretto and Glisenti12, who reported that TiO2 in the 

rutile phase contains weak basic sites and strong acid sites. 

XRD patterns of the spent samples after NH3-TPD show a large difference to the samples after 

CO2-TPD in terms of the metallic Mo content (see Figure 7.10 and Table K.5). This supports the earlier 

observation that the difference in experimental set-up can have a significant impact on both the 

carburization process (completed in situ prior to the TPD experiment) and the TPD experiment. Despite 

this, a consistent trend can be observed between the samples in both experiments, showing the dominance 

of β-Mo2C as the carbide phase with a significantly increased crystallite size (up to 29.3 nm). 

 

Figure 7.10. XRD patterns of spent NH3-TPD MoxCy catalysts supported on SiO2, Al2O3, ZrO2, Ga2O3 or TiO2. 
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7.4 CO2 activation: effect of MOx support 

In Chapter 6 we have described the CO2 activation affinity of MoxCy nanoparticles, supported on SiO2, 

synthesized via three different methods. The activation of CO2 was observed to proceed via CO2 

dissociation at temperatures below 530 °C. In situ XAS analysis confirmed the oxidation of the carbide to 

MoO2 to start around 600 °C (when using a heating rate of 5 °C min-1). The oxidation occurs due to the 

reaction of CO2 with carbon from the molybdenum carbide crystal structure and can be described by 

Equation 5.1. 

In this section we evaluate the effect the various metal oxide support materials have on the activation 

of CO2 over MoxCy nanoparticles, considering their acid/base properties as well as the carbide 

composition. In particular we look at the lower temperature region (≤ 600 °C), as that region would 

indicate whether the CO2 dissociation mechanism (an important step for the CO2-ODH as well as the 

RWGS reaction) is affected. Above 600 °C the resistance towards re-oxidation to MoO2 can be observed, 

in both on-set temperature as well as total CO formed. 

In terms of CO yield between 400 °C and 600 °C, the following order in activity is observed: 

MoxCy/Al2O3 > MoxCy/TiO2 > MoxCy/ZrO2 = MoxCy/SiO2 >> MoxCy/Ga2O3 (see Figure 7.11). Although 

MoxCy/TiO2, MoxCy/ZrO2 and MoxCy/SiO2 show a very similar formation rate below 560 °C, the CO 

formation rate for MoxCy/TiO2 slightly increases between 560 °C and 600 °C. Upon reaching the final 

temperature (700 °C), the order has changed significantly: MoxCy/ZrO2 > MoxCy/TiO2 > MoxCy/SiO2 >> 

MoxCy/Al2O3 > MoxCy/Ga2O3. The same order, considering the re-oxidation to MoO2. is observed in the 

XRD patterns of the spent sample as well as the results of Rietveld refinement (see Figure 7.12 and Table 

K.3). MoxCy/Ga2O3 did not show any bulk re-oxidation to MoO2, and only a small reflex is visible for 

MoxCy/Al2O3. A slightly higher oxidation is observed for MoxCy/ZrO2 compared to MoxCy/TiO2. It should 

be noted that the degree of oxidation for MoxCy/SiO2 is now significantly lower than previously discussed 

in section 6.3 (Figure 6.12). This can be rationalized by the higher heating rate (5 °C min-1 vs 1 °C min-1) 

in this experiment, despite the same final temperature (700 °C). A higher CO yield is also observed at a 

higher heating rate, suggesting that the re-oxidation is not instant, but gradually increases with 

temperature and time on stream. Thus, more CO2 activating sites are available at higher temperatures, 

using a higher heating rate. 

 
Equation 7.1 𝑀𝑜2𝐶 + 5𝐶𝑂2 ↔ 6𝐶𝑂 + 2𝑀𝑜𝑂2 
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Figure 7.11. CO yield observed as a function of temperature, normalized to the mass fraction of Mo in the MoxCy catalysts 

supported on SiO2, Al2O3, ZrO2, Ga2O3 or TiO2. Temperature increased to 700 °C at 5 °C min-1, holding for 10 minutes at 

maximum temperature at atmospheric pressure in 1 vol.-% CO2 in Ar at a space velocity of 60 L h-1 gcat
-1. 

 

Figure 7.12. XRD patterns of the spent TP-CO2 activation MoxCy catalysts supported on SiO2, Al2O3, ZrO2, Ga2O3 or TiO2. 
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7.5 CO2-ODH performance: effect of MOx support 

7.5.1. Effect of support 

All synthesized catalysts were tested under the same CO2-ODH conditions for 24 hours at a reaction 

temperature of 600 °C, atmospheric pressure, space velocity of 15 L h-1 gcat
-1 and an equimolar feed of 

CO2 and C2H6 diluted in 50 vol.-% argon. Ethane conversion is under these conditions 

thermodynamically limited at 28.6 % for CO2-ODH, 98.5 % for dry-reforming (DR) and 29.7 % for direct 

dehydrogenation (DH).1 

The CO2-ODH catalytic performance of MoxCy supported on SiO2 via the wet-impregnation method 

is discussed in section 6.5 and is again presented in this chapter for purposes of comparison. In an attempt 

to increase catalytic stability, MoxCy is supported on a variety of metal oxides to target a tandem reaction 

between the MoxCy nanoparticles and the metal oxide support. It is shown that CO2 is readily activated on 

the carbide nanoparticles on an inert support (SiO2). By applying metal oxide supports within in a range 

of redox and acid/base properties, the activation of C2H6 might be enhanced, removing oxygen surface 

species at a faster rate and thus prevent the oxidation of the carbide under reaction conditions. In essence, 

the metal oxide can assist in the activation of the C-H bond of the ethane. Subsequently, the adsorbed H 

atoms react with the oxygen surface species on the carbide nanoparticles, forming H2O. A variety of 

metal oxide catalysts, previously shown to be active for CO2-ODH,6 as well as stable under the 

carburization conditions required to form MoxCy, were selected. Firstly, four of the six supports were 

evaluated without Mo loading under the same reaction conditions after being exposed to the carburization 

treatment. All four samples show minimum C2H6 and CO2 conversion with a maximum of 1.4 % (see 

Figure B.3). In terms of product selectivity, Ga2O3 produces mainly C2H4 (84-93 C-%) balanced by CO, 

ZrO2 reaches an ethylene selectivity of about 62-66 C-%, mainly balanced by CO, close to the maximum 

CO2-ODH C2H4 selectivity. SiO2 produces similar amounts of C2H4, but a more prominent CH4 formation 

was observed. TiO2 achieves a CO and C2H4 selectivity of about 50 C-%. No phase changes in the metal 

oxides were observed under reaction conditions (see Figure D.5). On all samples but SiO2 the deposition 

of carbon species is observed (see Figure E.1). The lack of carbon deposition on SiO2 could explain the 

earlier observed over oxidation of MoxCy on SiO2 to MoO3, discussed in section 6.5. Only low intensity 

D- and G-bands were observed for all three MoxCy/SiO2 catalysts, prepared via the three different 

synthesis routes (see Figure 6.24). The limited activation of C2H6 on the support and lower formation of 

carbon deposits, could prevent the blockage of CO2 activating sites, continuing to produce oxygen surface 

species. 
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Figure 7.13. C2H6 conversion, C2H4 selectivity and C2H4 yield, of MoxCy catalysts supported on SiO2, Al2O3, ZrO2, Ga2O3, TiO2 

and CeO2. CO2-ODH conditions: T = 600 °C, P = 1 atm, SV = 15 L h-1 gcat
-1, CO2:C2H6:Ar = 1:1:2. Theoretical maximum C2H4 

selectivity for CO2-ODH indicated by solid black line. 

The supported MoxCy catalysts on the different metal oxides, show large differences in catalytic 

behaviour under CO2-ODH conditions (see Figure 7.13). A DFT-study by Helali et al.13 ranked numerous 

metal oxides by their reducibility by means of the respective energy required to produce oxygen 

vacancies. The metal oxides utilized in this study for CO2-ODH are ranked with decreasing reducibility: 

CeO2 > TiO2-rutile > Ga2O3 > SiO2 > ZrO2 > Al2O3. While SiO2 was classified as ‘irreducible’ and  rO2 

as ‘intermediate’, the removal of an O atom is easier for Si due to the energ  gain following the formation 

of a Si-Si bond. MoxCy supported on the irreducible metal oxide Al2O3, achieved the highest C2H6 

conversion (8.3 %) and CO2 conversion (5.7 %) after 1 hour TOS. Significant catalyst deactivation was 

observed in the first 9 hours TOS with a simultaneous increase in C2H4 selectivity (from 62 C-% to 89 

C-%). No correlation could be made between carbide composition before and after reaction (see Figure 

7.14), but significant carbon deposition is observed (see Figure 7.15). These observations suggest that 

supporting MoxCy on Al2O3, shows a dominant DH pathway with an initial DR activity causing 𝑆𝐶2𝐻4
 to 

drop below 67 C-%. With time on stream, the DH pathway becomes more dominant. Interestingly, 

MoxCy/ZrO2 achieves a higher CO2 conversion (11.2 %) than C2H6 conversion (7.6 %) after 1 hour TOS. 

After 6 hours TOS, 𝑋𝐶𝑂2
 dropped to 1.6 % and 𝑋𝐶2𝐻6

 to 2.2 %. This drastic change in catalytic behaviour 

can also be observed in the product selectivity. At 1 hour TOS, MoxCy/ZrO2 recorded the lowest C2H4 

selectivity (34 C-%) and the highest CO selectivity (63 C-%) of all tested catalysts. With the decrease in 

activity, a simultaneous increase in C2H4 selectivity (up to 77 C-%) indicates that MoxCy/ZrO2 transforms 

from a DR catalyst to a DH catalyst. The spent sample contained, besides a majority of MoO2, a low 

concentration of Zr(MoO4)2 (see Figure 7.14). Again, significant carbon deposits were observed as well. 
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It is suggested that the initial sharp drop in activity is related to the (partial) oxidation of the catalyst, but 

the prolonged deactivation is rather a combination of oxidation and carbon deposition. MoxCy/Ga2O3 

achieved a similar ethane conversion after 1 hour TOS (6 %) to MoxCy/SiO2, but a much lower CO2 

conversion (2.3 %). An initial C2H4 selectivity above 83 C-% suggests a high DH activity from the start 

of the reaction, which is similarly observed on pure Ga2O3. The catalyst deactivated within 3 hours from a 

𝑋𝐶2𝐻6
 of 6 % to 1.3 %. While oxidation of the carbide was confirmed (5.3 wt.-% MoO2), the remaining 

carbide phases, and especially the beta-carbide, can be an indication that the catalyst was overwhelmed 

with carbon deposition (as observed by Raman) blocking the active Mo sites for CO2 activation. 

MoxCy/CeO2 and MoxCy/TiO2, classified as most reducible, show significantly lower ethane conversions 

(3.3 % and 2.4 %, respectively). TiO2 shows the lowest initial activity, but this is paired with a lower rate 

of deactivation with TOS. MoO2 is the only molybdenum phase detected in the spent catalyst supported 

on TiO2. In MoxCy/CeO2, Ce2(MoO4)3 was detected in addition to CeO2 after reaction. Since this catalyst 

deactivated rapidly and completely with TOS, the formation of the molybdate phase can be assumed to be 

the main deactivation pathway. 

 

Figure 7.14. XRD patterns of the spent CO2-ODH MoxCy catalysts supported on SiO2, Al2O3, ZrO2, Ga2O3, TiO2 or CeO2. 
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Figure 7.15. Raman spectra of the spent CO2-ODH MoxCy catalysts supported on SiO2, Al2O3, ZrO2, Ga2O3, TiO2 or CeO2. 

7.5.2. Effect of feed composition 

Nakagawa et al.6 reported the highest ethylene yields for Ga2O3 as a CO2-ODH catalyst compared to 

all other metal oxides tested. It must be noted that the catalytic stability was not reported as data was only 

collected for 30 minutes. These results were achieved utilizing a CO2 to C2H6 feed ratio of 5. The 

over-stoichiometric amount of CO2 possibly enhances catalytic stability by the removal of carbon 

deposits via a reversed Boudouard reaction while at a 1:1 feed ratio, the carbon removal is insufficient. 

A feed mixture containing a CO2 to C2H6 feed ratio of 5 to 1 was evaluated for MoxCy/Al2O3, 

MoxCy/ZrO2 and MoxCy/Ga2O3 (see Figure 7.16). The initial 𝑋𝐶2𝐻6
 for MoxCy/Al2O3 increased from 8.3 % 

to 13.0 % and for MoxCy/Ga2O3 from 6.0 % to 9.6 %. However, the absolute amount of C2H6 converted is 

lower in a 5:1 feed ratio (see Figure 7.17). MoxCy/Al2O3 and MoxCy/Ga2O3 convert almost double the 

amount of C2H6 after 1 hour TOS in a 1:1 feed ratio. MoxCy/ZrO2 converts more than four times as much 

C2H6 after 1 hour TOS in a 1:1 feed ratio. After 6 hours TOS, MoxCy/Al2O3 in the 1:1 feed ratio lost about 

67 % of its initial activity but with a 5:1 ratio, it lost only 33 % (see Figure 7.17). From 6 hours TOS 

onwards, MoxCy/Al2O3 in a 5:1 feed ratio outperforms the same catalyst in an equimolar feed. Although 

the initial amount of ethane converted by MoxCy/ZrO2 is significantly lower with a 5:1 feed than in a 1:1 
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feed ratio, the same catalyst outperforms the 1:1 feed ratio after 12 hours TOS. This is confirmed by the 

loss of 𝑋𝐶2𝐻6
 over time. After 24 hours TOS, MoxCy/ZrO2 has lost 97 % of its initial activity in a 1:1 feed 

ratio compared to 70 % in a 5:1 feed ratio. Exposure of MoxCy/Ga2O3 to a 5:1 feed ratio only shows a 

slight advantage between 3 and 6 hours TOS. After 9 hours TOS, a 5:1 feed ratio caused a slightly more 

severe catalyst deactivation, having lost complete activity after 21 hours TOS (see Figure 7.17). 

 

Figure 7.16. C2H6 conversion, C2H4 selectivity and C2H4 yield, of MoxCy catalysts supported on Al2O3, ZrO2 and Ga2O3. 

CO2-ODH conditions: T = 600 °C, P = 1 atm, SV = 15 L h-1 gcat
-1, CO2:C2H6:Ar = 5:1:6. Theoretical maximum C2H4 selectivity 

for CO2-ODH indicated by solid black line. 

 

Figure 7.17. Absolute amount of ethane converted and loss of ethane conversion with time on stream of MoxCy catalysts 

supported on Al2O3, ZrO2 and Ga2O3 evaluated in a 1:1 and 5:1 CO2 to C2H6 feed ratio. 

MoxCy/Al2O3 achieves an initial 𝑆𝐶2𝐻4
 of 53 C-%, which increases with TOS close to the ODH 

theoretical maximum of 67 C-%. It can be suggested that the increased CO2 content in the feed causes a 

slightly more dominant DR pathway and a simultaneous removal of surface carbon, freeing up active sites 

           

                  
 

 

 

 

  

  

 
 

 
 

 

  
 

 

 o
x
C
 
  l

 
O
 
 ( : )  o

x
C
 
  rO

 
 ( : )  o

x
C
 
  a

 
O
 
 ( : )

                  
 

  

  

  

  

   

 
 

 
 

 

  
 
  

 
 ax S

C
 
 
 

                  
 

 

 

 

  

  

 
 

 
 

 

  
 

 

              

     h urs 

 

  

   

   

 
 
 

 
 c
 
n
 
e
r 
e
d
  
m
m
 
l 
m
in

  
 g

 
 

  
 

              

     h urs 

 

  

  

  

  

   

 
 
s
s
  
  
 
 

 
 

 

  
 

 

 o
x
C
 
  l

 
O
 
 ( : )

 o
x
C
 
  l

 
O
 
 ( : )

 o
x
C
 
  rO

 
 ( : )

 o
x
C
 
  rO

 
 ( : )

 o
x
C
 
  a

 
O
 
 ( : )

 o
x
C
 
  a

 
O
 
 ( : )



130 

 

responsible for CO2 activation. This prevents the move to a DH dominant reaction pathway, as was 

observed with a 1:1 feed ratio. For MoxCy/ZrO2, using a 1:1 feed gas composition, 𝑆𝐶2𝐻4
 increased with 

TOS, but in a 5:1 feed ratio 𝑆𝐶2𝐻4
 is stabilized around 40 C-%, despite the decrease in conversion 

observed. This suggests a more dominant DR pathway, when exposed to a feed ratio of 5:1, which seems 

to be beneficial for its catalytic stability. 

The XRD patterns of the spent samples (see Figure 7.18) and its corresponding Rietveld refinement 

(see Table K.2), indicate that both MoxCy/Al2O3 and MoxCy/ZrO2 show the presence of MoO2, but no 

(bulk) oxidation of the carbide is observed for MoxCy/Ga2O3. It is therefore suggested that at a 1:1 feed 

ratio, carbon deposition blocks the tandem redox reaction between Mo2C and Ga2O3. In a full catalytic 

cycle Mo2C should activate CO2, forming oxygen surface species, which in turn re-oxidize the Ga2O3-x 

site reduced due to C2H6 activation. However, severe carbon deposits prevent the O transfer to the metal 

oxide surface, to re-oxidize Ga2O3-x. The oxygen then reacts with the carbide instead, forming MoOx. 

With an increased CO2 content in the feed, CO2 assists in the removal of the carbon, by means of the 

reverse Boudouard reaction, increasing the number of available active sites to activate CO2 as well as 

C2H6. While bulk oxidation of the carbide has been prevented, catalyst deactivation is still occurring. It 

would be of great interest to study, with more surface sensitive techniques under process conditions, such 

as in situ XPS, in situ XAS or in situ Raman, whether not just the bulk particle but specifically the surface 

of the carbide particles remains carbidic. 

 

Figure 7.18. XRD patterns of the spent CO2-ODH (5:1) MoxCy catalysts supported on Al2O3, ZrO2 or Ga2O3. 
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As the oxidation of the active carbide phase to the inactive oxide phase is, for most of the above 

presented catalysts, described to be one of the main catalyst deactivation mechanisms, H2 was added to 

the feed stream as a stabilizing agent, enhancing the removal of oxygen species on the carbide surface. In 

addition, at a reaction temperature of 600 °C, H2 has been reported to aid in the removal of carbon 

deposits from the surface, which can further improve catalyst stability.2, 14 MoxCy/SiO2, MoxCy/ZrO2 and 

MoxCy/Ga2O3 were studied in the H2 modified CO2-ODH reaction (H2/CO2-ODH). H2 was added to the 

feed stream in four concentrations: 0, 5, 10 and 17 vol.-%. N2 was added to keep the partial pressure of 

CO2 and C2H6 constant throughout the experiments. Therefore, at 0 vol.-% H2, the difference in reaction 

conditions, to the previously discussed CO2-ODH experiments, is a higher space velocity and a more 

diluted feed stream, from 50 to 58 vol.-%, which results in a thermodynamic CO2-ODH equilibrium 

ethane conversion of 30.2 %. 

 

Figure 7.19. C2H6 conversion, C2H4 selectivity and C2H4 yield, of MoxCy catalysts supported on SiO2. H2/CO2-ODH conditions: 

T = 600 °C, P = 1 atm, SV = 18.2 L h-1 gcat
-1, CO2:C2H6:Ar = 1:1:2, with H2 co-feeding at 0, 5, 10 and 17 vol.-%. Theoretical 

maximum C2H4 selectivity for CO2-ODH indicated by solid black line. 

At 0 vol.-% H2, the performance of MoxCy/SiO2 is very similar to previously discussed CO2-ODH 

experiments (see Figure 7.19 and Figure B.6). In the presence of 5 vol.-% H2, the conversion of C2H6 and 

its stability with time on stream for MoxCy/SiO2 shows no significant improvement. CO2 conversion 

increased to about 20 %, which decreases with TOS to about 10 % (see Figure B.6). At 10 and 17 vol.-% 

H2 co-feeding, the initial C2H6 conversion at 1 hour TOS increased to 9.4 and 7.7 % and the CO2 

conversion increased to 32 and 42 %, respectively. While 𝑆𝐶2𝐻4
 shows a significant drop upon H2 co-

feeding, 𝑌𝐶2𝐻4
 only shows a slight decrease in the first 3 hours TOS. These observations suggest that the 

RWGS reaction occurs simultaneously with the CO2-ODH reaction, and that the ODH mechanism 
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remains intact. In the first 3 hours TOS, the lower ethylene production can suggest that initially, on a 

fresh carbide surface, DR occurs simultaneously. 

MoxCy/ZrO2 shows a lower initial activity at 0 vol.-% H2 co-feeding than previously observed but 

reaches a comparable activity and selectivity (see Figure 7.20 and Figure B.7). The lower initial activity 

can possibly be explained by the increased content of Zr(MoO4)2 found in the spent catalyst (see Figure 

7.21 and Table K.2). Upon the introduction of 5 vol.-% H2 to the feed, a small improvement in C2H6 

conversion (from 4.4 to 5.3 % at 1 hour TOS) and an increased stability is observed. At 0 vol.-% H2, after 

6 hours TOS, 76 % of the initial C2H6 conversion was lost, but at 5 vol.-% H2 a loss of 45 % is recorded. 

A similar CO2 conversion to the one of MoxCy/SiO2 is observed, starting at about 20 % after 1 hour TOS, 

dropping to about 10 % at the end of the experiment. The increased RWGS activity significantly impacts 

the calculated carbon-based selectivity. However, in the absence of H2 co-feeding, ethylene selectivity 

and C2H6 conversion show an inverse relationship. In the presence of H2, this trend becomes a direct 

relationship. The latter can be explained by the spent catalyst composition. A significantly lower amount 

of MoO2 is detected in the spent samples and an increased β-Mo2C content is observed (see Figure 7.21 

and Table K.2). The initial drop in activity can be related to the oxidation of the catalyst, however, with 

TOS, H2 in combination with C2H6 re-carburizes the sample to β-Mo2C, suggested to be the most active 

carbide phase for CO2 activation. At 17 vol.-% H2 co-feeding, 𝑋𝐶2𝐻6
 increased to 7.4 % for MoxCy/ZrO2, 

paralleled by an improved stability. After 6 hours TOS MoxCy/ZrO2 lost 35 % of the initial conversion, 

showing to be more stable than MoxCy/SiO2. After 24 hours TOS a loss in C2H6 conversion of 53 % was 

recorded. 

 

Figure 7.20. C2H6 conversion, C2H4 selectivity and C2H4 yield, of MoxCy catalysts supported on ZrO2 evaluated under the 

following H2/CO2-ODH conditions: T = 600 °C, P = 1 atm, SV = 18.2 L h-1 gcat
-1, CO2:C2H6:Ar = 1:1:2, with and without 

co-feeding of H2 at 0, 5 and 17 vol.-%. Theoretical maximum C2H4 selectivity for CO2-ODH indicated by solid black line. 
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The methanation reaction is thermodynamically favoured over CO2-ODH (see Figure 5.1) but even 

with H2 co-feeding up to 17 vol.-%, CH4 formation is limited, with a maximum of 2.8 C-%, indicating the 

successful suppression of the CO2/CO methanation reaction over the carbide catalysts. As mentioned 

earlier, the carbon-based selectivity is overshadowed by the CO formation from RWGS and thus C2H4 

yields are preferred to compare the ODH (and/or DH) performances. For MoxCy/SiO2 we already 

observed that the 𝑌𝐶2𝐻4
 at 0 vol.-% H2 is nearly equal to that of 5, 10 or 17 vol.-%. This supports the 

observation that for MoxCy/SiO2, although less oxidation of the catalyst is observed in the spent sample, 

H2 in the feed does not have a serious impact on the CO2-ODH performance of the catalyst. For 

MoxCy/ZrO2, the 𝑌𝐶2𝐻4
 at 1 hour TOS with 0 and 5 vol.-% H2 co-feeding, are nearly equal at 3.6-3.8 %. 

The increased stability of the catalyst mentioned earlier, can also be seen in the ethylene yield. At 

0 vol.-% the yield drops to 0.6 % after 12 hours TOS. In the presence of 5 vol.-% H2 the yield drops from 

3.8 % to 2.1 %. When co-feeding 17 vol.-% H2 the initial yield is significantly lower (1.6 %) but remains 

stable over the entire 24 hours TOS. The much higher 𝑋𝐶2𝐻6
 yet lower 𝑌𝐶2𝐻4 observed, suggests a more 

prominent dry-reforming pathway over MoxCy/ZrO2, in the presence of 17 vol.-% H2. Nevertheless, a 

stable ethylene yield is achieved by a balanced CO2-ODH and RWGS reaction pathway and the decrease 

in activity is mainly due to the decrease in activity to certain side reactions, such as dry-reforming or 

methanation. 

 

Figure 7.21. XRD patterns of the spent H2/CO2-ODH MoxCy catalysts supported on SiO2 or ZrO2. 

Carbon deposits are still observed (see Figure 7.22) which can now be due to a combination of the 

CO2-ODH (e.g., C2H4 decomposition) and the re-carburization reaction. Interestingly, at 17 vol.-% H2 
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co-feeding for MoxCy/ZrO2, no carbon deposition is observed. This supports the increased stability of the 

catalyst. At 0 vol.-% H2 co-feeding, the D- and G-band ratio (ID/IG) is lower than in the presence of H2 

co-feeding, suggesting that H2 co-feeding causes the carbon deposits to be less graphitic (ordered). 

 

Figure 7.22. Raman spectra of the spent H2/CO2-ODH MoxCy catalysts supported on SiO2 or ZrO2. 

On MoxCy/Ga2O3, H2 co-feeding did not increase the initial 𝑋𝐶2𝐻6
, however, it did have a significant 

effect on the stability of the catalyst (see Figure 7.23 and Figure B.8). In addition, an increased stability in 

the 𝑌𝐶2𝐻4
 is achieved. The enhanced performance for MoxCy/Ga2O3 upon H2 co-feeding is in particular 

interesting as thus far, even at a 5:1 feed ratio, the spent catalyst revealed minimal bulk oxidation. With 

H2 co-feeding, no bulk oxidation of the carbide is observed (see Figure 7.24). It can thus be suggested that 

catalyst deactivation is mainly caused by carbon deposition. The co-fed H2 can aid in the removal of 

surface carbon, or it can limit surface oxidation, which can result in the slightly slower deactivation, 

although no evidence was found. Thus, while for MoxCy/SiO2 and MoxCy/ZrO2 the increased C2H6 

conversion is paired with a more prominent DR pathway, on MoxCy/Ga2O3 the activity is enhanced by 

freeing up surface active sites through the removal of the over-stoichiometric amount of oxygen surface 

species, or via the removal of surface carbon. It would be of interest to further increase the H2 content in 

the feed, to see if catalyst deactivation can be fully prevented. Alternatively, H2O co-feeding could be an 

option for carbon removal. 



 

135 

 

 

Figure 7.23. C2H6 conversion, C2H4 selectivity and C2H4 yield, of MoxCy catalysts supported on Ga2O3. H2/CO2-ODH 

conditions: T = 600 °C, P = 1 atm, SV = 18.2 L h-1 gcat
-1, CO2:C2H6:Ar = 1:1:2, with co-feeding of H2 at 5 or 10 vol.-%. 

Theoretical maximum C2H4 selectivity for CO2-ODH indicated by solid black line. 

 

Figure 7.24. XRD patterns of the spent H2/CO2-ODH MoxCy catalysts supported on Ga2O3. 

7.6 Concluding remarks 

Thermodynamic calculations have shown that co-feeding H2, H2O or an inert, does not affect the 

thermodynamic stability of Mo2C towards oxidation. At the proposed reaction temperature of 600 °C, 

Mo2C is the most stable phase. 
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The addition of various metal oxide support materials to the MoxCy catalyst system has shown to 

largely influence the acid and base properties, which then has a significant effect on the affinity to 

activate CO2 as well as C2H6. TP-CO2 experiments revealed that dissociation was heavily restricted when 

supported on Ga2O3 but is enhanced on Al2O3. This effect can also be observed under CO2-ODH reaction 

conditions. C2H6 is suggested to be activated on oxygen surface species or MoOxCy phase, produced from 

CO2 activation. The addition of a Ga2O3 as support material, previously shown to be active for C2H6 

activation, did not increase the overall activity compared to MoxCy on the inert support SiO2, which can 

be due to the lack of produced oxygen surface species. Al2O3 on the other hand shows to increase CO2 

dissociation, which lead to an increased initial activity. Catalyst deactivation could not be prevented, 

which is caused due to both carbon deposition as well as oxidation of the carbide to MoO2. On SiO2, the 

carbide system remains the most stable with a 1:1 CO2 to C2H6 feed ratio. 

An increased CO2 content seemed to be advantageous in terms of catalyst stability for both 

MoxCy/Al2O3 and MoxCy/ZrO2, but not for MoxCy/Ga2O3 (despite no oxidation observed). Especially 

MoxCy/Al2O3 benefited from the higher CO2 content. This suggests that the most active catalyst for CO2 

activation, managed to remove carbon deposits under reaction conditions, prolonging catalyst lifetime. 

Co-feeding of H2 had unique effects on the different catalyst systems. On MoxCy/SiO2, no significant 

effect was observed, besides the increased CO selectivity, produced via a RWGS reaction performing 

simultaneously to the CO2-ODH pathway. C2H6 conversions and C2H4 yield was not much affected. 

Oxidation of the catalysts was however prevented, but carbon deposition still occurred and caused the 

catalyst to deactivate rapidly. On MoxCy/ZrO2, H2 co-feeding caused a significant increase in the C2H6 

conversion, and it increased the stability of the catalyst, which further improved at higher H2 

concentrations. Again, CO selectivity increased due to an enhanced RWGS activity as well as an 

enhanced DR activity. However, the ethylene formation route also increased and stabilized upon 17 vol.-

% H2 co-feeding. This is believed to be due to achieving a stable reaction pathway balancing CO2-ODH 

and RWGS. The observed decrease in activity is mainly caused by the loss in activity towards side 

reactions such as CO2 methanation or dry-reforming. Lastly, H2 co-feeding on MoxCy/Ga2O3 caused a 

surprising change in catalytic performance. In the absence of any H2 co-feeding, or at a 5:1 CO2:C2H6 

feed ratio, bulk oxidation on MoxCy/Ga2O3 was limited. Thus, H2 co-feeding to prevent catalyst oxidation 

was not expected to increase the activity of the catalyst. In 5 and 10 vol.-% H2 co-feeding, MoxCy/Ga2O3 

did not show an increase in the initial C2H6 conversion, but a more stable performance was observed, 

without losing its ability to ethylene formation. This is particularly interesting and should be further 

investigated. 
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8 Promoter addition to SiO2 supported MoxCy  

In this chapter the study of MoxCy-based catalysts is extended to explore the addition of a promoter (iron, 

potassium, nickel or platinum) to the MoxCy nanoparticles. An extensive study is conducted to observe the 

promotional effect on the structural and chemical properties, CO2 activation as well as its catalytic 

performance in the RWGS and CO2-ODH of ethane. In addition, the effect of the promotion sequence as 

well as calcination prior to carburization, on the catalytic activity is studied. The catalysts are tested with 

a range of CO2-ODH conditions, with selected catalysts exposed to increased CO2 content in the feed 

mixture, as well as H2 or H2O co-feeding. 

A section of the results reported in this chapter are part of a research article published as: W. 

Marquart, S. Raseale, M. Claeys, N. Fischer, ChemCatChem 2022, e202200267. 

8.1 Catalyst characterization: effect of promotion 

The effect of promotion sequence was evaluated for Fe and Pt promotion. For the Fe promoted samples 

(Fe-MoxCy/SiO2), the promoter was added in three different sequences. The sample was either prepared 

via co-impregnation (Co-Imp) of an aqueous solution containing both ammonium heptamolybdate as well 

as iron nitrate, or via a sequential impregnation (Seq-Imp) of both precursor salts, i.e., the sample was 

impregnated with AHM(aq), dried and subsequently impregnated with Fe(NO3)3(aq). The third approach 

includes a calcination step after the impregnation with AHM(aq), to obtain MoO3/SiO2, followed by the 

impregnation with Fe(NO3)3(aq) (Calc-Imp). Pt promotion was established by the Co-Imp method and in 

addition a sample was calcined after co-impregnation of both precursors, prior to carburization, to obtain 

Pt-MoO3/SiO2, referred to as Co-Imp-Calc. Both potassium and nickel promoted catalysts are prepared 

via the co-impregnation route. 

For comparison, an additional unpromoted sample was also exposed to a calcination step, to obtain 

MoO3/SiO2, prior to carburization. Like in the case of the direct carburization of AHM, in situ XRD 

experiments of the calcination to MoO3 revealed the appearance of a mixture of hP-MoO3 and oP-MoO3 

around 230 °C, followed by a dominant oP-MoO3 phase at 340 °C (see Figure 8.1). In contrast to the 

treatment in a 20 vol.-% CH4/H2 mixture, no clear sign for the formation of (NH4)2Mo4O13 is observed, 

suggesting a harsher and more rapid decomposition in the air atmosphere. 
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Figure 8.1 [left] Top view of in situ XRD patterns following the calcination process of MoO3/SiO2 as a function of temperature 

and [right] the individual patterns at 50, 220 and 400 °C (right). Conditions: Tfinal = 400 °C, P = 1 atm, heating rate = 1 °C min-1, 

holding time = 5 hours. 

The carburization process of AHM (without promotion) is discussed in section 5.2. In a typical 

carburization, AHM decomposes at 227 °C to a mixture of hP-MoO3 and oP-MoO3. At 347 °C, oP-MoO3 

becomes the dominant phase. Reduction to MoO2 proceeds gradually between 363 °C and 466 °C. 

 inall , a mixture of η-MoC0.59 and β-Mo2C is formed at 600 °C. 

The carburization process in the fixed-bed reactor set-up was monitored by means of mass 

spectrometry (MS) monitoring the formation of H2O, CO and CO2. Carburization of AHM to MoxCy 

shows a small H2O formation peak at 290 °C, followed by a large signal with two distinctive peaks at 

353 °C and 397 °C and finally a smaller H2O formation event at 559 °C (see Figure 8.2-A). These 

observations are very much in line with the observed phase changes in the in situ XRD results, despite the 

significant difference in the reactor design and resulting hydrodynamics (Anton Paar XRK900 cell vs ¼ 

inch reactor tube). The first H2O signal can be related to the slow decomposition of the molybdate into the 

trioxide mixture. The large signals at 353 °C and 397 °C are in line with the phase transformation and 

reduction from the MoO3 mixture to MoO2. The signal observed at 559 °C is due to the reduction of 

MoO2 and the subsequent carburization to MoxCy. Upon the formation of the carbide structure at 600 °C, 

CO and negligible amounts of CO2 can be detected as well, suggesting that dissociated methane also acts 

as a reducing agent. The carburization of the calcined sample, MoO3/SiO2 (see Figure 8.2-B), shows two 

distinctive H2O signals at 400 °C and 570 °C, with a broad signal around 275 °C. These signals are very 

much in line with the reduction of oP-MoO3 to MoO2 (at 400 °C) and the reduction of MoO2 and 

subsequent carburization to MoxCy. 
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Figure 8.2: Carburization of [A] AHM/SiO2 and [B] MoO3/SiO2 to MoxCy, monitored by mass spectrometry via the formation of 

H2O, CO and CO2. Conditions: Tfinal = 600 °C, P = 1 atm, heating rate = 1 °C min-1, holding time = 5 hours. 

The carburization of MoO3/SiO2 to MoxCy/SiO2 yields a similar carbide allotrope composition 

compared to the direct carburization route of AHM/SiO2 to MoxCy (see Figure 8.3 and Table 8.1). The 

increase in the crystallite size for β-Mo2C (9.8 vs 4.9 nm) could be explained by the large crystallites 

obtained after calcination of AHM/SiO2 to MoO3/SiO2 at 400 °C (see  Table 8.1). 

 

Figure 8.3. XRD patterns of MoxCy/SiO2 after direct carburization of AHM/SiO2 and after calcination at 400 °C to MoO3/SiO2. 

8.1.1. Fe promotion 

Some initial changes in the carburization process are observed upon the addition of iron nitrate via 

co-impregnation (see Figure 8.4-A). The decomposition of the precursor molybdate to hP-MoO3 occurs at 

165 °C and is followed by the reduction to MoO2 at 402 °C, without showing any evidence of a phase 

transformation from hP-MoO3 to oP-MoO3. The carburization onset temperature is slightly reduced in 

comparison to the unpromoted sample, observed at 516 °C. The reflexes identified as MoO2 disappear 

completely at 600 °C. Although no Rietveld refinement was performed, the presence of the various 
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phases is confirmed by their most intense reflexes (see Figure 8.4-B). MS analysis of the carburization 

process of the Fe promoted sample in the fixed bed reactor shows a H2O formation event at 230 °C 

(decomposition of molybdate), a large signal at 394 °C (reduction of hP-MoO3) and a small event at 

555 °C (reduction of MoO2) (see Figure 8.4-C). Limited CO and CO2 formation was measured. 

 

Figure 8.4. Carburization process of Fe-MoxCy/SiO2 (Co-Imp) as function of temperature, with [A] top view of in situ XRD 

patterns [B] individual patterns obtained at 50, 300, 450 and 600 °C and [C] mass spectrometry signal monitoring the formation 

of H2O, CO and CO2. Conditions: Tfinal = 600 °C, P = 1 atm, heating rate = 1 °C min-1, holding time = 5 hours. 

Fe was also impregnated after calcination to MoO3/SiO2. As calcination of AHM at 400 °C leads to 

the formation of oP-MoO3, it is of particular interest to observe any changes in the remaining 

carburization process (from MoO3 to MoxCy) upon promotion with Fe. In situ carburization does not 

reveal any significant changes to the carburization process upon promoting MoO3 with Fe when 

compared to MoO3/SiO2 (see Figure 8.5). The reduction of oP-MoO3 to MoO2 starts at 420 °C and is 

completed by 450 °C. The carburization starts at 600 °C. 

The freshly carburized samples in the fixed bed reactor show slight intensity variations in their 

carbide allotrope reflexes (see Figure 8.6) which can also be observed in their composition determined via 

Rietveld refinement (see Table 8.1). All three samples contain a mixture of β-Mo2C and η-MoC0.59. The 

crystallite sizes for each allotrope are similar over the three samples, with 7-8 nm for β-Mo2C and 4-5 nm  
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Figure 8.5. Carburization process of Fe-MoxCy/SiO2 (Calc-Imp) as function of temperature followed by in situ XRD (left) and 

the individual patterns at 50, 525 and 600 °C (right). Conditions: Tfinal = 600 °C, P = 1 atm, heating rate = 1 °C min-1, holding 

time = 5 hours. 

for η-MoC0.59. The Calc-Imp sequence yielded the highest content of β-Mo2C (61.3 wt.-%) followed by 

Seq-Imp with 44.9 wt.-% and Co-Imp with 14.1 wt.-%. The overall lower crystallite size obtained from 

the Co-Imp sequence can be hypothesized to be due to a closer interaction between the Fe and Mo 

precursors upon impregnation. The sequential impregnation might create larger distances between the Fe 

and Mo sites, causing differences in the occurring carburizing reactions. In addition, the two-step drying 

process at 120 °C might cause early stage sintering of the molybdate precursor. The promotion after 

calcination can be a combination of increased starting crystallite size, due to calcination, as is observed 

for the unpromoted sample, and the larger separation between the Fe and Mo sites, similar to sequential 

impregnation. 

 

Figure 8.6. XRD patterns of the freshly carburized MoxCy on SiO2 promoted with Fe via co-impregnation (Co-Imp), after 

calcination (Calc-Imp) or sequential impregnation (Seq-Imp). 
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8.1.2. Pt promotion 

Co-impregnating platinum nitrate has a drastic effect on the carburization process (see Figure 8.7-A). The 

molybdate decomposes to hP-MoO3, at 206 °C. The hP-MoO3 disappears at a significantly lower 

temperature of 268 °C compared to >400 °C for the un- or Fe- promoted sample. This has previously 

been attributed due to the enhanced H2 dissociation and the simultaneous formation of molybdenum 

bronze (HxMoO3) or oxyhydride (MoOxHy).1 No evidence of this phase was found in the obtained XRD 

patterns, however from 268 °C to 400 °C, no XRD pattern is observed, which suggests the presence of 

some form of an amorphous phase (see Figure 8.7-B). Instead of forming MoO2, the low temperature 

activation of CH4 by Pt, leads to the formation of (cubic) MoOxCy from about 400 °C.2 Full carburization 

to a mixture of cubic α-MoC1-x and η-MoC0.59 begins at 600 °C.  he formation of cubic α-MoC1-x in the 

presence of Pt is well known.3 Mass spectrometry analysis of the product gases confirms that the 

reduction of hP-MoO3 occurs at significantly lower temperatures, at 294 °C for the Pt-promoted sample 

compared to 394 °C for the Fe-promoted sample (see Figure 8.7-C). Thereafter, minor events can be 

observed which can be assigned to the formation of MoOxCy and later cubic α-MoC1-x. Again, small 

amounts of CO and CO2 were detected as well. 

 

Figure 8.7. Carburization process of Pt-MoxCy/SiO2 (Co-Imp) as function of temperature, with [A] top view of in situ XRD 

patterns [B] individual patterns at 50, 230, 300, 460 and 600 °C and [C] mass spectrometry signal monitoring the formation of 

H2O, CO and CO2. Conditions: Tfinal = 600 °C, P = 1 atm, heating rate = 1 °C min-1, holding time = 5 hours. 
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Figure 8.8. [A, B] Calcination process of Pt-MoO3/SiO2 and [C, D] carburization process of Pt-MoxCy/SiO2 (Co-Imp-Calc) as 

function of temperature, with [A, C] top view of in situ XRD patterns, [B. D] individual patterns at selected temperatures. 

Conditions: Tfinal = 600 °C, P = 1 atm, heating rate = 1 °C min-1, holding time = 5 hours. 

The calcination process of the co-impregnated Pt promoted sample to Pt-MoO3/SiO2 (see Figure 

8.8-A) yields a very similar decomposition pathway to the unpromoted sample (see Figure 8.1). Prior to 

yielding the orthorhombic structure of MoO3, the hexagonal structure is observed at 200 °C, which 

changes to a dominant orthorhombic structure at 400 °C. This is in stark contrast to the decomposition in 

the carburization gas mixture, which yields solely the hexagonal phase (see Figure 8.7). The same 

carburization procedure was performed for the calcined sample and monitored by in situ XRD (see Figure 

8.8-C). The XRD pattern observed at room temperature was not identified as oP-MoO3 or hP-MoO3 but 

can be identified as HxMoO3. It was previously observed that Pt promoted MoO3, in a flow of CH4/H2 

mixture turned black, even at room temperature. H2 dissociates on the Pt surface which is then followed 

by an H-atom spill over to the oxide surface and further diffuses into the MoO3 lattice.3 To confirm the 

transformation of oP-MoO3 to HxMoO3 at room temperature, a new sample was loaded and gases were 

switched between air and 20 vol.-% CH4 in H2 mixture (see Figure 8.9-A). In air atmosphere (a), the 

structure can be clearly identified as oP-MoO3, the same as observed in the freshly calcined sample 

(see Figure 8.9-B). Upon exposure to the CH4/H2 mixture (b), within a matter of minutes, the intensities 

of the three reflexes observed between 0.25 and 0.3 1/Å decrease and a reflex at about  .   1/Å appears. 
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A slight shift to the left for the reflexes at higher angles is also observed. After removal of the CH4/H2 

mixture, and re-exposure to air overnight, the structure returns to oP-MoO3 (c), confirming that HxMoO3 

is a metastable phase. Upon a longer exposure to the CH4/H2 mixture (d), a clear change is pattern is 

observed, which equals the starting pattern in Figure 8.8-C. 

The carbides for both freshly carburized samples contain α-MoC1-x, between 33 and 37 wt.-% at a 

crystallite size of 4.4 and 4.8 nm (see Figure 8.9-B and Table 8.1). The balance is made out of η-MoC0.59 

(between 54 and 59 wt.-%) and a small amount of β-Mo2C (between 4.2 and 12 wt.-%). The higher 

β-Mo2C is observed for the un-calcined sample, Pt-MoxCy/SiO2 (Co-Imp). The calcined sample, 

Pt-MoxCy/SiO2 (Co-Imp-Calc), has a slightly larger crystallite size for β-Mo2C (12.4 nm vs 7.4 nm). 

Although the effect of calcination on the crystal structure and crystallite size is not as significant as was 

observed in the un-promoted and Fe-promoted samples, the slightly increased crystallite size can again be 

explained by the large crystallite size observed for oP-MoO3 after calcination at 400 °C (33.6 nm). The 

slightly increased β-Mo2C content in the un-calcined sample can be rationalized by the decomposition to 

the hexagonal hP-MoO3 phase in the carburizing gas mixture. 

 

Figure 8.9. [A] XRD patterns of Pt-MoO3/SiO2 in (a) air atmosphere, (b) upon short term exposure to 20 vol.-% CH4/H2, 

followed by (c) overnight exposure to air and finally (d) long term exposure to 20 vol.-% CH4/H2. [B] XRD patterns of the 

freshly carburized Pt-MoxCy/SiO2 prepared via Co-Imp and Co-Imp-Calc, including patterns of the precursors Pt-MoO3/SiO2 and 

Pt-AHM/SiO2. 

8.1.3. Ni promotion 

Co-impregnating nickel nitrate also has a severe effect on the carburization process, when compared to 

the unpromoted sample, and shows similar behaviour to Pt-MoxCy/SiO2 (Co-Imp). The molybdate 

decomposes to hP-MoO3 at 170 °C which then disappears at 330 °C (see Figure 8.10-A). Between 330 °C 

and 400 °C, no clear XRD reflexes are observed (see Figure 8.10-B). While the observed phenomenon 
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likely occurs via a similar mechanism as described for the Pt-promoted sample, the decomposition of the 

molybdate seems to occur faster but the reduction of hP-MoO3 is delayed from 268 °C to 330 °C. The 

clear formation of MoOxCy is observed at a similar temperature, from about 400 °C.2 Full carburization to 

a mixture of cubic α-MoC1-x and η-MoC0.59 begins at 578 °C. The formation of cubic α-MoC1-x in the 

presence of Ni is not reported consistently in literature.4, 5 

The analysis of the product gases upon carburization in the fixed bed reactor again correlates very 

well with the in situ XRD results (see Figure 8.10-C). A large H2O signal at 300 °C indicating the 

reduction of hP-MoO3 is followed by minor events, which can be assigned to the formation of MoOxCy 

and later the cubic α-MoC1-x (and η-MoC0.59). XRD and Rietveld analysis of the freshly carburized 

sample suggests a mixture of the three carbide phases, containing 12 wt.-% α-MoC1-x, 22 wt.-% β-Mo2C 

and 66 wt.% η-MoC0.59 (see Figure 8.10-D and Table 8.1). The higher β-Mo2C content over α-MoC1-x 

content is in line with the inconsistent results obtained in literature regarding the crystal structure of the 

carbide upon carburization in the presence of a Ni promoter. 

 

Figure 8.10. Carburization process of Ni-MoxCy/SiO2 as function of temperature, with [A] top view of in situ XRD patterns, [B] 

individual patterns at 50, 300, 550 and 600 °C, [C] mass spectrometry signal monitoring the formation of H2O, CO and CO2 and 

[D] XRD pattern of the freshly carburized sample Ni-MoxCy/SiO2. Conditions: Tfinal = 600 °C, P = 1 atm, heating rate = 

1 °C min-1, holding time = 5 hours. 
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8.1.4. K promotion 

Despite the addition of potassium nitrate, the carburization process is similar to the unpromoted sample 

(see Figure 8.11-A). The molybdate decomposes at 231 °C to oP-MoO3 as the dominant phase. First signs 

of reduction to MoO2 can be observed at 407 °C and the phase becomes dominant at 469 °C, followed by 

the carburization at 600 °C. 

 

Figure 8.11. Carburization process of K-MoxCy/SiO2 as function of temperature, with [A] top view of in situ XRD patterns [B] 

individual patterns at 50, 300, 550 and 600 °C, [C] mass spectrometry signal monitoring the formation of H2O, CO and CO2 and 

[D] XRD pattern of the freshly carburized K-MoxCy/SiO2. Conditions: Tfinal = 600 °C, P = 1 atm, heating rate = 1 °C min-1, 

holding time = 5 hours. 

To the standard operation procedure of the mass spectrometer, either the reactant gas stream or the 

reactor effluent gas stream has to be diluted, maintaining a consistent CH4 and H2 absolute flowrate. The 

unpromoted, Fe, Pt and Ni-promoted samples were all analysed by diluting the effluent gas stream, 

staying consistent with the carburization procedure prior to catalytic testing. For K-MoxCy/SiO2 the 

reactant gas stream was diluted, hence a larger total flowrate was used during the carburization procedure, 

to maintain the absolute flowrates of CH4 and H2. 

For comparison, the unpromoted sample was re-analysed with a diluted carburization mixture (see 

Figure 8.12). Again, the formation of water can be observed at three main events. A small event at 275 °C 
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(decomposition of the molybdate), a large signal at 385 °C (reduction from MoO3 to MoO2) and a large 

signal at 574 °C (combined reduction and carburization of MoO2). The main difference observed between 

the experiment with a diluted reactant compared to the case of a diluted effluent stream, is the 

significantly larger CO signal observed at 600 °C. These differences can be rationalized by the changes in 

contact time or partial pressures of the carburization mixture. However, further investigations are required 

to confirm if these changes affect the physicochemical properties of the samples. 

 

Figure 8.12. Carburization of MoxCy/SiO2 with a diluted carburization mixture, monitored by mass spectrometry via the 

formation of H2O, CO and CO2. Conditions: Tfinal = 600 °C, P = 1 atm, heating rate = 1 °C min-1, holding time = 5 hours.  

For K-MoxCy/SiO2, the H2O signal is comparable to the unpromoted sample, with a slightly reduced 

ratio between the H2O signals at 415 °C and 584 °C, which could indicate a higher degree of reduction of 

the MoO2 in the presence of potassium. Although no sign of metallic Mo is observed in the freshly 

carburized K-MoxCy/SiO2 (see Figure 8.11-D and Table 8.1), a higher degree of reduction of MoO2 is 

supported by literature reporting the formation of metallic Mo after carburization of potassium promoted 

MoOx.6 The CO signal, which indicates the carburization process, is comparable to the unpromoted 

sample carburized with a diluted reaction mixture. 
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Table 8.1. Overview of phase quantification and crystallite sizes determined via Rietveld analysis of the synthesized catalysts. 

8.1.5. Characterization of activated catalysts: effect of promotion 

Each sample, all prepared via co-impregnation, was prepared targeting a loading of 20 wt.-% Mo and 

1 wt.-% promoter. ICP-OES and BET analysis of the freshly carburized samples are shown in Table K.1. 

The surface area of 20 wt.-% Mo2C on SiO2 (123 m2/g) shows a slight drop when calcined prior to 

carburization or upon the (co-)impregnation with the various metals. Sequential impregnation of Fe does 

not show a difference in BET surface area compared to the co-impregnated sample, but a clear difference 

is observed in the pore width and pore volume. 

 

Figure 8.13. Raman spectra of the freshly carburized Fe-MoxCy/SiO2, Pt-MoxCy/SiO2, Ni-MoxCy/SiO2 and K-MoxCy/SiO2, 

prepared via co-impregnation. 
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Sample 

β-Mo2C η-MoC0.59 α-MoC1-x / MoOxCy oP-MoO3 

wt.-% 

(error) 

nm 

(error) 

wt.-% 

(error) 

nm 

(error) 

wt.-% 

(error) 

nm 

(error) 

wt.-% 

(error) 

nm 

(error) 

MoO3/SiO2 - - - - - - 100 
39 

(1.2) 

MoxCy/SiO2 (Calc) 
15.5 

(2.0) 

9.8 

(1.7) 

84.6 

(2.0) 

3.2 

(0.2) 
- - - - 

Fe-MoxCy/SiO2 (Co-Imp) 
14.1 

(3.1) 

7.2 

(1.9) 

85.9 

(3.1) 

4.1 

(0.4) 
- - - - 

Fe-MoxCy/SiO2 (Calc-Imp) 
61.3 

(2.8) 

7.0 

(0.4) 

38.7 

(2.8) 

4.9 

(0.6) 
- - - - 

Fe-MoxCy/SiO2 (Seq-Imp) 
44.9 

(3.1) 

7.6 

(0.7) 

55.1 

(3.1) 

3.8 

(0.4) 
- - - - 

Pt-MoxCy/SiO2 (Co-Imp) 
12.4 

(2.3) 

7.4 

(1.7) 

53.9 

(4.1) 

4.4 

(0.4) 

33.7 

(4.1) 

4.4 

(0.5) 
- - 

Pt-MoO3/SiO2 - - - - - - 100 
33.6 

(1.1) 

Pt-MoxCy/SiO2 (Co-Imp-Calc) 
4.2 

(1.9) 

12.4 

(6.7) 

59.2 

(4.2) 

4.7 

(0.4) 

36.6 

(4.1) 

4.8 

(0.5) 
- - 

Ni-MoxCy/SiO2 (Co-Imp) 
21.6 

(3.1) 

4.5 

(0.7) 

66.4 

(3.4) 

4.1 

(0.3) 

11.9 

(2.4) 

6.1 

(1.3) 
- - 

K-MoxCy/SiO2 (Co-Imp) 
33.2 

(1.9) 

8.4 

(0.6) 

66.8 

(1.9) 

3.2 

(0.2) 
  - - 
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The freshly carburized samples were analysed by means of Raman spectroscopy to identify any 

presence of carbon deposition occurring during carburization (see Figure 8.13). The presence of the D- 

and G-band (1350 and 1600 cm-1, respectively), representing surface carbon, was not observed.  

 

Figure 8.14. TEM micrographs of the freshly carburized Fe-MoxCy/SiO2, Pt-MoxCy/SiO2, Ni-MoxCy/SiO2 and K-MoxCy/SiO2, 

prepared via co-impregnation. 

Transmission electron microscopy (TEM) analysis was employed to confirm the homogenously 

distributed particles on the SiO2 support material with minimal variations in terms of the particle size 

(see Figure 8.14). Although no reliable particle size distribution could be extracted due to the low contrast 

between the small carbide particles and the support, it can be estimated that all particles are well below 

10 nm in diameter. In line with the earlier Raman analysis, no clear indication of carbon deposition is 

observed in the micrographs.  

By means of scanning electron microscopy (SEM) the even distribution of Mo and the promoter 

metal on the SiO2 support and more importantly the co-location of the Mo and promoter metal could be 

confirmed (see Figure 8.15). In the presence of K, some agglomeration of MoxCy particles is detected 

which supports the larger crystallite sizes determined via Rietveld refinement. 
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Figure 8.15. SEM-EDS micrographs and elemental mapping of the freshly carburized Fe-MoxCy/SiO2, Pt-MoxCy/SiO2, 

Ni-MoxCy/SiO2 and K-MoxCy/SiO2, prepared via co-impregnation. 

8.2 Acid-base properties: effect of promotion 

Each of the co-impregnated samples were analysed by means of NH3 and CO2-TPD to determine the 

amount and strength of acid/base sites on SiO2 supported MoxCy catalysts and whether these can be tuned 

by means of promotion. CO2-TPD experiments revealed the presence of CO2 and CO desorption peaks 

within a range of temperatures (see Figure 8.16). The unpromoted sample (previously discussed in section 

7.3) is included in the plot. The CO2 and CO desorbed are normalized to the amount of Mo in the sample 

as no large differences the surface area are observed. As previously discussed, the CO2 desorption 

between 300 and 500 °C is likely due to removal of carbon deposits. This suggests that the desorption 
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profile below 300 °C is of most interest with regards to the number and strength of the basic sites. 

Trapezoidal numerical integration of the individual Gaussian curves (see Figure F-2) reveals the amount 

of CO2 desorbed, grouped to the temperature corresponding to the peak of each fit. Between 100 and 150 

°C, the desorption peak for Fe, Pt and Ni promoted samples is shifted to a slightly higher temperature, 

with the largest shift observed for Pt-MoxCy/SiO2 from 130 °C to 147 °C. In the same temperature range, 

potassium promotion shows double the number of basic sites rather than increasing their strength. Around 

200 °C, no signal is observed for the Pt or Fe promoted sample. Ni and K show an increased number of 

sites at this increased strength. Just below 300 °C, a significant larger signal is observed for Ni, showing 

the presence of some a large number of strong basic sites. 

 

Figure 8.16. CO2 temperature programmed desorption of Fe-MoxCy/SiO2, Pt-MoxCy/SiO2, Ni-MoxCy/SiO2 and K-MoxCy/SiO2. 

Temperature heated up to 800 °C at 10 °C min-1 in an Ar atmosphere. Area plots: CO2, with deconvoluted peaks in white, dashed 

lines: CO. The unpromoted sample is shown in the background of each plot by the grey area and black line plot.  

The NH3-TPD experiments reveal an inversed trend in terms of acid sites, compared to the basic sites 

determined by CO2-TPD. The direct comparison between the unpromoted and the promoted samples 

suggests a slightly increased signal for Fe-MoxCy/SiO2, a similar signal for Pt-MoxCy/SiO2 and decreased 

signals for Ni-MoxCy/SiO2 and K-MoxCy/SiO2. The unpromoted, Ni and Pt promoted samples show the 

largest amount of Brønsted acid sites at 340 °C7, but almost no NH3 desorption can be detected for 

K-MoxCy/SiO2, in line with literature suggesting that potassium promotion leads to a decrease in the 

number of acid sites.6, 8 Fe-MoxCy/SiO2 shows a significantly higher signal at 470-500 °C. This can be 

explained by an overlapping signal between stronger acid sites9 and (sub)surface oxygen complexes 

reacting with pre-adsorbed carbon, such a signal was not observed during CO2-TPD. The Ni promoted 
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sample shows a detectible amount of strong Lewis acid sites at 640 °C, despite the increase in CO 

formation linked to the decomposition of the carbide structure. 

 

Figure 8.17. NH3 temperature programmed desorption of Fe-MoxCy/SiO2, Pt-MoxCy/SiO2, Ni-MoxCy/SiO2 and K-MoxCy/SiO2. 

Temperature heated up to 800 °C at 10 °C min-1, in an He atmosphere. The unpromoted sample is presented in the background of 

each plot by the grey area plot. 

XRD analysis of the spent CO2- and NH3-TPD samples confirm the presence of metallic Mo, due to 

decomposition of the carbide at higher temperatures (see Figure 8.18, Table K.4 and Table K.5). A 

difference is observed between the two techniques in terms of metallic Mo content, with a higher content 

observed for the spent samples after NH3-TPD. Interestingly, the Fe and Ni promoted samples show no 

bulk decomposition during CO2-TPD and a lower degree of decomposition during NH3-TPD, either in 

terms of the Mo0 content (Ni-MoxCy/SiO2) or Mo0 crystallite size (Fe-MoxCy/SiO2). 
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Figure 8.18. XRD patterns of the spent samples after CO2- and NH3-TPD experiments of Fe-MoxCy/SiO2, Pt-MoxCy/SiO2, 

Ni-MoxCy/SiO2 and K-MoxCy/SiO2. 

8.3 CO2 activation: effect of promotion 

The effect of promotion on the affinity of the catalysts towards the activation of CO2 as a function of 

temperature (TP-CO2) was examined. Each sample was cooled to 50 °C after carburization and exposed 

to a 1 vol.-% CO2 in Ar atmosphere. At a heating rate of 5 °C/min, the CO formed is detected by means 

of mass spectrometry (see Figure 8.19). CO is first observed for all samples at 300 °C. This indicates that 

CO2 can be activated in the absence of a co-reactant (such as H2 or hydrocarbons) at relatively low 

temperatures. While all samples observe a continuous rise in CO yield as the temperature increases, the K 

promoted sample shows the lowest CO formation up to about 630 °C. Between 500 °C and 600 °C, both 

Fe-MoxCy/SiO2 and Ni-MoxCy/SiO2 show a slightly higher CO yield than the unpromoted and 

Pt-MoxCy/SiO2. Thereafter, for all samples, the CO concentration in the reactor outlet gas rapidly 

increases, with the highest CO yield observed for the unpromoted, Pt-MoxCy/SiO2 and K-MoxCy/SiO2. As 

discussed in section 6.3 and 7.4, the CO formed between 300 °C and 600 °C can be assigned to the 

dissociation of CO2 on the surface of the catalyst forming oxygen surface species followed by CO 

desorption (CO2 ↔ O* + CO). The rapid increase of CO yield from 600 °C onwards, was previously 

assigned to the reaction with the carbon from the lattice and subsequently leads to bulk oxidation of the 

carbide (CO2 + C*↔ 2CO). The Fe and Ni promoted samples show a significantly lower CO yield peak 

at 700 °C. The X-ray diffractograms of the spent samples confirmed that both samples show no to 

minimal degree of oxidation in comparison to MoxCy/SiO2, K-MoxCy/SiO2 and Pt-MoxCy/SiO2 (see Figure 

8.19 and Table K.3). While this supports the earlier statement regarding the CO observed between 300 °C 

and 600 °C as a result of CO2 dissociation on the catalyst surface, this does not exclude surface oxidation, 
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undetectable by XRD, which in turn can decrease the affinity towards CO2 activation at higher 

temperatures. In addition, Fe-MoxCy/SiO2 and Ni-MoxCy/SiO2 showed to be more resistant to 

decomposition of the carbide structure during the CO2- and NH3-TPD experiments. This suggests that the 

Fe and Ni promotion somehow improves the Mo-C bond strength and renders them less sensitive to the 

oxygen surface species produced during CO2 dissociation. For Ni-MoxCy/SiO2 the higher number of 

strong basic sites present on the sample could cause strongly bonded oxygen surface species and prevent 

desorption thereof via the reaction with lattice carbon. K-MoxCy/SiO2 showed an increase in weaker basic 

sites, which does not seem to sufficiently lower the activation energy for CO2 dissociation (see the lower 

CO yield below 600 °C), but once activated at higher temperatures, is reacts easily with the lattice carbon 

causing the oxidation of the carbide. 

 

Figure 8.19. [left] CO yield observed as a function of temperature of Fe-MoxCy/SiO2, Pt-MoxCy/SiO2, Ni-MoxCy/SiO2 and 

K-MoxCy/SiO2, normalized to the mass fraction of Mo in the catalysts. Temperature increased to 700 °C at 5 °C min-1, holding 

for 10 min at maximum temperature at atmospheric pressure in 1 vol.-% CO2 in Ar at a space velocity of 60 L h-1 gcat
-1. [right] 

XRD patterns of the spent TP-CO2 activation experiments. 

8.4 RWGS performance: effect of promotion 

In section 6.4 the RWGS performance of unpromoted MoxCy catalysts was discussed and a high activity 

towards the RWGS reaction at reaction temperatures between 400 °C and 600 °C and at H2 to CO2 ratios 

between 1 and 7 was observed.10-14 More importantly, minimal catalyst deactivation and low methanation 

activity was paired with the high activity. It is therefore of interest to study if the different promoter 

materials have any impact on the RWGS reaction and whether this performance can be linked to their 

performances in the CO2-ODH reaction (discussed in section 8.5). Each catalyst was evaluated in a H2 to 

CO2 feed ratio of 2.5 at 600 °C for 36 hours TOS. At first the samples were exposed to a space velocity of 

60 L h-1 gcat
-1 excluding Ar (see Figure 8.20). At these conditions, almost all catalysts, except 
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K-MoxCy/SiO2, show an initial CO2 conversion between 50-52 % (see Figure 8.20-A). Minimal catalyst 

deactivation was observed with TOS up until 35 hours. K-MoxCy/SiO2 showed slightly lower conversion 

levels initially, and significant catalyst deactivation was observed dropping to about 30 % CO2 conversion 

after 35 hours TOS. CO selectivity for all catalysts is well above 99 % (see Figure 8.20-C), suggesting 

minimal to no methanation activity, even though it is thermodynamically feasible under these conditions 

(see section 6.1). No catalyst oxidation to MoOx was observed for any of the catalysts (see Figure 

8.20-D). 

 

Figure 8.20. [A] CO2 conversion, [B] H2 conversion, [C] CO selectivity (solid markers) and CH4 selectivity (open markers) of 

MoxCy/SiO2, Fe-MoxCy/SiO2, Pt-MoxCy/SiO2, Ni-MoxCy/SiO2 and K-MoxCy/SiO2 and [D] XRD patterns of the spent RWGS 

catalysts. Conditions: T = 600 °C for 36 h TOS at H2/CO2 ratio of 2.5. SV = 60 L h-1 gcat
-1. 

The conversion of CO2 for all catalysts (except K-MoxCy/SiO2) was close to the thermodynamic 

equilibrium conversion of 56 %. The space velocity was increased twofold to drop the conversion levels 

well below thermodynamic equilibrium to allow for a reliable comparison between the different catalysts, 

especially regarding possible catalyst deactivation. All catalysts but K-MoxCy/SiO2 were thus tested at a 

space velocity of 120 L h gcat
-1, keeping the other reaction conditions constant (a H2 to CO2 feed ratio of 

2.5, at 600 °C for 36 hours) (see Figure 8.21). Under these conditions, Ni-MoxCy/SiO2 yielded the highest 
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conversion of 43 % after 1 hour TOS with minimal catalyst deactivation observed up until 35 hours TOS 

(see Figure 8.21-A). While MoxCy/SiO2 showed a similar initial CO2 conversion after 1 hour TOS, a 

slight drop in activity can be observed with TOS (to 38 % after 35 hours). For Fe-MoxCy/SiO2 and 

Pt--MoxCy/SiO2, 36 % of the CO2 is converted after 1 hour TOS, with minimal deactivation up until 

35 hours TOS. The selectivity towards CO was again well above 99 % for all catalysts (see Figure 

8.21-C). Again, the spent catalysts did not show any sign of oxidation towards MoO2 or MoO3 (see Figure 

8.21). Rietveld analysis of the spent samples presented in Figure 8.20 and Figure 8.21, shows some minor 

changes compared to the freshly carburized materials (see Table K.6). Overall, a slight increase in 

β-Mo2C content can be observed for almost all samples after the exposure to 36 hours of RWGS 

conditions. Additionally, a small increase of the crystallite sizes could account for the observed minor 

catalyst deactivation. This suggests that catalyst deactivation observed for K-MoxCy/SiO2 is not 

influenced by a change in crystal structure, but possibly due to the formation of carbonate-like surface 

compounds or due to the dissociation of re-adsorbed CO.15 

 

Figure 8.21. [A] CO2 conversion, [B] H2 conversion, [C] CO selectivity (solid markers) and CH4 selectivity (open markers) of 

MoxCy/SiO2, Fe-MoxCy/SiO2, Pt-MoxCy/SiO2 and Ni-MoxCy/SiO2 and [D] XRD patterns of the spent RWGS catalysts. 

Conditions: T = 600 °C for 36 h TOS at H2/CO2 ratio of 2.5. SV = 120 L h-1 gcat
-1. 



158 

 

8.5 CO2-ODH performance: effect of promotion 

8.5.1. Use of different gas supply on MoxCy/SiO2 

All catalysts discussed in this chapter were evaluated for their CO2-ODH catalytic performance for 

24 hours. An equimolar feed gas composition of CO2 and C2H6, diluted by 50 vol.-% Ar was fed to the 

reactor at a space velocity of 15 L h gcat
-1. The reaction temperature was set to 600 °C. The various 

samples were tested using different gas supplies, either combined from individual pure gas cylinders 

(IND) or using a single cylinder pre-mix (MIX) (see section 4.3.2). The unpromoted sample was exposed 

to both feed gas sources, which revealed slight differences in catalytic performance with changing gas 

supply, however, reproducible a data was generated within the same type of gas supply (see Figure 8.22). 

The samples belonging to the repeat of experiments are separated by means of a single ( * ) or double ( ** ) 

asterisk. The data for MoxCy/SiO2 (MIX)** is previously discussed in section 6.5 (referred to as 

“ oxCy/SiO2-W ”) and section 7.5 (referred to as “ oxCy/SiO2”).  he differences in catalytic 

performance between the two gas supplies can mainly be observed in the initial stages of the reaction 

(<12 hours TOS). After 1 hour TOS, the unpromoted sample sourcing the feed from individual cylinders, 

MoxCy/SiO2 (IND)* and MoxCy/SiO2 (IND)**, show an C2H6 conversion (𝑋𝐶2𝐻6
) of about 9 % and a CO2 

conversion (𝑋𝐶𝑂2
) of 9.9 and 13.9 %, respectively, which is almost twice as high as when sourcing the 

feed from the pre-mix cylinder, MoxCy/SiO2 (MIX)* and MoxCy/SiO2 (MIX)** (see Figure B-9). The 

activity then shows a sharp decrease up to 6 hours TOS for all samples. Although less abruptly, both the 

C2H6 and CO2 conversion continue to decrease for all catalysts, up until 24 hours TOS. In terms of 

product selectivity, all samples show a rapid increase in C2H4 selectivity (and simultaneously a decrease 

in CO selectivity) from about 50 C-% at 1 hour TOS to 65 C-% at 6 hours TOS, stabilizing at about 70 

C-% after 24 hours. 

The difference in performance between the two gas supplies is supported by the spent catalyst 

characterization. By means of XRD analysis, a significantly higher degree of oxidation is observed for the 

samples exposed to the single mixture cylinder (see Figure 8.23-A and Table K.2). The single cylinder 

mixture might have contained a larger impurity content, such as O2, which causes the increased oxidation 

and thus more rapid deactivation. Interestingly, a small content of α-MoC1-x is observed for both 

MoxCy/SiO2 (IND)* and MoxCy/SiO2 (IND)**, despite the absence of the cubic structure in the freshly 

carburized sample (see Table 8.1).  he formation of α-MoC1-x under reaction conditions, was previously 

observed in section 5.3 after exposure of MoxCy/SiO2 to a CO2-ODH reaction temperature of 650 or 750 

°C, and might be the result of a carburization mechanism similar to the one observed during the 



 

159 

 

carburization of Pt-MoxCy/SiO2 (see Figure 8.9-B) and Ni-MoxCy/SiO2 (Figure 8.10-D) with MoOxCy as 

an intermediate phase.16, 17 

 

Figure 8.22. C2H6 conversion, C2H4 selectivity and C2H4 yield, of MoxCy supported on SiO2, with the feed gas sourced from 

individual gas cylinders (IND) or single cylinder pre-mix (MIX). CO2-ODH conditions: T = 600 °C, P = 1 atm, SV = 15 L h-1 

gcat
-1, CO2:C2H6:Ar = 1:1:2. Theoretical maximum C2H4 selectivity for CO2-ODH indicated by solid black line. 

MoxCy/SiO2 (IND) was repeatedly tested under the same reaction conditions and the reaction was 

terminated at 1, 3 and 12 hours TOS and passivated prior to exposure to air. By means of XRD analysis 

of the recovered samples (see Figure 8.23-B), it can be confirmed that bulk catalyst oxidation towards 

MoO2 already starts in the first 3 hours of the reaction. No MoO2 could be detected after 1 hour TOS. 

Between 12 and 24 hours TOS, the degree of oxidation seems to have somewhat stabilized, but the 

formation of α-MoC1-x is not yet detected at 12 h TOS (see Table K.2). It is therefore suggested that the 

sharp decrease in activity up to 12 hours TOS can mainly be assigned to an increase in the degree of 

oxidation. CO2 activation creates oxygen surface species (O*). Too strongly bonded oxygen surface 

species can cause oxidation of the active sites (most likely the sites responsible for CO2 activation, i.e., 

the basic sites). Due to the resulting decrease in CO2 activation, the number of oxygen surface species 

creating active sites required for the activation of C2H6 decreases as well, thus a drop in overall activity is 

observed. In addition, carbon deposition, which can occur by the decomposition of C2H4, causes a further 

blockage of active sites, ultimately preventing a site regeneration via a Mars van Krevelen type 

mechanism. A study by Porosoff et al.18 reported, by means of DFT calculations (see section 2.3.3, Figure 

2.11), that upon the activation of ethane by O*, the MoxCy surface prefers to recombine atomic hydrogen 

(H*) to desorb as H2 gas over the highly endothermic formation of OH (via O* +  * → O *) or  2O 

(via O * +  * →  2O). This leaves O* behind and causes catalyst oxidation. 
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Figure 8.23. XRD patterns of spent CO2-ODH experiments of MoxCy supported on SiO2 with [A] the spent samples exposed to 

different gas supplies (MoxCy/SiO2 (MIX)* is presented in Figure 8.26) and [B] the repeatedly tested MoxCy/SiO2 (IND), 

terminated at 1, 3 and 12 h TOS. The fresh and the 24 h TOS (same as MoxCy/SiO2 (IND)**) samples are presented again for 

comparison. 

Despite the large activity differences observed in the initial 12 hours TOS, very similar behaviour in 

terms of the reaction pathway development over time can be observed. The type of reaction occurring 

(ODH, DR, DH and/or RWGS) can possibly be identified by analysing the conversion ratio (𝑋𝐶2𝐻6
/

𝑋𝐶𝑂2
), and product ratios (𝑛̇𝐶2𝐻4

𝑛̇𝐶𝑂⁄ , 𝑛̇𝐻2
𝑛̇𝐶𝑂⁄  and 𝑛̇𝐶2𝐻4

𝑛̇𝐻2
⁄ ) of each sample, with significant shifts 

observed with time on stream (see Figure 8.24). See section 4.3.4 for a more detailed discussion regarding 

the ratios and their relation to the reaction pathways. At the start of the reaction, the conversion ratio is 

close to 1, which increases with TOS. The 𝑛̇𝐶2𝐻4
𝑛̇𝐶𝑂⁄  and 𝑛̇𝐻2

𝑛̇𝐶𝑂⁄  ratios also increase with TOS, 

suggesting a decreased CO formation and/or a shift in the reaction pathway from a low-level DR activity 

to ODH/DH. The conversion ratio shows a sharp increase, supporting a more dominant DH pathway. The 

relatively consistent 𝑛̇𝐶2𝐻4
𝑛̇𝐻2

⁄  ratio shows only a minor increase, suggesting that the DH activity does 

not increase, but rather that the DR activity decreases. A more dominant DH pathway increases the 

ethylene selectivity above the theoretical CO2-ODH maximum of 67 C-%. It should be noted that the 

performance of the catalysts has shown to be highly sensitive, and that conversion and product ratios are 

directly correlated to the quality of the data and the experiment performed (think of slight variations in 

feed composition between the two respective experiments). Hence, the slight differences observed 

between MoxCy/SiO2 (IND)* and MoxCy/SiO2 (IND)**, can seem to have a large impact on the absolute 

ratios. Nevertheless, general trends, in terms of reaction pathways can still be observed and should be 

more emphasized than the absolute numbers. 
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Figure 8.24. Schematic representation of C2H6 to CO2 conversion ratio, C2H4 to CO product ratio, H2 to CO product ratio and 

C2H4 to H2 product ratio, of MoxCy supported on SiO2, with the feed gas sourced from individual gas cylinders (IND) or single 

cylinder pre-mix (MIX). CO2-ODH conditions: T = 600 °C, P = 1 atm, SV = 15 L h-1 gcat
-1, CO2:C2H6:Ar = 1:1:2. 

8.5.2. Effect of promotion 

To be able to compare conversion levels between all promoted and unpromoted samples, the C2H6 and 

CO2 conversions are normalized to the unpromoted catalyst using the same gas supply. Upon co-

impregnating Fe, Pt, Ni or K, the initial conversion for both C2H6 and CO2 is lower than for the 

unpromoted sample (see Figure 8.25 and Figure B-10). The potassium promoted sample shows hardly 

any activity after 1 hour TOS and is completely deactivated after 12 hours TOS. Pt-MoxCy/SiO2 shows a 

lower 𝑋𝐶2𝐻6
 and 𝑋𝐶𝑂2

 compared to MoxCy/SiO2 and a slightly faster deactivation can be observed, 

although remaining close to the conversion levels of the unpromoted sample. Ni-MoxCy/SiO2 shows a 

lower conversion than MoxCy/SiO2 up until 12 hours TOS. Thereafter, Ni-MoxCy/SiO2 outperforms the 

unpromoted sample. Only Fe-MoxCy/SiO2 shows a significant improvement in catalytic activity in 

comparison to MoxCy/SiO2 despite the lower conversions observed at 1 hour TOS. At 12 hours TOS the 



162 

 

C2H6 conversion is about 1.8 times higher than that of MoxCy/SiO2, which increases to more than two 

times at 24 hours TOS. 

The C2H4 and CO selectivity seem to be minimally affected by the change in gas supply, thus these 

are not normalized. Some slight variations are observed upon promotion, but in essence all samples show 

an C2H4 selectivity close to the theoretical maximum (67 C-%). Fe-MoxCy/SiO2, Pt-MoxCy/SiO2 and 

Ni-MoxCy/SiO2 show an increased initial C2H4 selectivity after 1 hour TOS in comparison to the 

unpromoted sample, with Fe-MoxCy/SiO2 recording the highest at 70 C-%. A negligible amount of CH4 is 

detected for all samples. 

 

Figure 8.25. C2H6 conversion (relative to unpromoted sample), C2H4 selectivity and C2H4 yield (relative to unpromoted sample), 

of MoxCy supported on SiO2, promoted with iron, platinum, nickel or potassium. CO2-ODH conditions: T = 600 °C, P = 1 atm, 

SV = 15 L h-1 gcat
-1, CO2:C2H6:Ar = 1:1:2. Theoretical maximum C2H4 selectivity for CO2-ODH indicated by solid black line. 

The C2H4 yield of Pt-MoxCy/SiO2 is very similar to that of the unpromoted sample for the full 

24 hours. Fe-MoxCy/SiO2, Ni-MoxCy/SiO2 and K-MoxCy/SiO2 show a lower ethylene yield than the 

unpromoted catalyst in the first 3 hours TOS, after 6 hours under reaction conditions Fe-MoxCy/SiO2 

outperforms all other samples in terms of 𝑌𝐶2𝐻4
. 

In section 6.5 (Figure 6.23), we have described the difference in colour between the front and rear 

part of the spent catalyst bed. In this section, we separated the samples based on the colour difference, 

with an exception for Pt-MoxCy/SiO2. It should be noted that the split was not equal in terms of catalyst 

mass or volume and that the XRD based quantifications reported below are merely an analysis of the 

individual sections. It is observed that a high degree of catalyst oxidation occurs at the inlet side of the 

catalyst bed (see Figure 8.26 and Table K.2). K-MoxCy/SiO2
front fully oxidized to 100 wt.-% oP-MoO3 

while a mixture of MoO2 and oP-MoO3 was observed for MoxCy/SiO2
front, Fe-MoxCy/SiO2

front and Ni-
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MoxCy/SiO2
front. In the rear portion of the catalyst bed, K-MoxCy/SiO2

rear also oxidized, to a mix of 

56 wt.-% MoO2 and 44 wt.-% oP-MoO3. No reflexes of any carbidic phase could be detected. The loss of 

acid sites and increased number of basic sites resulted in a high degree of oxidation during CO2-ODH, 

likely beyond the pathways of RWGS or DR, but simply via CO2 dissociation until all active sites are 

oxidized. MoxCy/SiO2
rear contains some remaining η-MoC0.59. Interestingly, similar to the observations 

made in MoxCy/SiO2 (IND)* and MoxCy/SiO2 (IND)** (see Figure 8.23- ), (cubic) α-MoC1-x was also 

observed in Fe-MoxCy/SiO2
rear, despite the use of the single cylinder mixture gas and that there was no 

indication of a cubic phase in the freshly carburized sample. The slightly reduced number of basic sites 

detected on Fe-MoxCy/SiO2, in comparison to the unpromoted sample, and an increased number of acid 

sites, appears to prevent over-oxidation of the (ox )carbide, forming α-MoC1-x, and thus results in a 

higher activity. 

 

Figure 8.26. XRD patterns of the spent CO2-ODH catalysts of MoxCy supported on SiO2, promoted with iron, platinum, nickel or 

potassium. 

Raman analysis of all spent samples showed that carbon deposition mainly occurs at the rear side of 

the catalyst bed (see Figure 8.27), evidenced by the D- and G-band at 1350 cm-1 and 1580 cm-1, 

respectively. The front side of the catalyst bed did not show any evidence for carbon deposits, which is in 

line with the observed XRD results. K-MoxCy/SiO2 does not show any indication of carbon deposition 

independent of location in the bed, confirming that the deactivation of the potassium promoted sample is 

mainly associated to the oxidation towards MoOx. 
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Figure 8.27. Raman spectra of the spent CO2-ODH catalysts of MoxCy supported on SiO2, promoted with iron, platinum, nickel 

or potassium. 

The lower degree of oxidation and thus higher stability for Fe-MoxCy/SiO2 is supported by the 

𝑋𝐶2𝐻6
/𝑋𝐶𝑂2

 ratio and the product ratios (𝑛̇𝐻2
𝑛̇𝐶𝑂⁄ , 𝑛̇𝐶2𝐻4

𝑛̇𝐶𝑂⁄  and 𝑛̇𝐶2𝐻4
𝑛̇𝐻2

⁄ ) all pointing towards an 

increased DH activity with time on stream (see Figure 8.28). During TP-CO2 activation, it was observed 

that the CO formation rate for Fe-MoxCy/SiO2 is slightly higher between 500 °C and 600 °C and 

significantly lower at 700 °C (compared to the unpromoted sample). This means that Fe-MoxCy/SiO2 

shows to be able to activate CO2, forming somewhat of a protective surface layer of weakly bonded O*, 

preventing catalyst oxidation even at temperatures up to 700 °C. Ni-MoxCy/SiO2 showed the highest CO 

formation rate between 500 °C and 600 °C and also a lower CO formation rate at 700 °C, despite a 

significant increase in the number and strength of the basic sites. A minor decrease in the weak acid site 

concentration and the presence of strong acid sites results in a slightly enhanced dry-reforming activity, 

further increasing with time on stream. This is confirmed by the observed increase for 𝑛̇𝐻2
𝑛̇𝐶𝑂⁄  and 

decrease for 𝑛̇𝐶2𝐻4
𝑛̇𝐶𝑂⁄  product ratios (see Figure 8.28). The Ni promoted sample outperformed all other 

studied catalysts in the RWGS reaction, which can be explained by its high affinity towards CO2 

activation at 600 °C, with rapid oxygen surface species removal by H2. K-MoxCy/SiO2 performed poorly 

compared to all other samples, in terms of both CO2-ODH and RWGS activity. The significant 

deactivation observed in the RWGS cannot be explained by bulk oxidation as determined by means of 

XRD. Further investigations would be required to determine this deactivation mechanism, however the 

lower CO formation rate during TP-CO2 activation between 500 °C and 600 °C is in line with these 

results. 
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Figure 8.28. Schematic representation of C2H6 to CO2 conversion ratio, C2H4 to CO product ratio, H2 to CO product ratio and 

C2H4 to H2 product ratio, of MoxCy supported on SiO2, promoted with iron, platinum, nickel or potassium. CO2-ODH conditions: 

T = 600 °C, P = 1 atm, SV = 15 L h-1 gcat
-1, CO2:C2H6:Ar = 1:1:2. 

The performance of the Pt promoted sample does not show large differences to the unpromoted 

sample, which is of particular interest because Pt promotion had the most significant effect on the carbide 

composition. The addition of Pt caused a slight increase in the number of Brønsted acid sites and a more 

severe decrease in the number of stronger basic sites. This supports the slightly higher direct 

dehydrogenation activity observed which is paired with a high degree of carbon deposition (see Figure 

8.29). Most interesting is the absence of any catalyst oxidation (see Figure 8.33-B), with a final carbide 

structure of 43 wt.-  α-MoC1-x balanced b  η-MoC0.59 (see Table K.2). This is supported by the decrease 

in strong basic sites, which prevents strongly bonded oxygen surface species. 
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Figure 8.29. Raman spectrum of the spent Pt-MoxCy/SiO2. 

The catalytic performance of the Fe promoted sample in the CO2-ODH reaction is highly affected by 

the promotional sequence applied, mainly in terms of activity. The performance of the sample prepared 

via sequential impregnation (Fe-MoxCy/SiO2 (Seq-Imp)) is tested using the single mixture cylinder feed 

and the sample exposed to calcination prior to the promotion with Fe (Fe-MoxCy/SiO2 (Calc-Imp)) is 

tested using the individual gas cylinder feed. Thus, the C2H6 and CO2 conversion as well as the C2H4 yield 

is normalized to the unpromoted catalyst using the same gas supply (see Figure 8.30 and Figure B-11). 

Fe-MoxCy/SiO2 (Seq-Imp) shows a significantly lower initial activity and deactivates quickly. Fe-

MoxCy/SiO2 (Calc-Imp) shows initially a similar C2H6 conversion but is outperformed by Fe-MoxCy/SiO2 

(Co-Imp) after 9 hours TOS. In terms of product selectivity, the calcined sample shows a slightly higher 

initial CO selectivity. 

 

Figure 8.30 C2H6 conversion (relative to unpromoted sample), C2H4 selectivity and C2H4 yield (relative to unpromoted sample), 

of Fe-MoxCy/SiO2, promoted via co-impregnation, sequential impregnation or after calcination. CO2-ODH conditions: T = 600 

°C, P = 1 atm, SV = 15 L h-1 gcat
-1, CO2:C2H6:Ar = 1:1:2. Theoretical maximum C2H4 selectivity for CO2-ODH indicated by solid 

black line. 
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Before discussing the performance of the various Fe promoted samples in more detail, the effect of 

calcination is discussed. The unpromoted sample exposed to calcination prior to carburization 

(MoxCy/SiO2 (Calc)) also shows an increased initial CO2 conversion and CO selectivity (see Figure B-12). 

This is in parallel to an increased C2H6 conversion, yet a decreased C2H4 yield (see Figure 8.31). This 

means, at 1 hour TOS, MoxCy/SiO2 (Calc) follows predominantly the dry-reforming pathway. From 3 

hours TOS, the C2H6 and CO2 conversion has dropped to the same level as the directly carburized sample. 

This behaviour is also observed in the product selectivity and ethylene yield. 

 

Figure 8.31. C2H6 conversion, C2H4 selectivity and C2H4 yield, of MoxCy/SiO2 carburized with and without prior calcination. 

CO2-ODH conditions: T = 600 °C, P = 1 atm, SV = 15 L h-1 gcat
-1, CO2:C2H6:Ar = 1:1:2. Theoretical maximum C2H4 selectivity 

for CO2-ODH indicated by solid black line. 

The main difference between the freshly carburized MoxCy/SiO2 and MoxCy/SiO2 (Calc) is the larger 

crystallite size observed for β-Mo2C (see Table 8.1) and the drop in BET surface area (see Table K.1). In 

the spent sample, a higher degree of oxidation is observed for MoxCy/SiO2 (Calc), at the expense of the β-

Mo2C content (see Figure 8.33 and Table K.2). It can be suggested that the formation of the metastable 

ODH active phase, MoOxCy, from larger β-Mo2C crystallites/particles is slower/less sensitive compared 

to smaller crystallites/particles. As β-Mo2C is suggested to be the most active CO2 dissociating phase, the 

incubation time for β-Mo2C to change to MoOxCy is significantly delayed, allowing for more O* to be 

produced. At the same time, the ethane is solely activated on the formed O*, which might be the cause for 

the enhanced C-C bond scission over C-H bond scission, thus promoting the dry-reforming reaction. In 

agreement with the earlier argument by Porosoff et al.18, the H-atoms are recombined and desorbed as H2 

gas, leaving O* behind, which then oxidize β-Mo2C to MoO2, and simultaneously create the required 

MoOxCy (surface) phase, enhancing the C2H4 formation as observed at 3 h TOS. The latter increases the 

carbon deposition on the catalyst surface causing the observed catalyst deactivation with time on stream. 
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The above hypothesis is supported by the catalytic performance of Pt-MoxCy/SiO2 (Co-Imp-Calc). 

Calcination prior to carburization for the Pt promoted sample did not enhance the C2H6 or CO2 

conversion, on the contrary, a slightly lower activity is observed when compared to Pt-MoxCy/SiO2 (Co-

Imp) (see Figure 8.32). The calcination process did not affect the (cubic) α-MoC1-x content or size in the 

freshly carburized sample (see Table 8.1). A lower β-Mo2C content is observed with a slightly increased 

η-MoC0.59 content. In terms of product selectivity, the calcined sample shows very comparable 

performance to the directly carburized sample. Again, no (bulk) oxidation was observed upon termination 

of the reaction (see Figure 8.33), with a carbide composition containing 38.4 wt.-% α-MoC1-x, balanced 

by η-MoC0.59 (see Table K.2).  

 

Figure 8.32. C2H6 conversion, C2H4 selectivity and C2H4 yield, of Pt-MoxCy/SiO2, promoted via co-impregnation and carburized 

with and without prior calcination. CO2-ODH conditions: T = 600 °C, P = 1 atm, SV = 15 L h-1 gcat
-1, CO2:C2H6:Ar = 1:1:2. 

Theoretical maximum C2H4 selectivity for CO2-ODH indicated by solid black line. 

Spent catalyst characterization of Fe-MoxCy/SiO2 (Seq-Imp) reveals the absence of α-MoC1-x, which 

suggests that no MoOxCy is formed under reaction conditions (see Figure 8.33 and Table K.2). This can 

explain the rapid loss in activity with TOS. In addition, a high degree of oxidation is observed in the form 

of MoO2 and oP-MoO3. The calcined sample, Fe-MoxCy/SiO2 (Calc-Imp). shows a much smaller α-MoC1-

x content in the spent sample than Fe-MoxCy/SiO2 (Co-Imp) and a higher degree of oxidation. This 

suggests that under reaction conditions, the formation of the CO2-ODH active MoOxCy is limited and that 

the higher β-Mo2C content in the freshly carburized samples (compared to Fe-MoxCy/SiO2 (Co-Imp)) can 

possibly create more oxygen surface species, causing the catalyst to oxidize and deactivate. The suggested 

theory can also explain the low activity and rapid deactivation observed for K-MoxCy/SiO2, as the 

potassium promoted sample contained a high β-Mo2C content at larger crystallite size. It is suggested that 

β-Mo2C is responsible for a high CO2 dissociation activity, but without the formation of MoOxCy, the 

oxygen surface species cause catalyst oxidation or are removed via C-C bond scission of C2H6, increasing 
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the dry-reforming activity. If MoOxCy is formed, the DH activity increases, however, C2H4 decomposition 

causes carbon deposition. 

 

Figure 8.33. XRD patterns of the spent CO2-ODH of [A] MoxCy/SiO2 carburized with and without prior calcination and [B] -

MoxCy/SiO2, promoted via co-impregnation, sequential impregnation or after calcination and Pt-MoxCy/SiO2, promoted via co-

impregnation and carburized with and without prior calcination. 

8.5.3. Effect of feed composition 

In terms of catalyst oxidation, the performance data shown under RWGS conditions confirmed that H2 

removes surface oxide species from the dissociation of CO2 at a significant faster rate compared to ethane 

acting as reducing agent, suppressing oxidation. The results discussing the co-feeding of H2 (see section 

7.5) have shown that for MoxCy/SiO2, although suppressing oxidation, no significant improvement in the 

CO2-ODH activity was observed, but that the RWGS activity was enhanced.19 In this study, in an attempt 

to improve catalytic stability, co-feeding of 5 vol.-% H2 to the Fe promoted sample (Fe-MoxCy/SiO2 (5 % 

H2)) did decrease the degree of oxidation (see Figure 8.37-A), however this was not advantageous to the 

conversion of C2H6, nor the selectivity towards C2H4 (see Figure 8.34). While in the absence of H2 

co-feeding, the conversion of C2H6 slightly increased with TOS, this is not the case when co-feeding H2. 

The initial C2H6 conversion is the same (2.5 %), but then continues to decrease up until 24 hours TOS. As 

expected, the CO2 conversion increased significantly showing an initial conversion of about 12 % 

decreasing slightly with TOS. Ethylene yield shows a similar decreasing trend, starting at 2.6 %. Based 

on these results, it is concluded that for Fe-MoxCy/SiO2 (5 % H2), H2 removes the oxygen surface species, 

suppressing the formation of the CO2-ODH active oxycarbide phase. This is supported by the absence of 

any reflexes of the MoOxCy or the cubic α-MoC1-x phase in the XRD pattern of the spent (see Table K.2). 
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In addition, carbon deposition, as observed by means of Raman analysis (see Figure 8.37-B), blocks the 

active sites responsible for the removal of the ox gen surface species causing the oxidation of β-Mo2C to 

MoO2. 

 

Figure 8.34. C2H6 conversion, C2H4 selectivity and C2H4 yield, of the following samples exposed to varying feed compositions: 

water co-feeding for MoxCy/SiO2, co-feeding of 5 vol.-% H2 for Fe-MoxCy/SiO2, a 5:1 CO2 to C2H6 feed ratio for Pt-MoxCy/SiO2 

and Ni-MoxCy/SiO2. CO2-ODH conditions, see section 4.3.2 for more details. Theoretical maximum C2H4 selectivity for CO2-

ODH indicated by solid black line. 

The results discussed in section 7.5 with an increased CO2 content in the feed showed that the rate of 

deactivation could be slowed down, as the higher CO2 removes or prevents carbon deposition. On the 

other hand, the higher oxidative potential could also lead to enhanced carbide oxidation. A CO2 to C2H6 

feed ratio of 5 to 1 was fed over the Pt promoted (Pt-MoxCy/SiO2 (5:1)) and Ni promoted (Ni-MoxCy/SiO2 

(5:1)) samples. Pt-MoxCy/SiO2 did not oxidize in a 1 to 1 feed ratio. The initial conversion for Pt-

MoxCy/SiO2 (5:1) increased to 8.6 %, however catalyst deactivation was not prevented (see Figure 8.34). 

Ethane conversion drops to about 2 % after 24 hours TOS, although still higher than the ethane 

conversion for Pt promoted sample at a 1 to 1 feed ratio (about 1 %). The CO selectivity is 53 C-% after 

1 hour TOS, increasing to 65 C-% after 24 hours TOS. Interestingly, although the absolute amounts of 

C2H4 formed are lower (see Figure B-14), the ethylene yield is very similar for Pt-MoxCy/SiO2 at both 

feed gas compositions. This could suggest that the increased C2H6 conversion is due to an enhanced DR 

activity, happening simultaneously with the ODH pathway, keeping the sites responsible for the 

formation of ethylene intact. The 𝑛̇𝐻2/𝑛̇𝐶𝑂 ratio declines with TOS, due to a secondary RWGS reaction 

(see Figure 8.35). This causes the conversion ratio to first increase from approximately 3.0 to above 4.0, 

but then drops again due to the increased RWGS activity. The higher concentration of CO2 in the feed 

does cause the oxidation of the carbide (see Figure 8.37-A and Table K.2). Ni-MoxCy/SiO2 (5:1) has a 2.7 
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time increase in the initial ethane conversion (5.1 %) in comparison to same catalyst at a CO2 to C2H6 

feed ratio of 1 to 1 (1.9 %). The ethane conversion further increased with TOS reaching about 7 % after 

24 hours TOS. Simultaneously, the C2H4 selectivity decreases, and the CO selectivity increases to 95 C-% 

after 24 hours TOS. It is clear that DR (and to some extent RWGS) becomes the dominant reaction 

pathways for the Ni promoted sample with a 5:1 CO2 to C2H6 feed. Full oxidation to MoO2 is observed in 

the spent catalyst (see Figure 8.37-A and Table K.2). Despite the over-stoichiometric CO2 content in the 

feed, carbon deposition could not be prevented for both Pt-MoxCy/SiO2 (5:1) and Ni-MoxCy/SiO2 (5:1) 

(see Figure 8.37-B). 

 

Figure 8.35. Schematic representation of C2H6 to CO2 conversion ratio, C2H4 to CO product ratio, H2 to CO product ratio and 

C2H4 to H2 product ratio, of Pt-MoxCy/SiO2 and Ni Pt-MoxCy/SiO2. CO2-ODH conditions: T = 600 °C, P = 1 atm, SV = 15 L h-1 

gcat
-1, CO2:C2H6:Ar = 5:1:6. 

Another common measure to reduce or prevent carbon deposition during CO2-ODH is the co-feeding 

of H2O. Steam can react with surface carbon20 producing CO and H2. MoxCy/SiO2 was exposed to a CO2 

to C2H6 feed ratio of 1 to 1 with the feed gas (sourced from individual gas cylinders) saturated with water 

at 30 °C, which results in a H2O content of about 4-5 vol.-%. The co-feeding of H2O caused a slight 

decline in the initial activity with a C2H6 conversion of 5.7 % after 1 hour TOS and remained lower up 

until 12 hours TOS (see Figure 8.34). However, the conversion of C2H6 is more stable with an C2H6 

conversion of 2.5 % after 24 hours TOS (compared to 1.1 % in the absence of H2O co-feeding). C2H4 

selectivity was increased and remained higher over the entire duration of the experiment. The conversion 
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ratio (𝑋𝐶2𝐻6
𝑋𝐶𝑂2

⁄ ) and product ratios all suggest a shift in reaction mechanism towards DH with TOS 

(see Figure 8.36).  

 

Figure 8.36. Schematic representation of C2H6 to CO2 conversion ratio, C2H4 to CO product ratio, H2 to CO product ratio and 

C2H4 to H2 product ratio, of MoxCy/SiO2. H2O/CO2-ODH conditions: T = 600 °C, P = 1 atm, SV = 15 L h-1 gcat
-1, CO2:C2H6:Ar = 

1:1:2, with H2O co-feeding of about 4-5 vol.-%. 

Spent catalyst characterization revealed an increased MoO2 content (54 wt.-%) in comparison to 

MoxCy/SiO2 (IND) (see Figure 8.37-A and Table K.2), and Raman spectroscopy evidenced the presence 

of surface carbon (see Figure 8.37-B). The steam in the feed gas stream is therefore proposed to prevent 

or suppress carbon deposition on the acid sites responsible for C2H6 activation but does not improve the 

stability of the basic sites for CO2 activation. 
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Figure 8.37. [A] XRD patterns and [B] Raman spectra of the spent CO2-ODH catalysts exposed to varying feed compositions: 

water co-feeding for MoxCy/SiO2, co-feeding of 5 vol.-% H2 for Fe-MoxCy/SiO2, a 5:1 CO2 to C2H6 feed ratio for Pt-MoxCy/SiO2 

and Ni-MoxCy/SiO2. 

8.6 Concluding remarks 

The carburization process and physiochemical properties of molybdenum carbide show significant 

changes upon the addition of iron, potassium, nickel or platinum. Although the crystal structures of 

Fe-MoxCy/SiO2 and K-MoxCy/SiO2 are similar to the unpromoted sample, in the presence of Fe a 

decreased β-Mo2C content and a decrease in surface area is observed. Potassium promotion resulted in an 

increase in the β-Mo2C content with an increased crystallite size, possibly due to the increased degree of 

reduction upon the formation of the carbide. Ni and Pt followed a different carburization pathway, by 

forming an intermediate phase of MoOxCy followed b  α-MoC1-x. 

The acid and base characteristics of MoxCy were also greatly influenced by the addition of a 

promoter. K addition decreased the number of acid sites and increased the number of basic sites, with the 

latter also observed when adding nickel. However, with nickel the appearance of strong acid sites was 

observed. These characteristics can be directly related to their respective CO2-ODH performance. 

Potassium addition decreased the catalytic activity significantly due to the decreased number of acid sites, 

limiting ethane activation and supressing the rapid removal of oxygen surface species resulting in severe 

catalyst oxidation. Even under RWGS conditions, severe catalyst deactivation was observed for 

K-MoxCy/SiO2. Lower potassium content could possibly be beneficial and should be further investigated. 

The addition of iron or nickel decreased the initial activity, but with TOS the promoted catalysts 
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outperform the unpromoted sample. Specifically, iron showed promising catalytic stability and an 

increased ethylene selectivity, which is likely due to enhanced stability of the oxygen surface species 

and/or the formation of MoOxCy. Ni-MoxCy/SiO2 achieved the highest activity for the RWGS reaction 

with minimal formation of CH4, even at a H2 to CO2 ratio of 2.5. This can be explained by the increased 

number of basic sites, which are mainly responsible for the enhanced CO2 activation. Pt promotion 

resulted in a slight decrease in C2H6 conversion and a more severe drop in CO2 conversion, indicating a 

higher degree of direct dehydrogenation. This is paired with a high degree of carbon deposition and an 

absence of catalyst oxidation. An increased CO2 content did not enhance the stability much, with only a 

slight increase in C2H6 conversion. The ethylene yield was almost equal, despite a significant increase in 

CO selectivity. This confirms that the dry-reforming of C2H6 is the main contributor to the enhanced 

ethane conversion. The over-stoichiometric amount of CO2 fed to the catalyst oxidizes the carbide. H2 co-

feeding limited carbon deposition, however, on Fe-MoxCy/SiO2, the catalyst stability was not enhanced. 

This is likely due to the faster removal of oxygen surface species created via CO2 activation, limiting the 

formation of the most active phase for CO2-ODH, i.e., MoOxCy. Co-feeding of H2O does enhance the 

catalyst stability without completely preventing carbon deposition. An increase in C2H4 selectivity was 

observed, suggesting that steam removes or prevents the formation of carbon deposits on the sites 

responsible for C2H6 activation. 
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9 Conclusions and Summary 

In this thesis, a comprehensive study is presented towards the application of MoxCy-based catalysts for the 

CO2-assisted oxidative dehydrogenation of ethane. MoxCy-based catalysts have shown to be promising 

candidates for this reaction as it can activate both CO2 and C2H6, with a high selectivity towards the 

desired product, ethylene.1-4 The major pitfall for further development of these catalysts for potential 

upscaling, is the poor catalyst stability. The deactivation of the catalyst is mainly caused by carbon 

deposition and oxidation of the carbide phase to the lesser active oxide phases3. In addition, bulk carbide 

catalysts have shown poor performance in terms of catalyst activity and selectivity, when compared to 

supported MoxCy nanoparticles. The poor stability of the catalyst goes beyond the here suggested MoxCy 

system and is a general trend for all CO2-ODH catalyst.5-12 Hence, most literature reports on short term 

experiments, focusing on the initial activity and product selectivity. This work reports on 24 hour 

experiments, in an attempt to create a deeper understanding of the deactivation mechanism and the 

various possible side reactions occurring on MoxCy-based catalysts. This was completed by an extensive 

(in situ) characterization study of the carburization process and the freshly carburized samples for an 

accurate comparison to the spent catalysts. The freshly carburized samples were then exposed to a variety 

of reaction temperatures, co-feeding experiments and RWGS conditions, to identify the possible reaction 

pathways and increasing catalytic stability by preventing the oxidation and or carbon deposition to occur. 

The project was extended by varying the synthesis technique, dispersion on various metal oxide supports 

and via promoter addition. 

The synthesis of the catalyst, specifically focusing on the carburization process, was extensively 

studied by means of in situ characterization techniques such as XRD, XAS and Raman spectroscopy, to 

monitor the phase evolution form the precursor (AHM or MoO3) to MoxCy. The freshly carburized 

catalysts revealed to contain one or a combination of any of the following carbide phases: β-Mo2C, η-

MoC0.59, α-MoC1-x or MoOxCy. Varying the synthesis technique, between common slurry (wet) 

impregnation (WI), a hybrid nanocrystal technique13, 14 (HNC) or a sol-gel method15 (SG), and two silica-

based supports (SiO2 and SBA-15), five samples were synthesized. When carburized at 600 °C in a 20 

vol.-% CH4 in H2 mixture. MoxCy/SiO2-SG and MoxCy/SBA-15-HNC both produced a mixture of η-

MoC0.59 and MoOxCy. The presence of MoOxCy instead of α-MoC1-x is difficult to distinguish by means of 

the respective XRD patterns, but EXAFS analysis confirmed that the presence of α-MoC1-x is unlikely. 

MoxCy/SiO2-WI, MoxCy/SBA-15-WI and MoxCy/SiO2-HNC all yielded a combination of β-Mo2C and η-

MoC0.59. The presence of MoOxCy is suggested to occur due to the delayed carburization for both 

MoxCy/SBA-15-HNC and MoxCy/SiO2-SG, possibly due to a stronger interaction between the Mo-
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particles and the support originated from the synthesis technique. At higher carburization temperatures 

(650 °C), β-Mo2C was observed. 

Additionally, a range of metal oxide support materials were employed, i.e. Al2O3, ZrO2, Ga2O3, TiO2 

and CeO2. The samples were prepared via wet impregnation and all samples yielded a carbide 

composition containing η-MoC0.59 and/or β-Mo2C. No evidence of MoOxCy or α-MoC1-x was observed by 

XRD, bearing in mind the large contrast in crystallite size between the metal oxide support and the MoxCy 

particles. 

By addition of a promoter, i.e., Fe, Pt, Ni or K, via co-impregnation (Co-Imp) on a SiO2 support, the 

carburization process as well as the final carbide composition was significantly altered, especially upon 

promotion with Pt and Ni. In situ XRD revealed that MoOxCy is a precursor phase of α-MoC1-x during the 

carburization process upon promotion with Pt and Ni. Fe promotion caused the decomposition of the 

molybdate to hP-MoO3 only, but no large differences in carbide composition to the unpromoted sample is 

observed when promoted via co-impregnation. A sequential promotion (Seq-Imp) or promotion after 

calcination (Calc-Imp), caused an increase in the β-Mo2C content. Potassium promotion did not visibly 

alter the carburization process (by means of in situ XRD), but the freshly carburized sample contained 

slightly larger crystallite sizes, which could be caused due to a more intense reduction of MoOx, as 

observed by online MS analysis of the effluent gas (possibly forming some metallic Mo). 

The BET surface area of each catalysts seemed to be predominantly determined by the support 

material and is only slightly affected by the MoxCy nanoparticles. All catalysts showed to produce below 

10 nm sized MoxCy nanoparticles, well distributed over the support material, as observed by TEM and 

SEM-EDS. Raman analysis revealed minimal to no carbon deposition to have occurred during 

carburization. 

Besides the structural effects the different synthesis techniques, support materials and promoter had 

on the supported MoxCy nanoparticles, effects on the chemical properties and the affinity to activate CO2 

were also observed. On all catalysts, in a diluted CO2 atmosphere, at temperatures between 300 and 530 

°C, CO2 is activated via dissociation on the surface. At higher temperatures, for selected samples, the 

carbide oxidized to MoO2. When compared to the baseline catalyst, MoxCy/SiO2-WI, the different support 

materials and the different promoter additions showed to have the largest influence on the CO2 activation 

behaviour. On Ga2O3, both the CO yield via CO2 dissociation at the lower temperature range (530 – 600 

°C) and the CO peak yield is much lower than the SiO2 supported sample. No oxidation to MoO2 was 

observed. For ZrO2 and TiO2 supported sample, the CO peak yield increased, suggesting higher affinity 

towards oxidation.  
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Promotion with potassium significantly decreased the CO2 activation via dissociation on the surface, 

but at higher temperatures a similar degree of oxidation was observed compared to the unpromoted 

sample. The slight increase in weaker basic sites did not seem to influence CO2 dissociation below 

600 °C. Fe and Ni promoted sample achieved a slight increase in CO2 dissociation at lower temperatures 

and showed to be more resistant to oxidation at higher temperatures. 

In terms of acid-base sites, Al2O3 and TiO2 increased the number and strength of basic sites available. 

Ga2O3 and especially ZrO2, increased the number of acid sites available. The Ni an K promoted samples 

increased the number of basic sites, and a decrease was observed for the Fe and Pt promoted samples. A 

reverse effect was observed for the number and strength of the acid sites, although Ni did show the 

presence of some strong acid sites. 

Reverse water-gas-shift performance was evaluated for all silica supported samples and activities 

close to thermodynamic equilibrium (with respect to the applied reaction conditions) was observed for all 

catalysts, as well as a remarkable stability over the entire period tested, except for the K-promoted 

sample. Promotion of the carbide nanoparticles with potassium is very sensitive towards the promoter 

loading and it is suggested that the loading is too high. This potentially causes the formation of carbonate 

like surface compounds as well as over-reduction to metallic Mo. No oxidation or carbon deposition was 

observed on any of the samples exposed to the wide range of RWGS conditions. 

All the characteristics discussed could be directly related to the CO2-ODH performance of each 

catalyst, including potential reaction pathways and deactivation mechanisms. While the performance of 

the catalysts prepared via different synthesis techniques did not vary significantly, some effects regarding 

the carbide composition and CO2 activation behaviour can be observed. All five catalysts showed to 

predominantly follow the CO2-ODH reaction pathway, with a slightly more prominent DH pathway 

observed with time on stream. Although the largest differences are observed in the first 12 hours TOS, the 

MoxCy/SBA-15-HNC showed to be the most efficient C2H4 producing catalyst, which is likely due to the 

higher mass specific Mo surface area and the highest MoOxCy content. 

The different metal oxide supports showed a much larger effect on the catalytic performance. On all 

samples, the MoxCy nanoparticles remained consistent and achieved a high selectivity to C2H4. The lowest 

C2H4 selectivity observed for MoxCy/ZrO2 initially but increases with TOS (as the conversion decreases). 

This suggests that while initially a predominant dry-reforming pathway is achieved, the deactivation of 

the catalyst causes a shift in the reaction pathway, likely due to the covering of the ZrO2 support by 

carbon and the oxidation of the carbide creating active oxygen sites. H2 co-feeding prevented the 

oxidation of the catalyst, which resulted in a more dominant DR pathway. The observed deactivation can 
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be explained by a loss in DR activity, since a stable ethylene yield was achieved upon co-feeding 

17 vol.-% H2. This suggests the occurrence of a balanced reaction pathway between the RWGS and 

CO2-ODH reaction. MoxCy/Al2O3 showed an initial higher activity with an C2H4 selectivity of over 

60 C-%, with again a sharp decrease in activity accompanied by a more dominant DH pathway. When 

exposed to a 5:1 CO2 to C2H6 feed mixture, the deactivation rate could be slowed down and 

simultaneously a more stable C2H4 selectivity was observed. This is likely due to the removal of surface 

carbon via reverse Boudouard, freeing up active sites for the co-activation of CO2 and C2H6. 

MoxCy/Ga2O3 might be the most interesting sample of all. While in a stoichiometric feed composition the 

activity drops drastically with TOS, which is suggested due to the dominant DH pathway causing carbon 

deposition via ethylene decomposition as limited oxidation is observed. At a 5:1 feed, no oxidation was 

observed, yet the deactivation rate was similar to the stoichiometric feed. Only upon co-feeding H2, the 

stability of the catalyst was enhanced, which is of particular interest as oxidation did not show to be the 

main deactivation pathway. It is hypothesized that the H2 co-feeding aided into the removal of carbon 

deposits as well as prevented surface oxidation, invisible by XRD. 

Fe promotion has shown to potentially increase catalyst stability, suggested due to the stabilization of 

the oxygen surface species, creating a MoOxCy phase. However, at prolonged TOS, oxidation and carbon 

deposition could not be prevented which eventually caused severe catalyst deactivation. The rapid 

removal of these oxygen surface species was achieved by means of H2 co-feeding. However, this 

prevented the formation of the more active MoOxCy phase as is observed in the spent catalyst by the 

absence of α-MoC1-x. Pt promotion caused a more dominant DH pathway, which is supported by the 

absence of oxidation in a stoichiometric feed composition and significant amount of carbon deposition. 

An increased CO2 content did not enhance the (O)DH activity, but showed an additional DR activity, 

while maintaining the DH activity as is observed by the enhanced C2H6 conversion while achieving a 

similar ethylene yield. The Ni promoted sample showed to shift to a more dominant DR pathway with 

TOS, which is further increased with an increase in the CO2 content in the feed. Potassium promotion 

caused a severe drop in activity, which is in line with the lower affinity to CO2 activation and the unstable 

RWGS performance. This can be mainly explained by the loss in acid sites, limiting C2H6 activation, 

causing severe oxidation of the carbide to MoOx. While not observed by means of XRD or surface 

sensitive techniques, the formation of metallic Mo16, 17 or carbonate like surface compounds18 can also 

cause the poor performance. 
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10 Recommendations and Future Work 

To further study the MoxCy-based catalytic system and to improve the stability of the catalyst, mainly by 

preventing the oxidation of the carbide to MoOx and carbon deposition, while maintaining high ethylene 

yields, the following experimental approaches are recommended: 

• The synthesis techniques used in this study showed to yield a variation of carbide 

compositions, when applying consistent carburization conditions, which mainly caused 

differences in the CO2-ODH catalytic performance at the early stages of the reaction. To 

confirm the effect of the different carbide allotropes on the catalyst system, it is 

recommended to attempt to achieve a more reproducible synthesis technique that produces 

higher purities of each carbide phase. Ideally, the synthesized catalysts are characterized 

using more sophisticated techniques (such as synchrotron based techniques), which are not 

limited by the small crystallite sizes, to confidently distinguish between the different 

allotropes. 

• The above recommendation can be extended by attempting to produce pure phases of 

MoOxCy, α-MoC1-x and β-Mo2C via the synthesis route discussed using Pt promotion. The in 

situ XRD patterns collected during the carburization process of Pt-MoxCy/SiO2, confirmed the 

presence of MoOxCy at around 500 °C and α-MoC1-x at 600 °C. β-Mo2C is 

thermodynamically the most stable phase, so an increase in carburization temperature should 

yield a purer β-Mo2C phase. Differences in active surface area might be observed due to the 

various levels of carbon deposition, but these could possibly be removed through a pre-

treatment in steam or H2. 

• The support effect observed in this study is most likely also influenced by the large 

differences in surface area (although conversions were observed within a similar range). 

Synthesizing metal oxide support materials with similar surface area, can possibly increase 

the initial activity of the MoxCy-based catalysts. 

• MoxCy/Al2O3 evaluated using a 5:1 CO2 to C2H6 feed composition, decreased the deactivation 

rate significantly and simultaneously produced higher absolute amounts of ethylene. An 

additional H2 co-feed, can possibly prevent oxidation and further improve the CO2-ODH 

performance of the Al2O3 supported catalyst. 
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• The Ga2O3 supported sample showed minor oxidation in a 1:1 feed, no oxidation in a 5:1 

feed, and an improved stability upon co-feeding H2. Synchrotron based EXAFS and XPS 

analysis could both be interesting techniques to observe the (surface) oxidation state of the 

carbide particles under reaction conditions in the various feed compositions. This can assist in 

the identification of the reaction mechanism, but more interestingly, the improved catalytic 

stability upon H2 co-feeding. 

• Lastly, and in essence a combination of the last three recommendations, it is believed that an 

improved surface area for MoxCy/Ga2O3, and/or an increase in the H2 content in the feed 

mixture, with the addition of Ni to increase the basic sites and thus increase CO2 activation or 

the addition of K to decrease acid site strength and thus limit the DH pathway and preventing 

substantial amount of carbon deposition, could potentially create a model catalyst that is a 

highly efficient and stable C2H4 producing catalyst, and should be further explored. 
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Appendix 

A Thermodynamic analysis of CO2-ODH 

 

Figure A.1. Product equilibrium of the Mo system in the presence of CO2, as a function of temperature, with all CO2-ODH 

compounds considered [A] including the four different Mo phases [B]. Red shaded area indicates temperature range of interest 

for CO2-ODH. Compound specific thermodynamic data from Knacke et al.1. 

 

Figure A.2. Product equilibrium of the CO2-ODH system as a function of temperature and H2 co-feeding at a stoichiometric feed 

of CO2 to C2H6 (1:1) and 1 bar pressure, with all compounds considered. 



184 

 

 

Figure A.3. Product equilibrium of the CO2-ODH system as a function of temperature and H2O co-feeding at a stoichiometric 

feed of CO2 to C2H6 (1:1) and 1 bar pressure, with all compounds considered. 

 

Figure A.4. Product equilibrium of the CO2-ODH system as a function of temperature and inert co-feeding at a stoichiometric 

feed of CO2 to C2H6 (1:1) and 1 bar pressure, with all compounds considered [A] including the four different Mo phases [B]. 

1. O. Knacke, O. Kubaschewski and K. Hesselmann, Thermochemical properties of inorganic substances, Springer-Verlag, Berlin, 2nd 

edn., 1991. 
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B CO2-ODH testing results of selected samples 

 

Figure B.1. CO2 conversion, CO selectivity and C2H6 to CO2 conversion ratio, C2H4 to CO product ratio, H2 to CO product ratio 

and C2H4 to H2 product ratio, of MoxCy/SiO2, evaluated within a range of reaction temperatures. Conditions: T = 550 °C, 650 °C 

or 700 °C, P = 1 atm, SV = 9.4 L h-1 gcat
-1, C2H6:CO2:Ar = 1:1:2. Theoretical maximum CO selectivity for CO2-ODH indicated 

by solid black line. 

 

Figure B.2. CO2 conversion, CO selectivity and C2H6 to CO2 conversion ratio of MoxCy/SiO2-WI, MoxCy/SBA-15-HNC, 

MoxCy/SiO2-HNC and MoxCy/SiO2-SG. Conditions: T = 600 °C, P = 1 atm, SV = 15 L h-1 gcat
-1, CO2:C2H6:Ar = 1:1:2. 

Theoretical maximum CO selectivity for CO2-ODH indicated by solid black line. 
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Figure B.3. C2H6 conversion, C2H4 selectivity and CO2 conversion, of bulk metal oxide supports, SiO2, ZrO2, Ga2O3 and TiO2. 

CO2-ODH conditions: T = 600 °C, P = 1 atm, SV = 21.4 L h-1 gcat
-1, CO2:C2H6:Ar = 1:1:2. Theoretical maximum C2H4 selectivity 

for CO2-ODH indicated by solid black line. 

 

Figure B.4. CO2 conversion, CO selectivity and C2H4 formation rate of MoxCy supported on SiO2, Al2O3, ZrO2, Ga2O3, TiO2 and 

CeO2. CO2-ODH conditions: T = 600 °C, P = 1 atm, SV = 15 L h-1 gcat
-1, CO2:C2H6:Ar = 1:1:2. Theoretical maximum CO 

selectivity for CO2-ODH indicated by solid black line. 
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Figure B.5. CO2 conversion, CO selectivity and C2H4 formation rate of MoxCy supported on Al2O3, ZrO2 and Ga2O3. CO2-ODH 

conditions: T = 600 °C, P = 1 atm, SV = 15 L h-1 gcat
-1, CO2:C2H6:Ar = 5:1:6. Theoretical maximum CO selectivity for CO2-ODH 

indicated by solid black line. 

 

Figure B.6. CO2 conversion, CO selectivity and C2H4 formation rate of MoxCy supported on SiO2. H2/CO2-ODH conditions: T = 

600 °C, P = 1 atm, SV = 15 L h-1 gcat
-1, CO2:C2H6:Ar = 1:1:2, with H2 co-feeding at 0, 5, 10 and 17 vol.-%. Theoretical maximum 

CO selectivity for CO2-ODH indicated by solid black line. 
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Figure B.7. CO2 conversion, CO selectivity and C2H4 formation rate of MoxCy supported on ZrO2. H2/CO2-ODH conditions: T = 

600 °C, P = 1 atm, SV = 15 L h-1 gcat
-1, CO2:C2H6:Ar = 1:1:2, with H2 co-feeding at 0, 5 and 17 vol.-%. Theoretical maximum 

CO selectivity for CO2-ODH indicated by solid black line. 

 

Figure B.8. CO2 conversion, CO selectivity and C2H4 formation rate of MoxCy supported on Ga2O3. H2/CO2-ODH conditions: T 

= 600 °C, P = 1 atm, SV = 15 L h-1 gcat
-1, CO2:C2H6:Ar = 1:1:2, with H2 co-feeding at 5 and 17 vol.-%. Theoretical maximum CO 

selectivity for CO2-ODH indicated by solid black line. 
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Figure B-9. CO2 conversion, CO selectivity and C2H4 formation rate, of MoxCy supported on SiO2, with the feed gas sourced 

from individual gas cylinders (IND) or single cylinder pre-mix (MIX). CO2-ODH conditions: T = 600 °C, P = 1 atm, SV = 15 L 

h-1 gcat
-1, CO2:C2H6:Ar = 1:1:2. Theoretical maximum CO selectivity for CO2-ODH indicated by solid black line. 

 

Figure B-10. CO2 conversion (relative to unpromoted sample), CO selectivity and C2H4 formation rate, of MoxCy supported on 

SiO2, promoted with iron, platinum, nickel or potassium. CO2-ODH conditions: T = 600 °C, P = 1 atm, SV = 15 L h-1 gcat
-1, 

CO2:C2H6:Ar = 1:1:2. Theoretical maximum CO selectivity for CO2-ODH indicated by solid black line. 
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Figure B-11. CO2 conversion (relative to unpromoted sample), CO selectivity and C2H4 formation rate, of Fe-MoxCy/SiO2, 

promoted via co-impregnation, sequential impregnation or after calcination. CO2-ODH conditions: T = 600 °C, P = 1 atm, SV = 

15 L h-1 gcat
-1, CO2:C2H6:Ar = 1:1:2. Theoretical maximum CO selectivity for CO2-ODH indicated by solid black line. 

 

Figure B-12. CO2 conversion, CO selectivity and C2H4 formation rate, of MoxCy/SiO2 carburized with and without prior 

calcination.  CO2-ODH conditions: T = 600 °C, P = 1 atm, SV = 15 L h-1 gcat
-1, CO2:C2H6:Ar = 1:1:2. Theoretical maximum CO 

selectivity for CO2-ODH indicated by solid black line. 
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Figure B-13. CO2 conversion, CO selectivity and C2H4 formation rate, of Pt-MoxCy/SiO2, promoted via co-impregnation and 

carburized with and without prior calcination. CO2-ODH conditions: T = 600 °C, P = 1 atm, SV = 15 L h-1 gcat
-1, CO2:C2H6:Ar = 

1:1:2. Theoretical maximum CO selectivity for CO2-ODH indicated by solid black line. 

 

Figure B-14. CO2 conversion, CO selectivity and C2H4 formation rate, of the following samples exposed to varying feed 

compositions: water co-feeding for MoxCy/SiO2, co-feeding of 5 vol.-% H2 for Fe-MoxCy/SiO2, a 5:1 CO2 to C2H6 feed ratio for 

Pt-MoxCy/SiO2 and Ni-MoxCy/SiO2. CO2-ODH conditions, see section 4.3.2 for more details. Theoretical maximum CO 

selectivity for CO2-ODH indicated by solid black line. 
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C TGA measurements of selected samples 

 

Figure C.1. TGA analysis of the carburization process of bulk ammonium heptamolybdate with TG curve (red dashed line) and 

differential thermal analysis (DTA) signal (grey solid line). Conditions: T = 650 °C, P = 1 atm, heating rate = 1 °C min-1 and 

holding time = 5 hours. 

 

Figure C.2. TGA analysis of carburization process of bulk MoO3 with TG curve (red dashed line) and differential thermal 

analysis (DTA) signal (grey solid line). Conditions: T = 650 °C, P = 1 atm, heating rate = 1 °C min-1 and holding time = 5 hours. 

                        

 em era ure     

  

  

  

  

  

   

 
e
ig
h
  
  

 

                        

 em era ure     

  

  

  

  

  

   

 
e
ig
h
  
  

 



 

193 

 

D XRD and Rietveld refined patterns of selected samples 

 

Figure D.1. XRD patterns of MoO3/SBA-15-HNC, calcined at 400 °C, and MoO3/SiO2-SG, calcined at 500 °C. 

 

Figure D.2. XRD pattern of MoxCy/SiO2 after being exposed to a thermal treatment up until 600 °C, to confirm thermal stability 

of the catalyst prior to reaction. 
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Figure D.3. Rietveld refined patterns displaying the raw, calculated, difference, crystal phases, background, and amorphous 

phase (representing SiO2 or SBA-15) data of the freshly carburized samples at 600 °C. 
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Figure D.4. Rietveld refined patterns displaying the raw, calculated, difference, crystal phases, background, and amorphous 

phase (representing SiO2 or SBA-15) data of MoxCy/SBA-15-HNC carburized at 650 °C and MoxCy/SiO2-SG carburized at 

700 °C. 

 

Figure D.5. XRD patterns of the spent CO2-ODH catalysts, of bulk metal oxide supports, SiO2, ZrO2, Ga2O3 and TiO2. 

Conditions: T = 600 °C, P = 1 atm, SV = 21.4 L h-1 gcat
-1, CO2:C2H6:Ar = 1:1:2. 
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E Raman spectra of selected samples 

 

Figure E.1. Raman spectra of the spent CO2-ODH catalysts, of bulk metal oxide supports, SiO2, ZrO2, Ga2O3 and TiO2. 

Conditions: T = 600 °C, P = 1 atm, SV = 21.4 L h-1 gcat
-1, CO2:C2H6:Ar = 1:1:2. 
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F CO2-TPD results of selected samples 

 

Figure F.1. CO2 temperature programmed desorption profiles of MoxCy supported on SiO2, Al2O3, ZrO2, Ga2O3 and TiO2. CO2 

and CO signals normalized to Mo content in the sample. 

 

Figure F-2. Overview of CO2 desorbed (normalized to mmol per gram of molybdenum) as a function of temperature recorded 

during CO2 desorption of Fe-MoxCy/SiO2, Pt-MoxCy/SiO2, Ni-MoxCy/SiO2 and K-MoxCy/SiO2. 
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G XANES linear combination fits and EXAFS radial distribution fits 

 

Figure G.1. Linear combination fits on the first derivative of the normalized absorption, corresponding to Table 5.2, of bulk 

Mo2C samples carburized at different temperatures, with and without passivation. 
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Figure G.2. Linear combination fits on the first derivative of the normalized absorption, corresponding to Table 5.3, of a freshly 

carburized MoxCy/SiO2 at 700 °C, and exposed to CO2-ODH conditions at 550 °C, 650 °C and 750 °C. 

 

Figure G.3. LCF of Mo K XANES spectra (Mo K-edge at 20,000 eV shifted to 0 eV), corresponding to   
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Table 6.2, obtained at room temperature of [A & D] MoxCy/SiO2-WI, [B & E] MoxCy/SBA-15-HNC and [C & F] 

MoxCy/SiO2-SG after [A-C] carburization and [D-F] TP-CO2 activation. 

 

Figure G.4. Radial distribution fits to a β-Mo2C crystallographic data set with ICSD code 39461 (k3-weighted FT EXAFS data). 
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H Reactor heating block design and reactor packing 

 

Figure H.1. Schematic overview of heating block equipped with heating cartridges. 
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Figure H.2. Schematic overview of reactor packing and calibration of isothermal zone. 
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I GC-TCD configuration and calibration details 

The calibration of the GC-TCD is completed by analysing a mixture of gases with a known concentration 

of the compounds of interest. For CO2-ODH a calibration mixture containing 20 vol.-% CO2, 20 vol.-% 

C2H6, 9.7 vol.-% C2H4, 4.8 vol.-% He and 45.5 vol.-% Ar (AFROX, South Africa) was used. In addition, 

a standard calibration mixture containing 10.2 vol.-% CO2, 20 vol.-% CO, 14.3 vol.-% CH4, 5.1 vol.-% 

N2, 10.2 vol.-% Ar and 40.2 vol.-% H2 was used for the remaining compounds encountered during the 

CO2-ODH reaction. The relation of each compound to Ar can be expressed by Equation I.1. 

Where, 𝑓𝑥 is the response factor of compound 𝑥, [𝑥] the concentration of compound 𝑥in the mixture, 𝐴𝑥 

the peak area of compound 𝑥 obtained in the TCD-chromatogram. Thus, the response factor of each 

compound as a function of Ar can be calculated by Equation I.2. 

Under reaction conditions the concentration of compound 𝑥 can be calculated by restructuring Equation 

I.2 into Equation I.3. 

  

𝑓𝐴𝑟 ∙
[𝐴𝑟]

𝐴𝐴𝑟
= 𝑓𝑥 ∙

[𝑥]

𝐴𝑥
 Equation I.1 

𝑓𝑥
𝑓(𝐴𝑟)

=
𝑓𝑥

𝑓𝐴𝑟
=

[𝐴𝑟] ∙ 𝐴𝑥

𝐴𝐴𝑟 ∙ [𝑥]
 Equation I.2 

[𝑥] =
[𝐴𝑟] ∙ 𝐴𝑥

𝐴𝐴𝑟 ∙ 𝑓𝑥
𝑓(𝐴𝑟)

 Equation I.3 
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Table I.1. GC-TCD configuration. 

Agilent 490 Channel 1 Channel 2 Channel 3 

Elutes in order of increasing retention time H2, CO Ar, N2, CH4, CO Mix[e], CH4, CO2, C2H4, C2H6 

Column Molsieve 5Å Molsieve 5Å PoraPlot Q 

Column length 10 20 10 

Carrier gas Ar H2 H2 

Injection time 100 ms 100 ms 100 ms 

Injector temperature 80 °C 80 °C 80 °C 

Column oven temperature 80 °C 70 °C 60 °C 

Column pressure 150 kPa 120 kPa 80 kPa 

Stabilization time 5 s 5 s 5 s 

Sampling time 35 s 35 s 35 s 

Backflush 120 s 120 s n/a 

Table I.2. TCD calibration of CO2-ODH mixture and standard gas mixture, 

Compound 
Concentration 

(vol.-%) 
𝑨𝒙

𝟏
 𝑨𝒙

𝟐 𝑨𝒙
𝟑 𝑨𝒙

𝟒 Average 𝒇𝒙
𝒇(𝑨𝒓)

 

CO2-ODH specialized mixture 

CO2 20.0 3917.3 3920.0 3919.5 3919.6 3919.1 1.65 

C2H6 20.0 3997.5 4000.5 4000.0 4000.8 3999.7 1.68 

C2H4 9.7 1897.2 1898.6 1898.4 1898.6 1898.2 1.64 

Ar 45.5 5417.8 5419.4 5422.4 5419.9 5419.9 1.00 

Standard gas mixture 

CO2 10.2 1997.3 1997.2 1996.4 1997.5 1997.1 1.63 

CO 20.0 1872.5 1871.8 1872.6 1872.4 1872.3 0.78 

CH4 14.3 1215.0 1214.8 1215.5 1215.5 1215.2 0.71 

N2 5.1 636.7 636.7 636.5 636.7 636.7 1.03 

H2 40.2 37228.7 37246.2 37180.5 37215.4 37217.7 7.69 

Ar 10.2 1229.1 1228.6 1228.5 1228.6 1228.7 1.00 

 

[e] Mixture of Ar, N2 and CO not retained in column 
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J MS configuration and calibration details 

To calculate the RSF of CO2 in relation to Ar, a mixture containing 1 vol.-% of CO2 in Ar was analysed 

overnight and continuous readings of m/z 44 and 40 were taken. The RSF value was then calculated using 

Equation J.1. 

Where 𝑃𝐶𝑂2
 is the measured raw partial pressure of CO2 (mbar), [𝐶𝑂2] is the concentration of CO2 in the 

mixture (1 vol.-%), [𝐴𝑟] is the concentration or Ar in the mixture and 𝑃𝐴𝑟 is the measured partial pressure 

of Ar (mbar). 

The concentration of compound 𝑥 in the effluent gas can then be calculated using Equation J.2. 

In general, the most intense m/z value is used for the analysis of various compounds. However, in 

some cases the cracking pattern between two compounds overlap (such as m/z 28 for CO2 and CO). In 

those cases, the contribution of CO2 to m/z 28 needs to be considered when utilizing m/z 28 to determine 

the concentration of CO. The contribution of CO2 to m/z 28 can be calculated when analysing pure CO2, 

using Equation J.3. 

Where 𝑃𝐶𝑂2(𝑚/𝑧 28) is the partial pressure of CO2 at m/z 28, and 𝑃𝐶𝑂2(𝑚/𝑧 44) is the partial pressure of 

CO2 at m/z 28. The corrected contribution of CO in the effluent gas of the experiment to mass 28 can then 

be calculated by Equation J.4. 

  

𝑅𝑆𝐹𝐶𝑂2
=

𝑃𝐶𝑂2

[𝐶𝑂2]
∙

[𝐴𝑟]

𝑃𝐴𝑟
 Equation J.1 

[𝑥] =
[𝐴𝑟] ∙ 𝑃𝑋

𝑅𝑆𝐹𝑋 ∙ 𝑃𝐴𝑟
 Equation J.2 

𝑅𝑎𝑡𝑖𝑜28/44 =
𝑃𝐶𝑂2(𝑚/𝑧 28)

𝑃𝐶𝑂2(𝑚/𝑧 44)

∙ 1000 Equation J.3 

𝑃𝐶𝑂(𝑚/𝑧 28)
= 𝑃𝑡𝑜𝑡𝑎𝑙(𝑚/𝑧 28)

−
𝑃𝐶𝑂2(𝑚/𝑧 44)

1000
∙ 𝑅𝑎𝑡𝑖𝑜28/44  Equation J.4 
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Table J.1. MS configuration details. 

Group Name Value Units Inherits 

Detector 
Curtail-clipping 0 (1=on, 0=off) None 

Multiplier 1038 V None 

Filter Focus -90 V None 

Quad 
Delta-m 0 % None 

Resolution 0 % None 

Source 

Cage 3 V None 

Electron-energy 70 V None 

Emission 500 µA None 

Other 
Mass 5.5 amu None 

Mode-change-delay 1000 ms None 

Table J.2. Compound specific cracking patterns and library RSF values. 

Compound m/z values and intensity 
RSF 

values 

CO2 
m/z 44 16 28 12 22 45 46 29 

0.88[f] 

Intensity 1000 99 74 44 14 13 4 1 

CO 
m/z 28 12 29 16 14 30   

0.77 

Intensity 1000 21 12 6 6 2   

CH4 
m/z 16 15 14 13 17 12 2  

0.59 
Intensity 1000 819 85 34 16 11 3  

H2 
m/z 2        

0.66 
Intensity 1000        

H2O 
m/z 18 17 16 2 20 19   

0.75 
Intensity 1000 230 11 7 3 1   

Ar 
m/z 40 20 36 38     

1.00 
Intensity 1000 176 3 1     

 

[f] RSF value for CO2 calculated by calibration. 
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K Supplementary tables 

Table K.1. Sample nomenclature and physiochemical properties of all synthesized samples. 

Sample Synthesis technique 
Calcination 

(°C) 

Carburization 

(°C) 
Support Promoter 

Mo 

(wt.-%) 

Promoter 

(wt.-%) 

SBET 

(m2 g-1) 

Vt 

(cm3 g-1) 

D 

 Å  

MoxCy/SiO2 Wet-impregnation n/a 700 SiO2 n/a 

18.1 

n/a n/a n/a n/a 

MoxCy/SiO2 (Calc) Wet-impregnation 400 600 SiO2 n/a n/a 86 0.60 270 

MoxCy/SiO2(-WI) Wet-impregnation n/a 600 SiO2 n/a n/a 123 0.95 335 

AEROSIL ® 200 n/a n/a n/a n/a n/a n/a n/a 200 n/a n/a 

MoO3/SBA-15-HNC Hybrid nano-crystal 400 n/a SBA-15 n/a n/a n/a 209 0.47 85 

MoxCy/SBA-15-HNC Hybrid nano-crystal 400 600 SBA-15 n/a 23.9 n/a 147 0.35 54 

MoxCy/SBA-15-WI Wet-impregnation n/a 600 SBA-15 n/a 29.7 n/a 171 0.35 71 

SBA-15 n/a n/a n/a n/a n/a n/a n/a 825 0.68 41 

MoxCy/SiO2-HNC Hybrid nano-crystal 400 600 SiO2 n/a 15.1 n/a 119 0.79 272 

MoxCy/SiO2-SG Sol-Gel 500 600 SiO2 n/a 18.1 n/a 176 0.86 174 

MoxCy/Al2O3 Wet-impregnation n/a 600 Al2O3 n/a 16.9 n/a 84 0.54 255 

MoxCy/ZrO2 Wet-impregnation n/a 600 ZrO2 n/a 20.4 n/a 8 0.03 181 

MoxCy/Ga2O3 Wet-impregnation n/a 600 Ga2O3 n/a 18.8 n/a 7 0.03 255 

MoxCy/TiO2 Wet-impregnation n/a 600 TiO2 n/a 20.5 n/a 19 0.12 301 

MoxCy/CeO2 Wet-impregnation n/a 600 CeO2 n/a 17.1 n/a 8 0.05 220 

Fe-MoxCy/SiO2 (Calc-Imp) Wet-impregnation 400 600 SiO2 Fe 23.3 1.34 81 0.53 274 

Fe-MoxCy/SiO2 (Seq-Imp) 
Wet sequential-

impregnation 
n/a 600 SiO2 Fe 20.1 1.87 110 0.45 172 

Fe-MoxCy/SiO2 (Co-Imp) Wet co-impregnation n/a 600 SiO2 Fe 20.5 0.99 108 0.81 323 
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Pt-MoxCy/SiO2 (Co-Imp) Wet co-impregnation n/a 600 SiO2 Pt 
16.0 0.86 

104 0.63 248 

Pt-MoxCy/SiO2 (Co-Imp-Calc) Wet co-impregnation 400 600 SiO2 Pt n/a n/a n/a 

Ni-MoxCy/SiO2 (Co-Imp) Wet co-impregnation n/a 600 SiO2 Ni 18.5 0.83 76 0.65 352 

K-MoxCy/SiO2 (Co-Imp) Wet co-impregnation n/a 600 SiO2 K 20.9 0.85 113 0.94 333 
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Table K.2. Overview of phase quantification and crystallite size determined via XRD Rietveld analysis of the spent CO2-ODH catalysts. 

Sample 

MoO2 oP-MoO3 β-Mo2C η-MoC0.59 α-MoC1-x / MoOxCy Support 

wt.-% 

(error) 

nm 

(error) 

wt.-% 

(error) 

nm 

(error) 

wt.-% 

(error) 

nm 

(error) 

wt.-% 

(error) 

nm 

(error) 

wt.-% 

(error) 

nm 

(error) 

wt.-% 

(error) 

wt.-% 

(error) 

Chapter 5 

MoxCy/SiO2 
14.5 

(1.5) 

27.0 

(2.8) 
- - 

14.0 

(3.0) 

5.4 

(1.0) 

24.9 

(5.7) 

3.5 

(0.7) 

46.6 

(4.6) 

5.1 

(0.3) 
- - 

MoxCy/SiO2-O2 
17.4 

(1.6) 

22.0 

(1.8) 
- - 

20.3 

(2.8) 

5.9 

(0.8) 

25.8 

(5.0) 

4.2 

(0.8) 

36.4 

(3.6) 

6.2 

(0.5) 
- - 

ODH 550 °C 
30.6 

(1.1) 

19.4 

(1.3) 
- - - - 

69.4 

(1.1) 

3.7 

(0.2) 
- - - - 

ODH 650 °C 
18.3 

(1.0) 

20.1 

(1.9) 
- - - - 

64.2 

(1.6) 

4.5 

(0.3) 

17.5 

(1.6) 

10.5 

(1.1) 
- - 

ODH 750 °C 
16.9 

(2.0) 

18.9 

(3.0) 
  

15.3 

(2.9) 

12.4 

(2.2) 

49.8 

(4.7) 

6.1 

(0.7) 

17.9 

(3.9) 

9.5 

(1.8) 
  

Chapter 6 

MoxCy/SiO2-WI 
70.2 

(1.2) 

30.5 

(0.9) 

0.5 

(1.1) 

57.9 

(25.6) 
- - 

29.3 

(0.9) 

6.5 

(0.4) 
- - - - 

MoxCy/SBA-15-HNC 
20.0 

(0.7) 

46.8 

(2.9) 
- - - - 

60.9 

(1.5) 

4.1 

(0.2) 

19.1 

(1.6) 

6.7 

(0.8) 
- - 

MoxCy/SiO2-HNC 
49.9 

(0.7) 

22.3 

(0.8) 
- - - - 

50.1 

(0.7) 

4.9 

(0.2) 
- - - - 

MoxCy/SiO2-SG 
66.2 

(2.1) 

49.7 

(3.0) 
- - - - - - 

33.8 

(2.1) 

6.6 

(0.8) 
- - 

Chapter 7 

MoxCy/SiO2 

70.2 

(1.2) 

(N. 13.5) 

30.5 

(0.9) 

0.5 

(1.1) 

(N. 0.1) 

57.9 

(25.6) 
- - 

29.3 

(0.9) 

(N. 5.6) 

6.5 

(0.4) 
- - - - 

MoxCy/Al2O3 - - - - - - - - - - - - 
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Sample 

MoO2 oP-MoO3 β-Mo2C η-MoC0.59 α-MoC1-x / MoOxCy Support 

wt.-% 

(error) 

nm 

(error) 

wt.-% 

(error) 

nm 

(error) 

wt.-% 

(error) 

nm 

(error) 

wt.-% 

(error) 

nm 

(error) 

wt.-% 

(error) 

nm 

(error) 

wt.-% 

(error) 

wt.-% 

(error) 

MoxCy/ZrO2
[g] 

18.9 

(0.2) 

46.4 

(1.4) 
- - - - - - - - 

79.6 

(0.3) 

75.3 

(1.0) 

MoxCy/Ga2O3 
5.3 

(0.2) 

28 

(1.8) 
- - 

2.0 

(0.2) 

15.9 

(2.2) 

7.2 

(0.4) 

3.6 

(0.3) 
- - 

85.5 

(0.5) 

29.6 

(0.3) 

MoxCy/TiO2 
10.8 

(0.2) 

31.9 

(1.4) 
- - - - - - - - 

89.2 

(0.2) 

39.2 

(0.5) 

MoxCy/CeO2
[h] - - - - - - - - - - 

47.2 

(0.4) 

113.1 

(2.5) 

MoxCy/Al2O3 (5:1) - - - - - - - - - - - - 

MoxCy/ZrO2 (5:1) 
19.1 

(1.1) 

14.5 

(1.4) 
- - - - - - - - 

80.9 

(1.1) 

30.8 

(1.1) 

MoxCy/Ga2O3 (5:1) - - - - 
3.3 

(0.2) 

16.2 

(1.5) 

10.1 

(0.4) 

4.1 

(0.3) 
- - 

86.6 

(0.5) 

29.4 

(0.3) 

MoxCy/SiO2 (0 % H2) 

70.2 

(1.2) 

(N. 13.5) 

30.5 

(0.9) 
- - - - 

37.7 

(0.8) 

(N. 7.3) 

5.7 

(0.3) 
- - - - 

MoxCy/SiO2 (5 % H2) - - - - 

40.8 

(1.7) 

(N. 7.9) 

6.2 

(0.4) 

52.3 

(1.7) 

(N. 10.1) 

3.6 

(0.2) 
- - - - 

MoxCy/SiO2 (10 % H2) 
18.9 

(0.2) 

46.4 

(1.4) 
- - 

50.2 

(2.0) 

(N. 9.7) 

5.3 

(0.4) 

49.8 

(2.0) 

(N. 9.6) 

6.4 

(0.5) 
- - - - 

MoxCy/SiO2 (17 % H2) 
5.3 

(0.2) 

28 

(1.8) 
- - 

53.9 

(2.0) 

(N. 10.4) 

4.6 

(0.3) 

46.1 

(2.0) 

(N. 8.9) 

6.1 

(0.4) 
- - - - 

MoxCy/ZrO2 (0 % H2)[i] 
10.8 

(0.2) 

31.9 

(1.4) 
- - - - - - - - 

76.1 

(0.3) 

74.3 

(1.0) 

MoxCy/ZrO2 (5 % H2) - - - - 
17.5 

(0.4) 

5.3 

(0.2) 
- - - - 

79.9 

(0.4) 

69.6 

(0.9) 

 

[g] Bal. Zr(MoO4)2: 1.5 ± 0.2 wt.-%  59.8 ± 14.7 nm 
[h] Bal. Ce2(MoO4)3: 52.8 ± 0.4 wt.-%  94.3 ± 3.7 nm 
[i] Bal. Zr(MoO3)2: 11.0 ± 0.2 wt.-%  48.9 ± 2.1 nm 



 

211 

 

Sample 

MoO2 oP-MoO3 β-Mo2C η-MoC0.59 α-MoC1-x / MoOxCy Support 

wt.-% 

(error) 

nm 

(error) 

wt.-% 

(error) 

nm 

(error) 

wt.-% 

(error) 

nm 

(error) 

wt.-% 

(error) 

nm 

(error) 

wt.-% 

(error) 

nm 

(error) 

wt.-% 

(error) 

wt.-% 

(error) 

MoxCy/ZrO2 (17 % H2) - - - - 
20.2 

(0.4) 

4.3 

(0.2) 
- - - - 

79.8 

(0.4) 

66.9 

(0.9) 

MoxCy/Ga2O3 (5 % H2) 
19.1 

(1.1) 

14.5 

(1.4) 
- - 

3.5 

(0.3) 

15.0 

(1.7) 

9.6 

(0.5) 

5.1 

(0.4) 
- - 

86.9 

(0.5) 

30.5 

(0.4) 

MoxCy/Ga2O3 (10 % H2) - - - - 
4.0 

(0.3) 

14.5 

(1.4) 

10.3 

(0.5) 

4.7 

(0.4) 
- - 

85.7 

(0.5) 

30.2 

(0.4) 

Chapter 8 

MoxCy/SiO2
front 

15.6 

(1.1) 

75.9 

(13.1) 

84.4 

(1.1) 

39.0 

(2.5) 
- - - - - - - - 

MoxCy/SiO2
rear 

63.0 

(1.4) 

22.8 

(1.1) 
- - - - 

37.0 

(1.4) 

8.1 

(0.7) 
- - - - 

Fe-MoxCy/SiO2
front 

35.8 

(2.1) 

31.4 

(4.1) 

64.2 

(2.1) 

67.6 

(7.4) 
- - - - - - - - 

Fe-MoxCy/SiO2
rear 

3.1 

(0.8) 

57.4 

(29.5) 
- - - - 

26.2 

(2.7) 

4.7 

(0.9) 

70.6 

(2.7) 

8.9 

(0.3) 
- - 

Ni-MoxCy/SiO2
front 

46.2 

(1.8) 

32.9 

(2.7) 

53.8 

(1.8) 

55.5 

(5.8) 
- - - - - - - - 

Ni-MoxCy/SiO2
rear 

48.2 

(0.9) 

25.7 

(1.1) 
- - - - - - 

51.8 

(0.9) 

5.4 

(0.2) 
- - 

K-MoxCy/SiO2
front - - 100 

65 

(3.9) 
- - - - - - - - 

K-MoxCy/SiO2
rear 

56.2 

(1.6) 

38.3 

(1.8) 

43.8 

(1.6) 

36.7 

(3.4) 
- - - - - - - - 

MoxCy/SiO2 (IND)
*
 

16.6 

(1.3) 

24.5 

(2.2) 
- - 

14.8 

(2.2) 

7.6 

(1.1) 

53.5 

(3.2) 

4.8 

(0.3) 

15.0 

(2.8) 

6.7 

(1.0) 
- - 

MoxCy/SiO2 (IND)
**

 
27.5 

(2.8) 

25.7 

(1.7) 
- - 

18.6 

(3.1) 

6.8 

(1.1) 

37.9 

(5.4) 

5.8 

(1.0) 

16.0 

(4.5) 

6.5 

(1.7) 
- - 

MoxCy/SiO2 (MIX)
**

 
70.2 

(1.2) 

30.5 

(0.9) 

0.5 

(1.1) 

57.9 

(25.6) 
- - 

29.3 

(0.9) 

6.5 

(0.4) 
- - - - 

MoxCy/SiO2 (1 h TOS) - - - - 
26.6 

(2.6) 

5.8 

(0.8) 

73.4 

(2.6) 

3.9 

(0.2) 
- - - - 

MoxCy/SiO2 (3 h TOS) 
13.4 

(1.0) 

30.3 

(4.1) 
- - 

27.2 

(2.6) 

5.4 

(0.8) 

59.4 

(2.5) 

4.5 

(0.3) 
- - - - 

MoxCy/SiO2 (12 h TOS) 
34.8 

(2.0) 

29.2 

(2.0) 
- - 

25.7 

(2.8) 

6.3 

(1.1) 

39.5 

(2.7) 

5.5 

(0.8) 
- - - - 
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Sample 

MoO2 oP-MoO3 β-Mo2C η-MoC0.59 α-MoC1-x / MoOxCy Support 

wt.-% 

(error) 

nm 

(error) 

wt.-% 

(error) 

nm 

(error) 

wt.-% 

(error) 

nm 

(error) 

wt.-% 

(error) 

nm 

(error) 

wt.-% 

(error) 

nm 

(error) 

wt.-% 

(error) 

wt.-% 

(error) 

MoxCy/SiO2 (Calc) 
37.6 

(2.0) 

23.4 

(1.0) 
- - 

7.2 

(1.8) 

8.2 

(2.0) 

39.0 

(2.8) 

5.5 

(0.4) 

16.2 

(2.3) 

7.1 

(0.8) 
- - 

Fe-MoxCy/SiO2 (Seq-Imp) 
55.8 

(2.3) 

38.8 

(2.1) 

22.5 

(1.9) 

74.4 

(13.1) 

8.8 

(1.8) 

13.9 

(3.9) 

12.9 

(2.2) 

11.0 

(2.8) 
- - - - 

Fe-MoxCy/SiO2 (Calc-Imp) 
57.8 

(4.8) 

25.7 

(0.8) 
- - 

13.0 

(2.2) 

9.0 

(1.4) 

10.9 

(5.8) 

6.7 

(3.0) 

18.3 

(3.9) 

6.3 

(1.3) 
- - 

Pt-MoxCy/SiO2 (Co-Imp) - - - - - - 
56.9 

(2.5) 

3.8 

(0.3) 

43.1 

(2.5) 

6.0 

(0.4) 
- - 

Pt-MoxCy/SiO2 (Co-Imp-Calc) - - - - - - 
61.6 

(3.3) 

3.5 

(0.3) 

38.4 

(3.3) 

4.9 

(0.5) 
- - 

MoxCy/SiO2 (H2O) 
54.3 

(0.8) 

31.3 

(1.1) 
- - - - 

45.7 

(0.8) 

6.3 

(0.3) 
- - - - 

Fe-MoxCy/SiO2 (5 % H2) 
17.2 

(1.9) 

26.0 

(6.1) 
- - - - 

82.8 

(1.9) 

4.2 

(0.4) 
- - - - 

Pt-MoxCy/SiO2 (5:1) 100 
20.8 

(0.4) 
- - - - - - - - - - 

Ni-MoxCy/SiO2 (5:1) 100 
22.4 

(0.4) 
- - - - - - - - - - 
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Table K.3. Overview of phase quantification and crystallite size determined via Rietveld refinement of the spent TP-CO2 activation catalysts. 

Sample 

MoO2 β-Mo2C η-MoC0.59 α-MoC1-x / MoOxCy Support 

wt.-% 

(error) 

nm 

(error) 

wt.-%  

(error) 

nm 

(error) 

wt.-%  

(error) 

nm 

(error) 

wt.-%  

(error) 

nm 

(error) 

wt.-%  

(error) 

nm 

(error) 

MoxCy/SiO2-WI 100 
29.1 

(0.6) 
        

MoxCy/SBA-15-WI 
81.6 

(1.4) 

17.1 

(0.6) 
  

18.4 

(1.4) 

8.0 

(1.1) 
    

MoxCy/SBA-15-HNC 100 
29.5 

(0.6) 
        

MoxCy/SiO2-HNC 100 
27.2 

(0.5) 
        

MoxCy/SiO2-SG 100 
29.1 

(0.8) 
        

 ulk β-Mo2C 
34.1 

(0.2) 

36.8 

(0.7) 
    

65.9 

(0.2) 

14.2 

(0.2) 
  

MoxCy/SiO2 

69.1 

(2.9) 

(N. 13.3) 

32.9 

(1.5) 

8.6 

(1.9) 

(N. 1.7) 

11.5 

(3.4) 

22.2 

(2.8) 

(N. 4.3) 

4.5 

(1.0) 
- - - - 

MoxCy/Al2O3 - - - - - - - - - - 

MoxCy/ZrO2 
12.1 

(0.3) 

39.2 

(2.1) 

5.0 

(0.5) 

6.1 

(0.9) 
- - - - 

82.6 

(0.5) 

76.0 

(1.2) 

MoxCy/Ga2O3 - - 
8.7 

(0.3) 

6.4 

(0.3) 
- - 

7.8 

(0.5) 

4.0 

(0.3) 

83.5 

(0.5) 

30.8 

(0.3) 

MoxCy/TiO2 
8.5 

(0.2) 

32.7 

(1.7) 

2.0 

(0.3) 

7.3 

(1.4) 
- - - - 

89.5 

(0.3) 

39.4 

(0.6) 

Fe-MoxCy/SiO2 - - - - 
40.6 

(15.0) 

5.4 

(2.3) 

59.4 

(15.0) 

4.2 

(1.2) 
- - 

Pt-MoxCy/SiO2 
54.2 

(2.9) 

34.1 

(1.6) 

21.0 

(2.4) 

6.3 

(1.0) 
- - 

24.7 

(3.4) 

3.1 

(0.6) 
- - 

Ni-MoxCy/SiO2 
11.4 

(1.0) 

28.5 

(5.2) 
- - 

88.6 

(1.0) 

3.6 

(0.2) 
- - - - 

K-MoxCy/SiO2 
69.4 

(0.7) 

32.5 

(1.0) 

30.6 

(0.7) 

11.6 

(0.6) 
- - - - - - 
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Table K.4. Overview of phase quantification and crystallite size determined via Rietveld refinement of the spent CO2-TPD catalysts. 

Sample 

Metal oxide support β-Mo2C η-MoC0.59 Mo0 

wt.-%  

(error) 

nm 

(error) 

wt.-%  

(error) 

nm 

(error) 

wt.-%  

(error) 

nm 

(error) 

wt.-%  

(error) 

nm 

(error) 

MoxCy/SiO2 (no CO2) - - 

91.2 

(0.8) 

(N. 17.5) 

12.8 

(0.3) 
  

8.8 

(0.8) 

(N. 1.7) 

19.3 

(2.6) 

MoxCy/SiO2   

65.8 

(2.1) 

(N. 12.7) 

12.1 

(0.4) 

18.8 

(2.4) 

(N. 3.6) 

4.8 

(0.9) 

15.4 

(0.9) 

(N. 3.0) 

15.0 

(1.1) 

MoxCy/Al2O3 - - - -   - - 

MoxCy/ZrO2 
84.2 

(0.3) 

75.5 

(0.9) 

11.6 

(0.2) 

17.1 

(0.6) 
  

4.2 

(0.2) 

23.4 

(1.5) 

MoxCy/Ga2O3 
94.9 

(0.2) 

33.0 

(0.4) 

4.8 

(0.2) 

18.9 

(1.1) 
  

0.4 

(0.1) 

24.6 

(3.4) 

MoxCy/TiO2 
87.8 

(0.3) 

51 

(0.8) 

9.2 

(0.3) 

15.9 

(0.7) 
  

3.1 

(0.2) 

12.4 

(1.2) 

Fe-MoxCy/SiO2   
67.7 

(3.6) 

10.9 

(0.4) 

32.3 

(3.6) 

3.3 

(0.6) 
- - 

Pt-MoxCy/SiO2   
49.1 

(2.0) 

10.0 

(1.5) 

41.7 

(2.2) 

3.7 

(0.4) 

9.4 

(0.9) 

14.8 

(1.9) 

Ni-MoxCy/SiO2   
99.4 

(0.4) 

10.4 

(0.2) 
- - 

0.7 

(0.4) 

55.9 

(67.8) 

K-MoxCy/SiO2   
93.0 

(0.6) 

11.8 

(0.3) 
- - 

7.0 

(0.6) 

34.3 

(5.4) 
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Table K.5. Overview of phase quantification and crystallite size determined via Rietveld refinement of the spent NH3-TPD catalysts. 

Sample 

Metal oxide support β-Mo2C Mo0 

wt.-%  

(error) 

nm 

(error) 

wt.-%  

(error) 

nm 

(error) 

wt.-%  

(error) 

nm 

(error) 

MoxCy/SiO2 (no NH3) - - 

66.3 

(0.9) 

(N. 12.8) 

17.1 

(0.7) 

33.7 

(0.9) 

(N. 6.5) 

22.8 

(1.1) 

MoxCy/SiO2 - - 

38.3 

(16.9) 

(N. 7.4) 

16.9 

(1.0) 

61.7 

(1.0) 

(N. 11.9) 

20.5 

(0.6) 

MoxCy/Al2O3 - - - - - - 

MoxCy/ZrO2 
84.3 

(0.3) 

76.2 

(1.3) 

3.3 

(0.2) 

25.7 

(3.2) 

12.4 

(0.2) 

47.8 

(1.8) 

MoxCy/Ga2O3 
88.0 

(0.2) 

33.1 

(0.4) 

5.9 

(0.2) 

25.1 

(1.1) 

6.0 

(0.1) 

39.1 

(1.2) 

MoxCy/TiO2 
88.5 

(0.3) 

80.8 

(1.6) 

3.9 

(0.2) 

29.3 

(2.6) 

7.6 

(0.2) 

29.3 

(1.2) 

Fe-MoxCy/SiO2 - - 
65.3 

(1.0) 

14.2 

(0.5) 

34.7 

(1.0) 

9.2 

(0.5) 

Pt-MoxCy/SiO2 - - 
52.1 

(1.0) 

16.0 

(0.7) 

37.9 

(0.9) 

21.5 

(0.9) 

Ni-MoxCy/SiO2 - - 
78.5 

(1.0) 

13.3 

(0.4) 

21.5 

(1.0) 

14.6 

(1.1) 

K-MoxCy/SiO2 - - 
69.5 

(0.6) 

19.7 

(0.5) 

30.5 

(0.6) 

25.9 

(1.0) 
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Table K.6. Overview of phase quantification and crystallite size determined via Rietveld refinement of the spent RWGS catalysts. 

Sample 

β-Mo2C η-MoC0.59 α-MoC1-x / MoOxCy 

wt.-%  

(error) 

nm 

(error) 

wt.-%  

(error) 

nm 

(error) 

wt.-%  

(error) 

nm 

(error) 

Chapter 6 

MoxCy/SiO2-WI* 
23.6 

(2.8) 

6.5 

(1.1) 

76.4 

(2.8) 

4.1 

(0.2) 
- - 

MoxCy/SiO2-WI** 
6.1 

(2.1) 

9.6 

(4.1) 

93.9 

(2.1) 

2.5 

(0.2) 
- - 

MoxCy/SBA-15-WI - - 100 
4.2 

(0.2) 
- - 

MoxCy/SBA-15-HNC - - 100 
3.5 

(0.2) 
- - 

MoxCy/SiO2-SG - - 100 
3.5 

(0.2) 
- - 

Chapter 8 (SV = 60 L h-1 gcat
-1) 

Fe-MoxCy/SiO2 
18.2 

(4.3) 

4.2 

(1.2) 

81.8 

(4.3) 

3.9 

(0.3) 
- - 

Pt-MoxCy/SiO2 
18.4 

(5.9) 

3.6 

(1.2) 

47.7 

(8.3) 

3.5 

(0.8) 

33.9 

(7.2) 

4.4 

(0.8) 

Ni-MoxCy/SiO2 
23.5 

(3.5) 

3.6 

(0.6) 

76.5 

(3.5) 

3.6 

(0.2) 
- - 

K-MoxCy/SiO2 
62.5 

(1.3) 

9.6 

(0.3) 

37.5 

(1.3) 

4.8 

(0.3) 
- - 

Chapter 8 (SV = 120 L h-1 gcat
-1) 

MoxCy/SiO2 
48.2 

(2.4) 

6.7 

(0.5) 

51.8 

(2.4) 

4.6 

(0.5) 
- - 

Fe-MoxCy/SiO2 
19.9 

(5.2) 

5.2 

(1.8) 

80.1 

(5.2) 

3.9 

(0.4) 
- - 

Pt-MoxCy/SiO2 
20.1 

(3.5) 

4.9 

(1.1) 

79.9 

(3.5) 

4.1 

(0.3) 
- - 

Ni-MoxCy/SiO2 
35.3 

(3.0) 

4.4 

(0.5) 

64.7 

(3.0) 

4.1 

(0.3) 
- - 
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Table K.7. Fit parameter corresponding to the radial distribution fits in Figure G.4. For Mo foil, crystal structure with ICSD code 76147 was used. So
2 is amplitude reduction 

factor, CN is coordination number, E0 is energy shift, R is radial distance, DW is Debye-Waller factor and r is quality of fit.  

Table K.8. Surface area to volume ratio normalized to Mo content of fresh and spent samples. 

Sample Norm. Mo content 
Average crystallite size 

(nm) 

Mo-based SA/V ratio 

(Sg / volume / norm. Mo content) 

Freshly carburized 

MoxCy/SiO2-WI 0.61 3.7 1.00 

MoxCy/SBA-15-WI 1.00 5.5 1.09 

MoxCy/SBA-15-HNC 0.80 3.7 1.30 

MoxCy/SiO2-HNC 0.51 3.9 0.78 

MoxCy/SiO2-SG 0.61 5.0 0.73 

Sample 
So

2 

(k) 

CN 

Mo-C 

CN 

Mo-Mo 

E0 

(eV) 

R (Å) 

Mo-C 

R (Å) 

Mo-Mo 

DW (Å-2) 

Mo-C 

DW (Å-2) 

Mo-Mo 
r-factor 

Mo foil 0.95 - - 4.7 ± 0.9 - 
2.720 ± 0.005 

3.147 ± 0.005 
- 0.0037 ± 0.0006 0.009 

β-Mo2C reference 0.95 (set) 3.1 ± 0.7 4.7 ± 0.7 6.1 ± 0.8 2.077 ± 0.040 
2.943 ± 0.013 

3.016 ± 0.013 
0.0039 ± 0.0040 0.0041 ± 0.0009 0.013 

α-MoC1-x reference 0.95 (set) 1.9 ± 0.8 2.7 ± 0.5 -5.8 ± 1.5 2.108 ± 0.009 
2.945 ± 0.016 

3.018 ± 0.016 
0.0021 ± 0.0031 0.0053 ± 0.0011 0.038 

Mo2C/SiO2-WI 0.95 (set) 2.9 ± 0.5 2.7 ± 0.5 6.8 ± 0.9 2.092 ± 0.025 
2.946 ± 0.016 

3.018 ± 0.016 
0.0042 ± 0.0027 0.0047 ± 0.0011 0.017 

Mo2C/SBA-15-HNC 0.95 (set) 3.1 ± 0.7 2.0 ± 0.6 7.2 ± 1.6 2.099 ± 0.018 
2.948 ± 0.018 

3.019 ± 0.018 
0.0054 ± 0.0034 0.0053 ± 0.0019 0.037 

Mo2C/SiO2-SG 0.95 (set) 3.2 ± 0.8 2.6 ± 0.6 6.1 ± 1.5 2.093 ± 0.024 
2.945 ± 0.016 

3.017 ± 0.016 
0.0053 ± 0.0036 0.0053 ± 0.0016 0.031 
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Spent TP-CO2 (reactor) 

MoxCy/SiO2-WI 0.61 29.1 0.13 

MoxCy/SBA-15-WI 1.00 21.3 0.28 

MoxCy/SBA-15-HNC 0.80 29.5 0.16 

MoxCy/SiO2-HNC 0.51 26.9 0.11 

MoxCy/SiO2-SG 0.61 29.1 0.13 

Spent RWGS samples 

MoxCy/SiO2-WI* 0.61 4.7 0.78 

MoxCy/SiO2-WI** 0.61 2.9 1.05 

MoxCy/SBA-15-WI 1.00 4.2 1.43 

MoxCy/SBA-15-HNC 0.80 3.4 1.38 

MoxCy/SiO2-HNC n/a n/a n/a 

MoxCy/SiO2-SG 0.61 3.0 1.04 

Spent CO2-ODH samples 

MoxCy/SiO2-WI 0.61 23.6 0.25 

MoxCy/SBA-15-WI n/a n/a n/a 

MoxCy/SBA-15-HNC 0.80 13.1 0.46 

MoxCy/SiO2-HNC 0.51 13.6 0.44 

MoxCy/SiO2-SG 0.61 35.1 0.17 
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Table K.9. Overview of peak positions, peak width (FWHM) and the goodness of fit (R2), obtained through curve fitting CO2 desorption spectra. 

Sample 
Desorption Temperatures 

(°C) 

FWHM 

(°C) 
R2 

MoxCy/SiO2 (no CO2) - - 320 383 456 535 611 96 0.999 

MoxCy/SiO2 130 180 278 346 402 - - 66 0.996 

MoxCy/Al2O3 148 217 - 383 448 521 - 72 0.995 

MoxCy/ZrO2 - - 271 379 420 - - 36 0.939 

MoxCy/Ga2O3 - - 292 356 420 - - 73 0.977 

MoxCy/TiO2 129 194 284 349 405 - - 69 0.994 
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