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ABSTRACT 

DRM process, despite its potential for sustainable H2 production, faces significant challenges due 

to high energy requirements and catalyst instability at temperatures exceeding 7000C. To address 

these issues, NTP (DBD-plasma) was used to process DRM reaction, and TMCs (specifically Mo2C 

and WC) were investigated as innovative catalysts for the reaction. Mo2C and WC catalysts were 

synthesized by mechanical activation process followed by molten-salt synthesis method, using 

different sizes of Mo or W powders (nano-powder vs. micro-powder), carbon sources (super-

activated carbon vs. carbon black), and metal/carbon ratios. The results showed that Mo2C catalysts 

synthesized with micro-powder Mo and carbon black at a 1:1 metal/carbon ratio demonstrated 

exceptional catalytic activity, increasing H2 yield by 170% and CO₂ conversion by 277% compared 

to un-catalyzed reaction. Similarly, WC catalysts synthesized with nano-powder W and carbon 

black at a 1:1 ratio boosted H₂ yield by 40% and CO₂ conversion by 31%. The high electrical 

conductivity of TMCs, particularly Mo2C, facilitated high energy plasma discharge species’ 

transfer to the DRM reactants, thereby improved the interaction between plasma-generated reactive 

species and DRM reactants, and increased the overall feed-conversion and reaction-yield. 

Temperature in the discharge region also remained significantly low for the whole time-on-stream. 

This study effectively addressed the limitations of conventional thermal catalysis, promoting 

energy efficiency, enhancing catalytic performance, and improving operational stability, thus 

offering a promising pathway towards more sustainable and efficient methane reforming processes.
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CHAPTER 1: INTRODUCTION 

1.1 Background 

Natural gas (NG) is a mixture of light hydrocarbons, mainly from C1 to C4, but some higher HCs 

and impurities may also be present [3]. The crucial and requisite constituent of NG is methane 

(CH4), about 87-97mole %, CH4 is a flammable, colorless, odorless, and heat-trapping gas [3, 4]. 

CH4 has direct and indirect disparate impacts on climate, but only indirect adverse effects on 

bionetwork and human health [5, 6]. After discharge, it remains in the atmosphere for a decade or 

more precisely for 11.8 ± 1.8 years. Still, it’s short-term effect on the eco-system, in terms of 

radiative forcing and global warming potential (GWP) is far beyond carbon dioxide (CO2), though, 

CO2 stays in the atmosphere for hundreds of years [7-9]. The presence of CH4 presence in the 

atmosphere gives rise to the formation of other greenhouse gases as well, such as it causes an 

increase in the volume of stratospheric water (H2O) vapors, and its oxidation results in the 

formation of CO2 and ozone (O3) [7, 8, 10, 11]. As a precursor for O3, CH4 indirectly negatively 

influences the environment and human life. [12-15]. The above-explained negative effects of CH4 

make it the second most dangerous greenhouse gas after CO2. There are various natural and human-

induced sources of CO2 and CH4 emission in the atmosphere [16-19]. Besides the cons related to 

environs and life, CH4 plays an important role in the artificial preparation of different chemicals. 

As the main component of NG, it is also used as a fuel in different sectors to meet energy needs 

[20, 21]. NG and other fossil fuels are responsible for fulfilling around 80% of the global energy 

demand and are also the main cause of CO2 emission in the atmosphere [16]. Fossil fuels’ 

consumption will cause the CO2 emission to increase to 37 billion metric tons per year, by 2025 

[16]. The present role of fossil fuels in Earth’s energy sectors makes them the main important source 

of energy, but the remaining quantity, apace depletion, non-renewable nature, harmful impacts (on 

the global climate and humanity), and fluctuation in the price/supply (depending upon the regional 

and international politics) of fossil fuels demand a shift towards renewable and green energy, and 

this shift is only possible with a boost in investment in the renewable energy sector than in fossil 

fuels, in the current energy market [16, 22-24]. There is an estimation that the current investment 

amount ($1.3T) in pollution-free energy will increase to a figure above $2T by the year 2030 [16]. 

Hydrogen gas (H2) as a fuel can solve the energy and climate-related problems of today’s humanity 

because of its energy density (by mass) value (141.8 MJ/kg), higher than any other source of energy, 
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and only H2O (liquid/steam) is produced as a result of its combustion [25-31]. Very high energy 

content per unit mass and eco-friendly nature highlights the importance of H2 as the fuel for the 

future [28, 32]. Technically, H2 is not a fuel but an energy carrier, and despite being the most 

common chemical element in the universe, it does not exist freely but is present most commonly in 

fossil fuels and other chemical compounds, and various technologies are available for its 

production, by using fossil fuels and other chemical compounds as feed [25, 27, 29-40]. To use and 

make H2 an economical source of energy, there must be efficient and cost-effective technologies 

for its production and storage. Presently, H2 applications as a fuel are very limited due to its very 

high production cost [35], but it is utilized in refining (for hydrocracking and hydro-treating), in 

the chemical industry (for the synthesis of ammonia (NH3) and methanol (CH3OH)), in the electric 

power industry (for producing electricity), and in some other sectors of great importance [30, 37, 

41-43]. Production of pure H2 affordably and reliably can replace the usage of fossil fuels. But 

benefits, opportunities, expenses, and risks related to every H2 production method must be 

considered for a desirable and successful shift towards H2 economy [36]. 

Carbon (C) and hydrogen (H) are the two principal constituents of CH4. Easy access, inexpensive 

availability, and high H to C ratio (H/C = 4: 1), which is higher than any other chemical 

compound, make CH4 an ideal and very attractive source of H2. In the contrary, enormous energy 

requirements and the unavailability of an economical catalyst with desireable 

activity/stability/product-selectivity, are the issues, that limit the use of CH4 for getting H2. Noble-

metal based, Ni-based and other non-noble metal based catalysts have been investigated widely for 

H2 production by CH4 reforming reactions [44-51]. Noble-metal based catalysts have been proven 

very good due to their remarkable thermal/oxidation stability and coking resistance, but their use 

to catalyze CH4 reforming reactions is economically not justified [44, 45, 47, 49-51]. Ni-based 

catalysts are the most investigated catalysts [44, 46-51]. Although, Ni-based catalysts are highly 

cost-effective and are active for the CH4 decomposition, but deposition of the solid C (C(s), 

filamentous and graphitic), produced due to the decomposition of CH4, on the surface leads to their 

deactivation [44, 46-51]. Other problems associated with the Ni-based catalysts are oxidation and 

sintering (due to very high reaction temperature) of Ni particles [44, 46-51]. Using different 

methods/process-conditions for synthesizing the catalyst, modifying the catalyst by using a 

promoter/support, and optimizing the reaction conditions have not been proven economically 
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successful in improving the catalytic activity/stability/product-selectivity of Ni-based catalysts [44, 

46-53].  

NG reforming-based H2 production reactions are surface catalytic reactions in nature. Therefore, 

any element/molecule/compound with a surface catalytic action, similar to that of noble metals can 

be proved as an appropriate catalyst for these processes. The addition of C in the interstitial sites 

(voids within the crystal lattice) of a transition-metal (TM)) helps in forming a new compound, 

called transition-metal carbide (TMC) (Figure 1[54]) [55, 56]. The inclusion of C in the interstitial 

sites of a TM, alters the electron (e-)  arrangement as well, within the atomic structure [55-57]. Due 

to the changed e- distribution, the new chemical compound (TMC)  exhibits elctronic properties 

which are different from that of the parent TM but resemble that of one of the noble metals. The 

likeness in the electronic properties of a TMC  and a noble metal, leads them to exhibit similar 

surface catalytic action. For example, Levy et al. [57] found that for the reactions like H2O 

formation from H2 and oxygen gas (O2) at room temperature, and the isomerization of 2,2-

dimethylpropane to 2-methylbutane, platinum (Pt) and tumgsten-carbide (WC) present the identical 

catalytic role. Since then, TMCs have gotten the attention of researchers as alternatives of noble 

metals for various purposes. Noble metal type surface catalytic behavior and innate higher tendency 

to react with oxides (H2O, CO2, and O2, etc.) make TMCs the potential candidates to play the 

catalytic role for CH4 reforming based H2 production reactions. The catalytic 

activity/stability/product-selectivity of TMCs has been found intermediate between the minimum 

of TMs and a maximum of noble metals, for the hydrogen evolution reactions (HERs) including 

water-gas shift reaction (WGSR), aqueous phase methanol-reforming, and NG reforming [58-61]. 

The improved catalytic performance of TMCs compared to their parent metals for HERs is because 

TMCs’ surfaces are three times more sensitive than their parent metals’ surfaces to the weakening 

of H adsorption due to surface coverage effects [60]. TMCs are also used to catalyze biomass 

conversion reactions, oxygen evolution reactions (OERs), CH4 coupling reactions, CO2 upgrading 

reactions, CO2 reduction reactions, hydrogenation reactions, hydrodeoxygenation (HDO) reactions, 

hydrodenitrogenation reactions (HDN), hydrodesulfurization reactions (HDS), and electrochemical 

reactions, etc. [58, 59, 62-66]. 
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Figure 1. (a) The lattice, associated with carbides, in which M/C ratio can vary, of group-VI metals. 

(b) The lattice, associated with carbides of group-IV & V metals. (c) The lattice, associated with β-

phase of the carbides of group-VI metals. (d) The lattice, associated with α-phase of the carbides of 

group-VI metals. The blue balls represent the metal atoms, and the dark grey balls represent the C 

atoms occupying the interstitial sites in the metal structure. Reproduced from [54]. 

From a thermodynamic standpoint, the dry reforming of methane (DRM) (Equation 11) is an 

endothermic process, requiring high operating temperatures usually exceeding 7000C to achieve 

meaningful conversions of CH4 and CO2 [67]. Ni-based catalysts are among the most promising 

options for DRM due to their impressive performance and cost-effectiveness. However, at these 

elevated temperatures, they are prone to deactivation through sintering and coke deposition [67, 

68]. To address these challenges, various strategies have been investigated. One approach involves 

adding a second metal to create alloys, such as Ni-Ru or Ni-Re, which can enhance both catalytic 

activity and stability by improving the dispersion of Ni and reducing coke formation [68, 69]. 

Another strategy focuses on increasing the basicity of support materials to enhance CO₂ 

adsorption, thereby maintaining catalytic activity. For example, using supports like MgAl2O4 with 

modified acidity can facilitate the DRM reaction pathway [68]. Additionally, constructing core-

shell structures is an effective method to limit the sintering of Ni particles. For instance, hollow-

NiPt/SiO2 core-shell catalysts have shown high activity and thermal stability, consistently 

performing well over extended periods [69]. These strategies have significantly advanced the 

solutions to the challenges faced by Ni-based catalysts in DRM reactions. 

Non-thermal plasma (NTP) or di-electric barrier discharge (DBD) plasma is another useful addition 

to traditional heat-based catalysis, helping to lower reaction temperatures and speeding up reactions 



5 
 

that would normally be limited by high temperatures, like DRM. In DBD plasma, the temperature 

of the electrons is in the range of 300 K to 10,000 K, while the temperature of the gas remains 

relatively low, often near room temperature. Therefore, DBD plasma is commonly referred to as 

cold plasma. In DBD systems, the usual energy of electrons (1-10eV) is enough to break C−H 

bonds (4.5eV) and C=O bonds (5.5eV), which makes DBD-catalysis a promising method for the 

DRM reaction [70]. In NTP-assisted catalysis, the sintering of Ni nanoparticles at high operating 

temperatures is mitigated [68]. Various catalysts have been explored to enhance the conversion of 

reactants and the selectivity of main products in the DRM reaction. In traditional catalysis, CO₂ 

conversions are generally higher than CH₄ conversions due to side reactions like the reverse water-

gas shift (RWGS) (Equation 13) coupled with DRM. However, in cold-plasma-assisted DRM 

reactions, especially at low temperatures, CH₄ conversions are higher than CO₂ conversions. This 

discrepancy is attributed to the direct CH₄ dissociation facilitated by the plasma [71]. Another 

challenge in the application of DBD plasma is the very short life (nanoseconds to microseconds) 

of the discharge, which can limit its effectiveness and stability in various processes. DBD plasma 

generates non-thermal/equilibrium plasma at atmospheric pressure, but the discharge itself is 

characterized by short-lived reactive species [72, 73]. In the context of catalysis, the short life of 

discharge can impact on the synergistic effects between the plasma and the catalyst. Electrically 

conductive materials, such as TMCs, as catalysts, can help in the effective utilization of the short-

lived plasma discharge by facilitating the transport of microsecond-discharges to the reactant 

species, thereby increasing the reactants’ conversion and products’ yield. TMCs possess a natural 

high tendency to react with oxides, and in the traditional thermal DRM reaction, TMCs have been 

proven to be effective catalysts for CO2 activation/dissociation. Thus, TMCs can also help in 

creating a balance between CH4/CO2 activation/dissociation/conversion. 

In this study, we are utilizing two critical TMC catalysts (Mo2C and WC) that are highly electrically 

conductive and exhibit a high affinity towards oxides, aiming to address the dual challenges of slow 

CO2 activation and the effective utilization of short-lived discharges in Dielectric Barrier Discharge 

(DBD) plasma-assisted DRM reaction. We can leverage their synergistic effects (natural high 

tendency to react with oxides and high electrical conductivity) to accelerate CO₂ activation and 

effectively utilize short-lived discharges in DBD-plasma-assisted DRM reaction. The electrically 

conductivity of TMCs, as catalysts, can help in the effective utilization of the short-lived plasma 

discharge by facilitating the transport of microsecond discharges to the reactant species, thereby 
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increasing the reactants’ conversion and products’ yield. Additionally, the high affinity of TMCs 

towards oxides ensures efficient activation and conversion of CO₂, addressing the problem of slow 

CO₂ activation. This dual-catalyst approach offers a promising solution to enhance the overall 

efficiency, stability, and energy efficiency of the cold-plasma-assisted DRM reaction. The 

experimental results demonstrated the remarkable efficacy of catalysts Mo2C and WC, both 

synthesized with an M/C ratio of 1:1 (M = Mo or W), in significantly enhancing the H2 yield. Under 

identical input power conditions, Mo2C exhibited an impressive performance, increasing the H2 

yield by 170% and CO2 conversion by 277% compared to the uncatalyzed reaction. Similarly, WC 

also showed substantial improvement, boosting the H2 yield by 40% and CO2 conversion by 31% 

relative to the control scenario without any catalyst. Plasma discharge temperature remained 

significantly low during the whole time-on-stream. The present study elucidates the critical roles 

of TMCs in plasma-assisted catalysis of the dry reforming of methane (DRM) reaction. Their dual 

function addresses key challenges in coupled plasma and catalysis, providing practical solutions 

for optimizing DRM processes and promoting more sustainable methane reforming technology.  
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1.2 Problem Statement 

DRM reaction faces significant challenges due to its endothermic nature and the high operational 

temperatures, typically exceeding 700°C, which can lead to catalyst deactivation through sintering 

and coke deposition, especially in Ni-based catalysts commonly used for this process. Conventional 

strategies to enhance catalyst stability and activity, such as alloying and using basic supports, often 

fall short of addressing the challenges in DRM. Additionally, while NTP technology (DBD-plasma) 

can effectively lower the temperature requirements of the DRM reaction, it presents its own set of 

challenges. The short-lived nature of reactive species in DBD-plasma system limits sustained 

catalytic performance and has been shown to be more effective for CH₄ activation than for CO₂. 

Consequently, there is a pressing need for innovative catalytic materials that can enhance both CO₂ 

activation and discharge utilization, particularly in the context of DBD-plasma-assisted DRM 

reaction, to improve overall efficiency and sustainability. 
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1.3 Objectives 

This study aims to (1) synthesize and characterize TMC catalysts (Mo2C and WC), (2) investigate 

the effectiveness of these synthesized TMC catalysts in improving CO₂ activation rates in 

DBD/NTP-plasma-assisted DRM process, (3) explore the synergistic effects of TMC catalysts in 

conjunction with dielectric barrier discharge (DBD) plasma to enhance both CH₄ and CO₂ 

activation, aiming to overcome the challenges posed by the short-lived reactive species in DBD 

system, (4) measure/compare H2 yield and CO2 conversion rates for TMCs-catalyzed DRM 

reactions, quantifying improvements over uncatalyzed DBD-plasma-assisted DRM to demonstrate 

enhanced overall efficiency and sustainability, and (5) control the temperature in the discharge 

region to avoid the deactivation of the catalyst due to metal sintering. 
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1.4 Outline of thesis 

Chapter 1: Introduction 

This chapter introduces the concept of DRM and its potential for H2 production. We briefly highlight 

the challenges associated with conventional catalytic DRM reaction, while also outlining the 

advantages of both the NTP for catalysis and the use of TMCs as catalysts. Additionally, we 

highlight the key objectives of our work.  

Chapter 2: Literature Review 

This section delves into a comprehensive review of past studies exploring the utilization of TMCs 

as catalysts for CH4-reforming based H2 production technologies. The analysis focuses specifically 

on the DRM reaction mechanism over a TMC catalyst, as well as recent advancements and findings 

related to the applications of TMC catalysts in CH4-reforming based H2 production technologies. 

Chapter 3: Methodology 

This section details the experimental approach employed in this study, encompassing: 

1. Catalyst synthesis: Synthesis of TMC catalysts with characterization using appropriate 

techniques to confirm their structure and properties. 

2. Experimental Setup: Description of the DBD plasma setup, including details on gas mixture 

flow rates, temperature control, and equipment used for the product analysis. 

3. Experimental Procedure: Outline of the steps involved in DBD-plasma catalysis experiments, 

including amount of catalyst used, operating conditions (feed ratio, gas mixture flowrate, 

voltage, and frequency), and gas product sampling procedures. 

4. Analysis of Results: Description of the analytical techniques employed to characterize the gas 

product obtained, including gas composition analysis and hydrogen yield determination. 

Chapter 4: Results and Discussion 

This section presents the key findings from the DBD-plasma assisted DRM over TMCs as catalysts 

experiments. We discuss the composition and concentration of gases produced during the process, 

focusing on the comparison between the cases with and without catalyst. Additionally, we analyze 

the influence of applied frequency on the temperature inside the reactor. 
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CHAPTER 2: LITERATURE REVIEW 

Current Methods for H2 Production by CH4 Reforming 

Above 70% of H2 production technologies are based on reforming of NG [28, 31, 32, 39, 74]. The 

technologies in which CH4 is used as the feedstock, include: CH4 decomposition or catalytic CH4 

decomposition (CMD), CH4 pyrolysis, steam reforming of CH4 (SRM), combination of carbon 

capture and storage (CCS) with SRM, sorption enhanced steam reforming of CH4 (SE-SRM), 

sorption enhanced chemical looping SRM, dry reforming of CH4 (DRM), combined steam and dry 

reforming of CH4 (CSDRM) or steam-CO2 bi-reforming of CH4 (SCRM), partial oxidation of CH4 

(POM), auto-thermal reforming (ATR) of CH4, sorption enhanced ATR of CH4, and tri-reforming 

of CH4 (TRM) [36, 39, 75-80]. Feed composition is the most important factor that makes the above-

mentioned H2 production technologies different from each other. 

Steam Reforming of Methane (SRM)  

In SRM (Equation 1), CH4 and steam (H2O(s)) react to form synthesis gas or syngas (H2 + CO) with 

H2/CO ratio of 3:1 [32, 35, 39, 40, 81, 82]. The H2/CO ratio is good, but SRM is a highly 

endothermic reaction in nature, very high pressure (14-20 atmosphere), and a lot of energy 

(206.2kJ/mol) is required for this reaction to go to completion [38-40, 81]. This is not the only 

difficulty in SRM. When H2O(s) is supplied in excess quantity, the reaction’s energy demand 

decreases from 206.2kJ/mol to 165kJ/mol, but CH4 reacts with  H2O(s) to produce H2 and CO2 (the 

greatest contributor in changing the climate) (Equation 2) [31, 81]. Concurrently, extra H2O(s) reacts 

with carbon monoxide (CO) to give extra H2 along with CO2, and this reaction is called the WGSR 

(Equation 3), and is exothermic in nature to some extent [31, 38, 83]. Due to having an exothermic 

nature, WGSR occurs spontaneously in SRM reaction stream, without even providing extra H2O(s) 

in the feed and cannot be avoided. Vigorous nature and side reaction (WGSR) are the two main 

problems associated with SRM. The unavailability of a perfect catalyst for SRM is still also a 

challenge because all the metal based catalysts that have been tested to date for SRM suffer from 

coking and sintering problems [44]. Despite all the issues described above, SRM is the technology 

that was commercialized long ago and now is responsible for fulfilling more than 90% of the world’s 

total H2 demand [28, 31, 32, 39, 74]. The commercial role of SRM makes CH4 the most valuable 

chemical compound for getting H2. Although SRM is the most widely accepted method for 

generating H2, it also produces H2O pollutants and solid waste. Global H2 production adds 2.5% to 
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the global emissions [42]. SRM discharges 9000-10,620.6g of CO2 with few grams of other 

effluences into the air per every 1kg of H2; combination of SRM with CCS can significantly 

overcome this problem, but the process performance reduces from 76% to 68%, and H2 production 

expense increases from $1.26/kg to $1.88/kg (according to the production cost in the year 2020) 

[31, 39, 42, 43, 82, 84, 85]. 

CH4 + H2O(s) ⟷ 3H2 + CO (∆H298K
0 = +206.2

kJ
mol⁄ )     (1) 

CH4 + 2H2O(s) ⟷ 4H2 + CO2 (∆H298K
0 = +165

kJ
mol⁄ )     (2) 

CO + H2O(s) ⟷ H2 + CO2 (∆H298K
0 = −41.2

kJ
mol⁄ )     (3) 

All other technologies for the conversion of CH4 to H2 are being used on a very small scale or are 

still in the development phase. 

Methane Decomposition or Catalytic Methane Decomposition (CMD) 

CMD (Equation 4) involves the breaking or cracking of CH4 into its components (C and H2) by 

heating it at a very high temperature (12000C). CMD is of great interest for getting clean and pure 

H2. If CMD occurs in the absence of O2, and only two components (H2 and C(s)) are produced, then 

CMD is a kind of de-carbonization process and is also called CH4 pyrolysis [79]. The H2 produced 

through CH4 pyrolysis is known as turquoise H2 [36]. If unconverted CH4 is detected in the product 

stream, a gas separation facility is also needed to get good quality H2 [86]. CMD or CH4 pyrolysis 

helps to get rid of traditional SRM's two high energy cost measures, including: preventing the 

occurrence of WGSR, and CO2 removal step [87]. The obstacle to not commercializing this 

technology yet, is its highly endothermic nature, because thermal decomposition of CH4 requires 

almost 12000C temperature, without using any catalyst [88]. For breaking CH4, solar-thermal and 

plasma-based techniques are also being studied. This technology also has the problem of 

deactivating catalysts due to coking, in the same manner as discussed in the DRM technology 

section of the paper [50, 89]. Besides the endothermic nature, this is another challenge associated 

with CMD technology. 

CH4 ⟶ C(s) + 2H2 (∆H298K
0 = +74.8

kj
mol

⁄ )      (4) 

Steam-CO2 bi-reforming of CH4 (SCRM) 
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SCRM (Equation 5) of CH4 is a process in which CH4, H2O(s), and CO2 are used as reactants to 

produce syngas  [90]. This process allows us to produce syngas with the desired H2/CO ratio by 

adjusting CH4/H2O(s)/CO2 feed ratio. Combining SRM and DRM for producing syngas gives another 

benefit of preventing catalyst deactivation from coking, as the oxidants (H2O(s) and CO2), which are 

used as the feed, are enough to remove the deposited C(s) by gasification.  

2CH4 + H2O(s) + CO2 ⟶ 3CO + 5H2       (5) 

Partial Oxidation of Methane (POM) 

POM (Equation 6) is an exothermic process in which CH4 reacts with a limited amount of O2 to 

produce syngas [91]. This process yields H2 rich fuel because the produced H2/CO ratio is 2.0 [91]. 

POM is not a single step reaction process. POM goes to completion in the multiple steps, given in 

(Equations 7-9) [91]. In the first step, 25% of the CH4 in the reaction feed (CH4 +
1

2
O2) is combusted 

(Equation 7). The rest of the 75% CH4 reacts with the combustion products to produce syngas 

(Equations 8-9). 

CH4 +
1

2
O2 ⟶ CO + 2H2 (∆H298K

0 = −36kJmol−1)      (6) 

2CH4 + O2 ⟶ 1.5CH4 + 0.5CO2 + H2O(s)       (7) 

0.5CO2 + 0.5CH4 ⟶ CO + H2        (8) 

CH4 + H2O(s) ⟶ CO + 3H2         (9) 

Tri-reforming of Methane (TRM) 

TRM (Equation 10) is the combination of SRM (Equation 1), DRM (Equation 11) and POM 

(Equation 6) [92]. In the TRM process, CH4, CO2 or flue gases, H2O(s), and O2 are used as reactants 

to produce H2 and CO [92]. TRM is highly advantageous to obtain syngas with the desired H2/CO 

ratio by controlling the molar ratio of the reactants. Less energy is required to process TRM, because 

the reaction (POM) with exothermic nature is part of the process, and the catalyst’s stability against 

coking also enhanced in TRM, as the oxidants (CO2, H2O(s), and O2), present in the upstream of the 

process, can help to remove the deposited C(s) by oxidation [93]. 

3CH4 + 0.5O2 + H2O(s) + CO2 ⟶ 4CO + 7H2      (10) 

Dry Reforming of Methane (DRM) 
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DRM (Equation 11) is the use of CH4 and CO2 for producing syngas with H2/CO ratio of 1:1 [6, 

94]. This reaction was first introduced by Fischer and Tropsch in the 1920s. Later on, DRM got the 

attention of the researchers for two reasons: one is the use of two potential greenhouse gases (CH4 

and CO2), and the second is the production of clean and valuable fuel (H2). DRM exploits two 

harmful gases (CH4 and CO2), and gives syngas, therefore, the development and implementation of 

this technology on a large scale will be a great initiative for the mitigation of the greenhouse gases 

(CH4 and CO2) from the atmosphere, and for getting clean energy (H2). It can also be thought of as 

the technology with zero emission for getting environmentally sound energy, as the output in an 

ideal situation is H2 (nature-friendly energy carrier) and CO (less toxic than CO2 for the eco-system) 

only.  

Syngas itself can be used for different applications, the most important of which is its conversion 

into liquid HCs by the Fischer-Tropsch method [95].  

Concise on Challenges, Thermodynamics, Kinetics, and Equilibrium of DRM Process 

Despite being one of the most investigated topics since the year 2000 and having very positive 

potential for the environment and energy sectors, there are still challenges that need to be addressed 

for the installation of this technology on the industrial level. At least 19 reactions (Equations 11, 4, 

and 12-28) are involved in the DRM process, the most important of which is the direct reaction 

between CH4 and CO2 (Equation 11), which is a highly endothermic reaction. The molecular 

structure of CH4 and CO2 makes them highly stable and chemically inactive compounds.  The 

energy needed to dissociate C─H and C═O is ~430kJ/mol and ~750kJ/mol, respectively [96]. Direct 

decomposition of CH4 (Equation 4) and CO2 (Equation 12) is possible at temperature 12000C and 

20000C, respectively [88, 97]. These parameters suggest that DRM is a highly endothermic process. 

So, the endothermic nature is one of the problems of DRM.  

The occurrence of undesired side reactions during DRM process is the other setback that compels 

some solutions. According to Equation (11), H2/CO ratio must be 1, but it is never equal to 1 because 

of reverse water gas shift reaction (RWGSR) [76, 94, 98]. In the RWGSR (Equation 13), H2 reacts 

with CO2, and gives CO and H2O [99], due to which H2 yield reduces and H2/CO ratio becomes less 

than unity. An additional constituent (H2O) is added to the products, which makes the splitting 

process of H2 from other product components more expensive and complicated. RWGSR is not the 
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only reaction that must be avoided to get the desired H2/CO ratio. Several other side reactions, 

including CH4 decomposition (Equation 4), Boudouard reaction (Equation 14), CO2 hydrogenation 

(Equation 15), CO hydrogenation (Equation 16), CO2 hydrogenation (Equation 17), reverse 

methanation of CO2 (Equation 18) and the reactions given in Equations 19-28 are difficult to control 

during the whole process [100-102]. Especially, reactions with an exothermic nature or negative 

enthalpy value are more difficult to deal with. The use of feedstock (CH4 and CO2), greater than the 

stoichiometric concentration, decreases H2 and CO production, but it is one of the key reasons for 

the occurrence of undesired reactions along with the main reaction of the DRM process. To have a 

total and exact number of possible chemical reactions and resulting chemical species in a C/H/O 

system is a very complex and difficult task. 

CH4 + CO2 ⟶ 2H2 + 2CO (∆H298K
0 = +247.3

kJ
mol⁄ )     (11) 

CO2 ⟶
1

2
O2 + CO (∆H298K

0 = +283
kj

mol
⁄ )                     (12) 

CO2 + H2 ⟷ CO + H2O (∆H298K
0 = +42.1

kJ
mol⁄ )      (13) 

2CO ⟷ C + CO2 (∆H298K
0 = −172

kj
mol

⁄ )       (14) 

CO2 + 2H2 ⟷ C + 2H2O (∆H298K
0 = −90

kJ
mol

⁄ )      (15) 

CO + H2 ⟶ C + H2O (∆H298K
0 = −131

kJ
mol⁄ )      (16) 

CO2 + 3H2 ⟶ CH3OH + H2O (∆H298K
0 = −49

kJ
mol⁄ )     (17) 

2H2O + CH4 ⟶ CO2 + 4H2 (∆H298K
0 = +247.3

kJ
mol⁄ )     (18) 

2CH4 + CO2 ⟷ C2H6 + CO + H2O (∆H298K
0 = +106

kJ
mol⁄ )    (19) 

2CH4 + 2CO2 ⟷ C2H4 + 2CO + 2H2O (∆H298K
0 = +284

kJ
mol⁄ )    (20) 

C2H6 ⟷ C2H4 + H2 (∆H298K
0 = +136

kj
mol

⁄ )      (21) 

CO + 2H2 ⟷ CH3OH (∆H298K
0 = −90.6

kJ
mol⁄ )      (22) 

CH3OCH3 + CO2 ⟷ 3CO + 3H2 (∆H298K
0 = +258.4

kJ
mol⁄ )    (23) 

3H2O + CH3OCH3 ⟷ 2CO2 + 6H2 (∆H298K
0 = +136

kJ
mol⁄ )    (24) 

CH3OCH3 + H2O ⟷ 2CO + 4H2 (∆H298K
0 = +204.8

kJ
mol⁄ )    (25) 
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2CH3OH ⟷ CH3OCH3 + H2O (∆H298K
0 = −37

kJ
mol⁄ )     (26) 

CO2 + 4H2 ⟷ CH4 + 2H2O (∆H298K
0 = −165

kJ
mol⁄ )     (27) 

CO + 3H2 ⟷ CH4 + H2O (∆H298K
0 = −206.2

kJ
mol⁄ )     (28) 

Reaction parameters are very important to monitor and control for the required results from DRM. 

Applying slightly different conditions can lead to a completely different output. DRM is 

thermodynamically favorable at pressure 1atm and temperature above 913K [103, 104]. Maximum 

feed (CH4 and CO2) conversion at a constant temperature can be achieved by applying low pressures 

[94]. At constant pressure, CH4 conversion can be enhanced by increasing CO2/CH4 feed ratio and 

also the temperature up to 1000K, but using high pressures suppresses this conversion [94, 100, 101, 

105]. Using high pressures for the same value of CO2/CH4 feed ratio increases temperature 

limitation value for the C(s) accumulation and MC formation on the surface of the catalyst [94, 102]. 

Constant pressure and decreasing value of CO2/CH4 feed ratio also cause to increase this 

temperature limitation value [94]. It means more energy is needed to prevent C(s) 

formation/accumulation and MC formation on the surface of the catalyst. High pressure and high 

CO2/CH4 feed ratio favor the RWGSR [94, 100]. An increased value of CO2/CH4 feed ratio has a 

negative impact on H2 yield due to which H2/CO ratio in the product stream becomes less than 1 

[94, 100, 101]. Temperature is another key variable to control the DRM process. CH4 conversion is 

more prominent at a temperature below 973K but is not obvious when the temperature is above 

973K [100, 101]. Temperature greater than 873K or in the range 1273-1473K, reduction in CO2/CH4 

feed ratio, and catalyst surface (free of C(s)) favor CO2 conversion [94, 101, 105, 106]. High 

temperature increases CO production more significantly when CO2/CH4 is below 1, but when 

CO2/CH4 feed ratio is greater than 1, CO production declines [100, 101]. H2/CO ratio reduces with 

rising temperature, pressure, and CO2/CH4 feed ratio [100, 101, 106]. At a fixed temperature and 

fixed CO2/CH4 feed ratio, H2/CO can be enhanced by increasing pressure [100]. The duration of the 

DRM process depends on the rate-limiting step. Not only the molar ratio of the substrates but also 

the natural logarithmic value of the equilibrium constant (ln(K)) of a chemical reaction decides its 

capability to take place, during DRM process [101, 106]. When ln(K) has a value of more than 1, 

the molar ratio of the raw materials has no effect on the direction of the reaction, but the reverse is 

the case when ln(K) value is nearly equal to 1 [76, 106]. The chemical reactions given in Equations 
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(4, 19-21 and 23-25) have a very high negative value of ln(K), therefore, a very high temperature is 

good for these reactions to proceed in the forward direction [101]. The value of ln(K) for the 

chemical reactions given in Equations (14-17, 22, 26-28) is highly positive so, these reactions can 

easily turn up at low temperatures, but proceed in the backward direction when the temperature is 

very high [101].  

Being a reaction (DRM) with a very high positive enthalpy value (+247.3kJ/mol), a catalyst is 

mandatory for its economic feasibility. A good catalyst is low priced, readily accessible, reduces the 

energy demand for the reaction, and sustains the activity/stability/product-selectivity for a very long 

period. A catalyst with these characteristics for DRM is still an objective that has not yet been 

achieved. The objective for developing a catalyst for CH4 reforming/decomposition is difficult in 

two ways: firstly, the catalyst should reduce the reaction’s activation energy requirement and must 

not be inactive swiftly due to the accretion of product C(s), and secondly, the catalyst regeneration 

step should not affect the de-carbonization nature of the process. 

Rapid deactivation of the catalyst due to metal sintering and deposition of produced C(s) on the active 

sites of the catalyst is another problem in DRM [76, 94, 101]. This is the biggest reason for not 

commercializing this technology yet. When using CH4/CO2 in stoichiometric concentration at the 

temperature 5570C-7000C, C(s) production is the consequence of CH4 decomposition (Equation 4) 

and Boudouard reaction (Equation 14) [6, 94, 102]. The accumulation of the product C(s) on the 

catalyst surface causes blockage of the active sites of the catalyst or encapsulation of the whole 

catalyst, which reduces the activity of the catalyst and eventually makes it stop functioning. C(s) 

deposition rises in a direct proportion with the pressure but decreases with increasing temperature 

and CO2/CH4 feed ratio [100, 101]. At a fixed pressure, C(s) deposition reduces with increasing 

temperature [101]. C(s) production and accumulation can also cause the reactor tube to be plugged. 

The small size of the metal particles, catalyst support (that is basic in nature) with high surface area, 

good metal dispersion on the support, and better O mobility of the catalyst surface decrease the C(s) 

production/accumulation rate [6, 45, 107]. To avoid C(s) fouling, DRM must be performed at a 

temperature greater than the temperature limiting value [94]. The RWGSR (Equation 13) and 

Boudouard reaction (Equation 14) can be avoided by applying a temperature higher than 8200C, 

because these two reactions cannot occur above this temperature [94, 105]. But this temperature 

may lead to the problem of metal sintering. Excessive temperature is responsible for the metal 
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sintering problem, and the reactions given in Equations (4 and 14-16) are the reason for C(s) 

production, during DRM process [6, 76, 94, 101]. Metal sintering causes metal nucleation, which 

decreases the catalyst’s surface area available for the reaction and also ruins the pore structure [76]. 

Eventually, the catalyst becomes inactive.  

CMD and DRM are the two technologies that researchers are working on because the advantage of 

mitigating the two most dangerous greenhouse gases is associated with the development of these 

two technologies. These technologies can help to achieve the goal of H2 production with minimum 

to zero C emissions. 

Catalyst regeneration is not a simple task, the selection of the catalyst reconditioning method is 

based on different parameters of the reactor in operation. Metal sintering makes catalyst 

regeneration sometimes impossible [76]. Nevertheless, in the context of C(s) deposition, regeneration 

of the catalyst is comparatively more feasible. The reaction of the amassed C(s) with O2 and H2O(s), 

can be used for reconditioning the catalyst, but the consequent components on the reaction of C(s) 

with O2 (Equation 29) and H2O(s) (Equation 30) are CO2 and CO (an indirect greenhouse gas), 

respectively, and the catalyst recovery through O2 is exothermic, and by H2O(s) is endothermic in 

nature [108-110]. These types of issues leave a question mark on the non-polluting and cost-

effective characteristics of SRM, DRM, and CMD technology and eventually hinder their large-

scale usage. The consumption of CO2 as the reviving agent for catalyst or using the reverse 

Boudouard reaction (Equation 31) is beneficial for the environment and for retaining the non-

contaminating facet of SRM, DRM, and CMD as it involves the usage of a greenhouse gas (CO2) 

and producing only CO, which is not as dangerous as CO2 for the climate [111]. 

Catalyst Regeneration Methods: 

C(s) + O2 ⟷ CO2 (∆H1073K
0 = −394.7

kj
mol

⁄ )                   (29) 

C(s) + H2O ⟷ CO + H2 (∆H1073K
0 = +135.9

kj
mol

⁄ )          (30) 

C(s) + CO2 ⟷ 2CO (∆H1073K
0 = +171

kj
mol

⁄ )                       (31) 

Metal Carbide as an Active Catalyst for DRM 

DRM is a surface catalytic reaction. In surface catalysis, the reactant molecules adsorb onto the 

surface of the catalyst before they react with the catalyst to form the intermediate/product species. 
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Rate determining step (RDS) in DRM is the reaction between C* (C species adsorbed on active sites 

present on the surface of the catalyst, ∗= active site) and O* (O species adsorbed on active sites 

present on the surface of the catalyst) to form CO (Equation 65), because this reaction is the slowest 

in the process [112]. Operating temperature affects the RDS, changing this temperature may also 

change the RDS [113].  

All the catalysts investigated to date for CH4 reforming reactions suffer from metal sintering and 

C(s) fouling. This is because the catalysts that have been tested so far catalyze the C(s) formation 

reactions. Deactivation of the catalyst because of C(s) producing reactions can be delayed by using 

oxidants (CO2, H2O(s) or O2) during the catalytic process but cannot be avoided [94, 114]. The excess 

use of oxidants results in the production of syngas with a very high H2/CO or CO2/CO ratio, which 

is not suitable for industrial applications [114, 115]. The discovery of a readily available and cost-

effective catalyst, which can show good activity/stability/product-selectivity for the focal reactions 

along with satisfactory resistance against coking and metal sintering, can help to commercialize H2 

production technologies like CMD and DRM, which are environmentally/socially feasible. Various 

catalysts have been studied in the past for CH4 reforming reactions. These include noble TM-based 

catalysts, non-noble TM-based catalysts, spinels, and perovskites, etc. [45, 76, 116-119]. Although, 

noble metals (Ru, Rh, Pd, Ir, and Pt) have shown the best coking resistance, thermal stability and 

activity for DRM and CMD [115], the use of nickel-based (Ni-based) catalysts is economically more 

justified. Therefore, Ni-based catalysts were investigated the most [116, 120, 121]. But Ni-based 

catalysts catalyze C(s) formation reactions, which results in the C(s) production followed by C(s) 

accretion on the surface of the catalyst. The deposition of C(s) on the surface of the catalyst results 

in the blockage of the catalyst’s active sites, and ultimately MC formation on the surface of the 

catalyst [94, 114]. So, Ni is not a catalyst to be used for DRM and CMD on an industrial scale. 

Synthesizing method/process-conditions, precursor, promoter, support, operating conditions, and 

the type of reactor used for the reaction have a big influence on the activity/stability/product-

selectivity of the catalyst in DRM and CMD.  

MCs have better coking resistance than Ni-based catalysts [122] and are very similar to noble metals 

for surface catalysis [57, 123], and the methods used for their synthesis are highly cost-effective 

[123]. They have a very high tendency to react with oxides, and they are S tolerant. S can be present 

in NG and biogas, the two major sources of DRM feed (CH4 and CO2) [124]. Due to all the 
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characteristics mentioned above, researchers started to pay attention to the use of TMCs as catalysts 

for DRM and CMD. Another reason for their consideration as catalysts, especially for the reactions 

with feed containing oxides, is their lowest deactivation rate due to oxidation. The order of potency 

of different oxidants to oxidize MCs is O2>H2O(s)≅CO2.  

When a MC is used as a catalyst for DRM, oxidation, caused by CO2 reduction, changes MC into 

metal oxide (MO2) (Equation 32), but CH4 converts MO2 again into MC (Equation 33). In this way, 

there is oxidation and subsequent reduction/re-carburization of the MO2. This is called oxidation-

reduction or oxidation-re-carburization cycle, or simply redox cycle (Figure 2[115, 125-130]) [125]. 

A schematic of the redox cycle of Mo2C catalyst in DRM reaction, is presented in (Figure 2[115, 

125-130]). 

β−Mo2C + 5CO2 ⟶ 2MoO2 + 6CO                                                   (32) 

2MoO2 + 5CH4 ⟶ β−Mo2C + 4CO + 10H2                                      (33) 

 

Figure 2. Schematic of the redox cycle of Mo2C catalyst in DRM reaction. Developed based on 

[115, 125-130]. 
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Mechanism of DRM Reaction over a TM Catalyst 

There are two types of mechanisms that have been suggested for catalytic DRM [115, 131]. The 

first type is called Eley-Rideal or Langmuir-Rideal or noble metal type mechanism[132]. It is based 

on the principle of chemisorption [132]. DRM over a pure metal catalyst (mono-functional or bi-

functional), obeys this type of mechanism [131, 133-135]. Schematic of the Eley-Rideal mechanism 

of metal catalytic DRM, when the metal catalyst used for DRM reaction is mono-functional (an 

unsupported, or supported metal catalyst but catalyst support does not take part in the chemical 

reaction), is presented in Figure 3[131-137]. If a mono-functional metal catalyst is used for DRM, 

CH4 adsorbs on the metal site, and decomposes into H2 and surface adsorbed C species or C* [136, 

137]. C* species then react directly with CO2 to produce CO [136, 137].  

 

Figure 3. Schematic of the mechanism of DRM reaction over a mono-functional TM catalyst. 

Developed based on [131-137]. 

Schematic of the Eley-Rideal mechanism of metal catalytic DRM, when the metal catalyst used for 

DRM reaction is bi-functional (a supported metal catalyst and catalyst support also participates in 

the chemical reaction), is presented in Figure 4[131-137]. In the case of a bi-functional metal 

catalyst, CH4 adsorbs on the metal surface and dissociates into H* (H species adsorbed on active 

sites present on the surface of the catalyst) and CHx,x=1−3
∗  (CHx species adsorbed on active sites 
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present on the surface of the catalyst) species [131, 133, 135]. On the other hand, CO2 adsorbs on 

metal surface or the catalyst-support interface, and its decomposition gives CO and O* or surface 

OH groups [131, 133]. In the end, CHx,x=1-3 species react with O* or surface OH groups to yield H2 

and CO [131, 133, 135]. 

 

Figure 4. Schematic of the mechanism of DRM reaction over a bi-functional TM catalyst. 

Developed based on [131-137]. 

Metal is important for the activation/dissociation of both the chemical compounds (CH4 and CO2), 

but support (that is acidic or basic, but not neutral in nature) merely facilitates CO2 

activation/dissociation [131, 133, 134, 136, 137]. So, metal acts as an active site for CH4 and CO2 

decomposition, but support (acidic or basic in nature) acts as an active site for CO2 decomposition 

only. Active sites are extremely important for converting reactants into intermediate species. 

Intermediate species react to give the ultimate desired product/products. In the case of acidic catalyst 

support, CO is the result of the decomposition of formate species [133, 134]. These formate species 

are formed by the hydrogenation of the CO2 and adsorbed on the surface of the catalyst support 

[133]. In the case of basic catalyst support, the decomposition of oxycarbonates is the reason for CO 

formation [131, 138]. Equations 34-57 illustrate the elementary reactions involved, in the formation 
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of intermediate species and desired products, in the noble metal type mechanism of TM catalytic 

DRM, [139, 140]. 

CH4
∗ + ∗⟶ CH3

∗ + H∗                                                             (34) 

CH3
∗ + ∗⟶ CH2

∗ + H∗                                                             (35) 

CH2
∗ + ∗⟶ CH∗ + H∗                                                            (36) 

CH∗ + ∗⟶ C∗ + H∗                                                                (37) 

CO2
∗ + ∗⟶ CO∗ + O∗                                                             (38) 

CO2
∗ + H∗ ⟶ COOH∗ + ∗                                                          (39) 

COOH∗ + ∗⟶ CO∗ + OH∗                                                           (40) 

CO2
∗ + H∗ ⟶ HCOO∗ + ∗                                                           (41) 

HCOO∗ + ∗⟶ CHO∗ + O∗                                                          (42) 

CHO∗ + ∗⟶ CO∗ + H∗                                                            (43) 

CH∗ + O∗ ⟶ CHO∗ + ∗                                                             (44) 

CH∗ + O∗ ⟶ COH∗ + ∗                                                             (45) 

CHO∗ ⟶ CO∗ + H∗                                                             (46) 

CH∗ + OH∗ ⟶ CHOH∗ + ∗                                                          (47) 

CHOH∗ +∗⟶ COH∗ + H∗                                                          (48) 

C∗ + O∗ ⟶ CO∗ + ∗                                                               (49) 

C∗ + OH∗ ⟶ COOH∗ + ∗                                                          (50) 

COOH∗ + ∗⟶ CO∗ + H∗                                                             (51) 

O∗ + H∗ ⟶ OH∗                                                                     (52) 

OH∗ + H∗ ⟶ H2O∗                                                                    (53) 

H2O∗ ⟶ H2O(s)                                                                 (54) 

H∗ + H∗ ⟶ H2
∗                                                                         (55) 

H2
∗ ⟶ H2(g)                                                                     (56) 

CO∗ ⟶ CO(g)                                                                    (57) 

The second type of proposed mechanism for catalytic DRM is called oxidation-reduction or 

oxidation-re-carburization, or simply redox mechanism [115, 125]. This mechanism was especially 
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proposed for DRM over a MC catalyst by Claridge et al. [115]. This mechanism is described in the 

next section. 

Mechanism of DRM Reaction over a Metal Carbide Catalyst 

Syngas production through DRM over a MC catalyst follows two types of mechanisms: noble metal 

type mechanism, and/or redox mechanism [115, 135, 141-143]. These mechanisms for DRM over 

a MC catalyst were proposed by Claridge et al. [115]. Schematic of the noble metal type mechanism 

of metal-carbide catalytic DRM is presented in Figure 5[115, 125, 141, 144]. When following the 

noble metal type mechanism (Equations 58-60) (Figure 5[115, 125, 141, 144]), MC acts as an active 

site for CO2 activation/dissociation only, because MCs are highly oxyphilic in nature [135, 145-

147]. CO2 adsorbs on the MC surface, and then CO2 decomposition yields CO and O* (Equation 

58). O* species cause the partial oxidation of the MC catalyst, converting the MC phase into metal 

oxycarbidic (MC―O) phase (Equation 59) [135, 144, 146, 148, 149]. MC―O phase now acts as an 

active site for CH4 activation/decomposition [135, 144, 150]. CH4 adsorbs on MC―O sites and 

dissociates into CHx,x=1−3
∗  and H* species [115, 135, 150]. Desorption of intermediate CHx,x=1−3

∗  

and H* species gives CO and H2 (Equation 60) [149]. Replenishing of the MC phase is also the 

result of CH4 dissociative adsorption (Equation 60) and is very crucial to keep the TMC catalytic 

DRM process continuous. 
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Figure 5. Schematic of the noble metal type mechanism of metal-carbide catalytic DRM reaction. 

Developed based on [115, 125, 141, 144]. 

Generation of MC―O phase (with specific oxidation state of metal that is present in the structure) 

is very important to achieve the desired CH4 decomposition rate [144]. Determination of the 

oxidation state of metal in a MC―O structure, at which the maximum CH4 consumption rate can 

be obtained, is possible by XANES (X-ray absorption near edge structure) and XPS (X-ray 

photoelectron spectroscopy) analysis [144]. The oxidation state of Mo in molybdenum oxycarbide 

(Mo2COx) should be +4 to achieve the maximum CH4 dissociation rate, and any change in this value 

affects CH4 decomposition rate in DRM process [144]. DFT (density functional theory) calculations 

performed by Kurlov et al. [144] have disclosed the fact that C—H breakage in CH4 is the RDS for 

DRM reaction. The temperature at which O containing compound (like CO2) is introduced into the 

reaction plays an important role in the generation of an active MC―O phase. According to Hwu et 

al. [151], the MC―O phase generated at 600K and 900K is inert and active in nature, respectively. 

CO2 sometimes causes bulk oxidation of the metal present in the MC structure and generates MO2 

(Equation 32). Bulk oxidation causes permanent deactivation of the MC catalyst. DRM over a 

supported (highly dispersed) MC catalyst follows noble metal type mechanism, and there is no C 

exchange between MC and CH4 [135]. The noble metal type mechanism of DRM has a positive 
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impact on the stability of the MC catalyst. In DRM over supported MC catalyst, CH4 dissociation 

is the RDS [135]. 

CO2 → CO + O∗          (58) 

Mo2C + O∗ ⟶ Mo2C— O                                                      (59) 

CH4 + Mo2C— O ⟶ Mo2C + 2CO + 2H2                                          (60) 

A schematic of the redox mechanism of metal-carbide catalytic DRM is presented in Figures 6 & 

7[115, 125, 141, 144]. In the redox mechanism (Figures 6 & 7[115, 125, 141, 144]), CO2 adsorbs 

on the catalyst surface (MC surface). CO2 decomposes or reduces to produce CO and O* species 

(Equation 58). Now produced O* species can follow one of the two proposed schemes to react with 

the catalyst [115, 125]. Schematic of the first proposed scheme of the redox mechanism of metal-

carbide catalytic DRM is presented in Figure 6[115, 125, 141, 144]. The first scheme (Equations 

61-63) (Figure 6[115, 125, 141, 144]) is that O* species generate only CO by oxidizing surface C of 

the MC (Equation 61) [115, 147, 152, 153]. This oxidation reaction leaves MC with C vacancies in 

its structure (Equation 61) [152, 153]. CH4 now adsorbs on this left behind-catalyst surface and 

dissociates into C* species and H2 (Equation 62) [153]. C* species, generated by CH4 dissociation, 

regenerate the catalyst by filling up the C vacancies (Equation 63) [147, 153]. So, in this explained 

first scheme of the redox mechanism, the catalyst was first oxidized by O* species to produce CO, 

but then there was replication or re-carburization of the catalyst by C* species, obtained from CH4 

decomposition. That’s why it is called oxidation-reduction or oxidation-re-carburization or simply 

the redox cycle mechanism. 
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Figure 6. Schematic of the (scheme 1) redox mechanism of metal-carbide catalytic DRM reaction. 

Developed based on [115, 125, 141, 144]. 

The schematic of the second proposed scheme of the redox mechanism of metal-carbide catalytic 

DRM is presented in Figure 7[115, 125, 141, 144]. In the second proposed scheme (Equations 64, 

33) (Figure 7[115, 125, 141, 144]), the O* species not only react with C of the MC to produce CO 

but also cause the bulk oxidation of the metal present in the MC structure (Equation 64) [125, 147, 

152]. In this way, MC is converted into MO2 [125, 147, 152]. Now CH4 adsorbs on MO2 [147], and 

CH4 decomposition gives H2, and also converts MO2 again into MC (Equation 33), by reduction/re-

carburization reaction [125, 147]. So, due to oxidation and subsequent reduction/re-carburization of 

the catalyst, it is called the redox cycle (Figure 6-7[115, 125, 141, 144]). 

Mo2C + O∗ ⟶ [Mo ⋯ Mo] + 2CO                                              (61) 

CH4 ⟶ C∗ + 2H2          (62) 

[Mo ⋯ Mo] + C∗ ⟶ Mo2C                                                       (63) 

[Mo ⋯ Mo] + 4O∗ ⟶ 2MoO2         (64) 



27 
 

 

Figure 7. Schematic of the (scheme 2) redox mechanism of metal-carbide catalytic DRM reaction. 

Developed based on [115, 125, 141, 144]. 

DRM over unsupported carbide catalysts follow the redox mechanism [135]. The redox mechanism 

depends upon the C exchange between MC and CH4. This C exchange is not facile. According to 

LaMont et al. [143, 153], this C exchange occurs at temperatures above 5500C, and is the RDS. The 

presence of intermediate O* species or an oxidant is plausible for this C exchange [147, 150, 152]. 

The partial oxidation of MC by O* gives MC―O (Equation 59) (Figure 5[115, 125, 141, 144]), 

while the bulk oxidation of the MC results in the conversion of MC into MO2 (Equation 64) (Figure 

7[115, 125, 141, 144]). Re-carburization of MC―O by CH4 dissociative adsorption (Equation 60) 

to get the original MC is possible but not an easy process, while the re-carburization of MO2 by CH4 

dissociative adsorption (Equation 33) for regenerating the MC is almost impossible during DRM. 

The irreversible bulk oxidation makes MC catalyst permanently inactive for DRM. In this 

mechanism, there is always also the chance of combination of C* and O* to form CO (Equation 65). 

Such a scenario is ideal for a MC catalyst to maintain its activity/stability in DRM. 

O∗ + C∗ ⟶ CO           (65) 
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The redox cycle of Mo2C (Figure 2[115, 125-130]) catalyst in DRM, makes it one of the best choices 

amongst MCs [125]. According to Darujati et al. [154], when using a stoichiometric feed ratio for 

DRM at a high mass transfer rate, O* will fill the C vacancy (Equation 64). In the case when this C 

vacancy is filled by C* (Equation 63), there is also a chance that CO2 adsorbs on C filled site and 

extracts the C to produce CO (Equation 66). 

CO2 + Mo2(C) ⇌ [Mo ⋯ Mo] + 2CO        (66) 

When DRM over a MC catalyst follows the redox mechanism and there is not enough CH4 for direct 

re-carburization of MO2 to MC (Equation 33), H2 may also participate in the regeneration of MC. 

However, the reduction of MO2 to MC by H2 is slightly different from that of the proposed MO2 

reduction to MC by CH4. H2 helps to reduce MO2 to metal (Equation 67), and then CH4 carburizes 

metal to MC (Equation 68) [155]. Zhang et al. [130] proposed that in DRM over Ni-Mo2C catalyst 

with a very high Ni/Mo molar ratio, Ni also participates in the redox cycle. Ni reacts with Mo and 

produces a MoNi4 alloy phase (Equation 69). These NiMo4 alloy species are then carburized to Ni 

and Mo2C by CH4 (Equation 70). The C* species can also take part in the redox cycle by re-

carburizing MO2 to MC (Equation 71), in the presence of H2 [155]. 

MoO2 + 2H2 ⟶ Mo + 2H2O         (67) 

2Mo + CH4 ⟶ β−Mo2C + 2H2        (68) 

4Ni + Mo ⟶ MoNi4          (69) 

2MoNi4 + CH4 ⟶ Mo2C + 2H2 + 8Ni       (70) 

2MoO2 + 5C∗ ⟶ β−Mo2C + 4CO        (71) 

Besides the main DRM reaction in the reactor, many other reactions take place as well [75, 94, 98, 

100-102, 122, 156]. The major side reaction that reduces the H2 or H2/CO yield is RWGSR 

(Equation 13) [75, 94, 156]. The Mo2C also catalyzes RWGSR (Equation 13) and reduces the yield 

of the DRM reaction [122, 156]. The RWGSR (Equation 13) is beneficial for the oxidative removal 

of the C(s) deposited on the catalyst surface during the DRM reaction [157]. 

Molybdenum Carbide (Mo2C) 

DRM over a MC catalyst is a surface catalytic reaction [115]. A summary of the catalytic 

performance of simple (un-promoted and unsupported) MoxC and other TMCs (excluding WC) for 
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DRM reaction is provided in Table 1. Due to the resemblance in the surface catalytic action of MCs 

and noble metals [57], Claridge et al. [115] investigated the catalytic role of Mo2C for DRM. 

Claridge et al. [115] synthesized pure β-Mo2C and Mo2C/Al2O3 catalysts by temperature-

programmed reduction (TPR) method. The catalytic behavior of both the MC catalysts was 

examined, and compared with that of some noble metals, for DRM at similar conditions. The 

discovered catalytic activity order for DRM was: 5wt%Ru/Al2/O3>Mo2C≈5wt%Ir/Al2/O3>5wt% 

Rh/Al2/O3. The resistance offered by Mo2C and noble metals to coke formation was found to be 

identical in DRM.  
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Table 1: Summary of the performance of simple (un-promoted and unsupported) MoxC and other TMCs (excluding WC) 

catalysts for DRM reaction. 

Active 

Site 

Support SM, 

RT  

App Synthesis Conditions Reaction Conditions Feed 

Comp. 

Max Con 

[%] 

Selectivity 

[%] 

Comment Refs 

β-Mo2C 

 

 

–  SM: TPR 

RT:   ̶

DRM 

1997 

– P: 1bar / T: 1120K 

GHSV: 2.8×103h-1 

Flow:   ̶

TOS: 144h 

CH4: 1 

CO2: 1 

CH4: 92.4 

CO2:  ̶ 

 

 

H2:  ̶   

CO: 92.5 

H2/CO: 93.0 

 

β-Mo2C catalyst gets deactivated in DRM reaction at 

atmospheric pressure due to bulk oxidation.  

[114] 

β-Mo2C 

 

 

–  SM: TPR 

RT:   ̶

 

DRM 

1997 

– P: 8.3bar / T: 1120K 

GHSV: 2.8×103h-1 

Flow:   ̶

TOS: 144h 

CH4: 1 

CO2: 1 

 

 

CH4: 62.5 

CO2:  ̶   

 

H2:  ̶   

CO: 69.5  

H2/CO: 78.0 

 

The activity of β-Mo2C catalyst in DRM reaction remains 

unchanged at high pressure.  

 

[114] 

β-Mo2C 

 

 

–  SM: TPR 

RT: LMR 

DRM 

1998 

P: – / T: 1000-1150K 

TR: 1K/min 

CH4/H2: 20%v/v (Flow: –) 

TC:   ̶

P: 1bar / T: 1220K 

GHSV: 2.87×103h-1 

Flow:   ̶

TOS: 28h 

CH4: 1 

CO2: 1 

 

CH4: 98.8 

CO2: 95.9 

 

 

H2:  ̶   

CO: 92.6 

H2/CO: 94.0  

 

 

β-Mo2C is not stable for DRM at atmospheric pressure. 

The β-Mo2C activity increases with increasing temperature 

and decreasing GHSV. 

The β-Mo2C shows the activity and resistance against 

coking, the same as noble metal catalysts for DRM. 

[115] 

β-Mo2C 

 

 

–  SM: TPR 

RT: LMR 

DRM 

1998 

P:  ̶  / T: 1000-1150K 

TR: 1K/min 

CH4/H2: 20%v/v 

Flow:   ̶

TC:   ̶

P: 8.3bar 

T: 1220K 

GHSV: 2.87×103h-1 

Flow:   ̶

TOS: 72h 

CH4: 1 

CO2: 1 

 

CH4: 83.3 

CO2: 89.9 

 

H2:  ̶   

CO: 86.5 

H2/CO: 88.0 

 

The catalytic performance of the β-Mo2C catalyst is more 

unwavering at high pressure than at ambient pressure for 

DRM reaction. 

[115] 

β-Mo2C 

 

 

–  SM: TPR 

RT: LMR 

DRM 

1998 

P: – / T: 1023-1223K 

TR: 1K/min 

CH4/H2: 20%v/v 

Flow: 150ml/min 

TC:  – 

P: 8bar 

T: 1220K 

GHSV: 2.2×103h-1 

Flow:   ̶

TOS: 150h 

CH4: 1 

CO2: 1 

 

CH4: 90.0 

CO2: 90.0 

 

H2:  ̶   

CO: 90.0  

H2/CO:  ̶   

 

β-Mo2C is the most stable catalyst for DRM reaction, 

amongst the carbides of group-V and VI transition metals. 

[158] 

Mo2C 

 

 

–  SM: TPR 

RT: FBR 

DRM 

2002 

P:  – / T:   ̶

TR:  ̶  

H2/C2H6: 11.6%v/v 

Flow: 55ml/min 

TC:  –  

P: 1atm 

T: 8500C 

GHSV: 5040cm3g-1h-1  

Flow:   ̶

TOS:   ̶

CH4:CO2=

1.16 

 

CH4: 89.5 

CO2: 99.9 

 

H2:  ̶   

CO: 89.4  

H2/CO: 

101.0 

 

The catalytic activity of Mo2C for DRM reaction increases 

with increasing temperature. 

Using H2/C2H6 mixture as carburizing gas in TPR of MoO3 

gives a very active Mo2C catalyst for DRM reaction. 

[159] 

Mo2C 

 

 

 

 

Mo2C 

 

 –  

 

 

 

 

 –  

SM: TPR 

RT: PBR 

 

 

 

SM: SD 

RT: PBR 

 

 

DRM 

2003 

P:  – / T: 6750C 

TR: 20C/min 

CH4/H2: 20%v/v 

Flow: 300sccm 

TC:  –  

P:  – / T: 8000C 

TR: 100C/min 

CH4: 100% 

Flow: 50sccm 

TC:  – 

P: 8.3bar 

T: 8500C 

GHSV: 2800-3200h-1 

Flow:   ̶

TOS: 72h 

CH4: 1 

CO2: 1 

 

CH4: 84.5 

CO2:  ̶   

 

 

 

CH4: 86.3 

CO2:  ̶   

 

H2:  ̶   

CO:  ̶   

H2/CO: 75.0  

 

 

H2:  ̶   

CO:  ̶   

H2/CO: 72.5 

 

H2 treatment affects the crystallite size, surface area, and C 

content in Mo2C. 

Mo2C synthesized by the SD process is more active but less 

stable than Mo2C synthesized by the TPR process. 

[143] 
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Mo2C 

 

 

–  SM:   ̶

RT: PBR 

DRM 

2004 

  ̶ P: 1-8.3bar  

T: 850-10000C 

GHSV: 2900-30000h-1 

G: 0.08-0.43mol/cm2h 

Flow:  – 

TOS:   ̶

CH4: 1 

CO2: 1 

 

CH4:  ̶   

CO2:  ̶   

 

H2:  ̶   

CO:  ̶   

H2/CO:  ̶   

 

The low mass transfer rate of produced gases from the 

surface of the catalyst is the reason for the increased 

stability of Mo2C in DRM reaction at high pressure. 

Deactivation of the Mo2C catalyst in DRM reaction can be 

avoided by using mass transfer limited conditions.  

[160] 

Mo2C 

 

 

–  SM: TPR 

RT:   ̶

DRM 

2007 

P:  – / T: 973K 

TR: 1K/min 

CH4/H2: 20%v/v (Flow: –) 

TC: 3h 

P:  – / T: 1123K 

GHSV:  ̶  

Flow:   ̶

TOS: 6h 

CH4: 1 

CO2: 1 

 

CH4: 60.0 

CO2: 77.0 

 

H2:  ̶   

CO:  ̶   

H2/CO:  ̶   

 

Nitridation of oxide precursor at 973K for 3h before TPR 

helps in synthesizing a more active/stable Mo2C catalyst for 

DRM reaction. 

[126] 

Mo2C 

 

 

–  SM: TPR 

RT: FBR 

DRM 

2010 

P:  – / T: 973K 

TR: 1K/min 

CH4/H2: 20vol% CH4 

Flow:   ̶

TC: 2h 

P: 1atm 

T: 1073K 

GHSV: 14000h-1 

Flow:   ̶

TOS: 35h 

CH4: 1 

CO2: 1 

 

CH4: 35.0 

CO2: 65.0 

 

H2: 45.0 

CO: 98.0 

H2/CO:  ̶   

 

In DRM reaction at atmospheric pressure, the Mo2C 

catalyst oxidized to MoO2 and permanently becomes 

inactive.  

[125] 

α-MoC1-x 

 

β-Mo2C 

 

α-Mo2C+ 

β-Mo2C 

 –  

 

 –  

 

 –  

SM: CTR 

RT:  ̶  

DRM 

2017 

P:  – / T: 350-9000C 

TR: 100C/min 

Ar or H2: 1 

Flow: 50ml/min 

TC: 1h 

P: 1atm 

T:  ̶  

GHSV:  ̶ 

WHSV: 6000cm3g-1h-1 

Flow: 20ml/min 

TOS: 12h 

CH4: 1 

CO2: 1 

Ar: 2 

 

CH4: 87.0 

CO2: 94.0 

CH4: 67.0 

CO2: 80.0 

CH4: 87.0 

CO2: 94.0 

H2: 82.0 

CO:  ̶   

H2: 70.0 

CO:  ̶   

H2: 82.0 

CO:  ̶   

The α-MoC1-x is the most active and stable catalyst for 

DRM reaction. 

[155] 

β-Mo2C 

 

 

 ̶ SM: TD 

RT: FBR 

DRM 

2020 

P:  – / T: 9000C 

TR: 50C/min 

N2: 1 (Flow:  –) 

CT: 2h 

P:  – / T: 8500C 

GHSV:  ̶ 

Flow: 30cm3/min 

TOS:   ̶

CH4: 1 

CO2: 1 

 

CH4: 100.0 

CO2: 80.0 

 

H2:  ̶   

CO:  ̶   

H2/CO: 65.0 

 

Mo2C synthesized by using xerogel Mo blue as a precursor 

has good potential as a catalyst for DRM reaction. 

[161] 

VC 

 

 

 –  SM: TPR 

RT: LMR 

DRM 

1998 

T: 1023-1223K 

TR: 1K/min 

CH4/H2: 20%v/v 

Flow: 150ml/min 

TC:  –  

P: 8bar 

T: 1220K 

GHSV: 1.8×103h-1 

Flow:   ̶

TOS: 26h 

CH4: 1 

CO2: 1 

 

CH4: 70.0 

CO2: 90.0 

 

H2:  –    

CO: 90.0 

H2/CO: 

100.0 

 

VC has good catalytic characteristics for DRM reaction, but 

its activity and stability decline with time due to oxidation 

of the carbide phase. 

 

[158] 

NbC 

 

 

 –  SM: TPR 

RT: LMR 

DRM 

1998 

T: 1023-1223K 

TR: 1K/min 

CH4/H2: 20%v/v 

Flow: 150ml/min 

TC:   ̶

P: 8bar 

T: 1220K 

GHSV: 1.2×103h-1 

Flow:  –  

TOS: 21h 

CH4: 1 

CO2: 1 

 

CH4: 65.0 

CO2: 90.0 

 

H2:  –    

CO: 90.0  

H2/CO: 80.0 

 

NbC catalyst has the most resistance against oxidation than 

all other carbides of the group-V transition metals in the 

DRM reaction. 

Activity and stability of NbC catalyst for DRM reaction 

increases with increasing temperature. 

[158] 

TaC 

 

 

 –  SM: TPR 

RT: LMR 

DRM 

1998 

T: 1023-1223K 

TR: 1K/min 

CH4/H2: 20%v/v 

Flow: 150ml/min 

TC:  –   

P: 8bar 

T: 1220K 

GHSV: 1.6×103h-1 

Flow:  –  

TOS: 5h 

CH4: 1 

CO2: 1 

 

CH4: 50.0 

CO2: 87.0 

 

H2:  ̶   

CO: 90.0 

H2/CO: 

110.0 

 

TaC is the least stable catalyst among the carbides of group-

V and VI transition metals for DRM reaction.  

[158] 

MXene 

(m-

V2CTx) 

 

 –  SM: AE 

RT: FBR 

DRM 

2020 

T: RT 

Acid: HF (48-50%) 

Substrate/Etchant: 1g/20ml 

SS: 200RPM 

P: 1atm 

T: 8000C 

GHSV: 4800mlg-1h-1 

Flow:   ̶

CH4: 1 

CO2: 1 

 

CH4: 78.0 

CO2: 82.0 

 

H2:  –  

CO:  –  

H2/CO: 90.0 

 

m-V2CTx is more active/stable/selective catalyst than its 

parent MAX phase and conventional VC, for DRM 

reaction. 

 

[162] 
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 ST: 92h TOS: 96h 

Note: SM: Synthesizing Method; TPR/TPC: Temperature Programmed Reduction/Temperature Programmed Carburization; SD: 

Solution-derived; CTR: Carbo-thermal Reduction; TD: Thermal Decomposition; AE: Acid Etching. 

RT: Reactor Type; LMR: Labcon Micro-reactor; FBR: Fixed Bed Reactor; PBR: Packed Bed Reactor. 

TC: Carburizing Time; SS: Stirring Speed; ST: Stirring Time; TOS: Time on Stream.
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Brungs et al. [158] compared the catalytic potential of the carbides of group-V (VC, NbC, and TaC) 

and VI (Mo2C and WC) TMs for DRM. All the carbides were synthesized by the TPR method, but 

face-centered cubic (fcc) (Figure 1 (b)[54]) and hexagonal close-packed (hcp) structure (Figure 1 

(c)[54]) was observed for the carbides of group-V and VI TMs, respectively. The β-Mo2C was 

found to be the catalyst with the maximum surface area (91m2/g). The catalytic role of all the 

carbides was examined for DRM, at the same temperature (1220K), pressure (8bar), and CH4/CO2 

ratio (1:1), but different gas-hour space velocity (GHSV). The carbides of group-V TMs became 

inactive over time. TaC was the first to be dysfunctional followed by NbC and VC (Figure 8 (a, b, 

and c)[158]). On the other hand, β-Mo2C (Figure 8 (d)[158]) and α-WC (carbides of group-VI TMs) 

were found to be persistent in their catalytic role for 5 days. The stability order of the carbides in 

catalyzing DRM was found as Mo2C≈WC>VC>NbC>TaC. The conversion of the carbide phase to 

the oxide phase (due to oxidation, caused by CO2) was the reason for the early deactivation of the 

carbides of group-V TMs, in DRM. This type of carbide catalyst deactivation usually occurs when 

the applied pressure for DRM is atmospheric. Thermodynamic calculations of the work confirmed 

that the Gibbs free energy for the re-carburization of the oxides of Mo2C, WC, and VC catalyst in 

DRM reaction becomes negative at the same temperature (850K to 900K) (Figure 9 (a-1)[158]). 

So, these carbide catalysts must show similar stability for catalyzing the DRM. However, the 

difference in the shape of the crystal structure of the carbides of group-V and VI TMs was declared 

as the reason for the difference in the stability time in DRM. High temperature improves the activity 

and stability of NbC catalyst for DRM [158]. In DRM over Mo2C catalyst, morphological changes 

take place [128]. Bulk Mo2C catalyst has a very small surface area [157]. So, a small number of 

Mo2C active sites are available for catalyzing any reaction [157]. In DRM reaction over Mo2C 

catalyst, H2/CO ratio less than 1 indicates the occurrence of RWGSR (Equation 13), or oxidation 

of the deposited C(s) by CO2 (Equation 31), or CO2 activation on Mo2C (Equation 32) [126, 143]. 

Metal (Mo) sintering decreases the surface area of the Mo2C [143]. 
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Figure 8. DRM over the group-V & VI TMCs at T = 1220K, P = 2bar, and CO2/CH4 = 1. (a) VC 

(GHSV = 4.4×105h-1), (b) NbC (GHSV = 4.4×105h-1), (c) TaC (GHSV = 4.4×105h-1) and (d) Mo2C 

(GHSV = 4.4×105h-1). ▲, CH4 conversion; ▼, CO2 conversion; and ●, CO yield. Reproduced from 

[158]. 

 

Figure 9. (a-1) Calculated Gibbs free energy for general reaction, ◼, Mo2C; ●, WC; ▲, VC; ▼, 

NbC and ♦, TaC. Reproduced from [158]. (b-1) Conversion of CH4 and CO2 at T = 1123K, P = 1atm 

and CO2/CH4 = 1 over Mo2C (●, CH4; ◼, CO2) and α-MoC1-x (○, CH4; □, CO2) catalyst. (c-1) XRD 
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pattern of Mo2C, (a) before DRM (b) after DRM; and MoC1-x, (c) before DRM (d) after DRM; (●) 

MoO2. Reproduced from [142]. 

Effect of Crystalline Structure and Phase 

TMCs have spatial structures categorized into three main types: fcc, hcp, and simple hexagonal 

stacking (hex). Carbides of group V and VI TMs have different geometrical structures, even after 

using the same method for synthesizing them [158]. The carbides of group-V and VI TMs have fcc 

(Figure 1 (b)[54]) and hcp (Figure 1 (c)[54]) crystal structure shape, respectively [158]. Regardless 

of having the negative Gibbs free energy (required for the re-carburization of the oxides of group-

V and VI TMs in DRM reaction) at the same temperature (Figure 9 (a-1)[158]), carbide catalysts of 

group-V TMs are less stable than that of group-VI TMs [158]. The cause of early deactivation of 

the carbide catalysts of group-V TMs in DRM reaction is the irreversible oxidation of the carbide 

phase [158]. While carbide catalysts of group-VI TMs remain stable in DRM reaction due to the 

redox cycle (Figure 2[115, 125-130]) [158]. The only explanation for this difference in the catalytic 

stability of carbides of group-V and VI TMs in DRM reaction is the different crystal structure shape 

[158]. In the case of molybdenum carbide, the varying atomic arrangements result in the presence 

of four distinct lattice structures: α-MoC1-x, characterized by an fcc structure (Figure 1 (a)[54]), β-

Mo2C, exhibiting a hcp arrangement (Figure 1 (c)[54]), and γ-MoC and η-MoC, showcasing a 

simple hex configuration (Figure 1 (d)[54]).  

Different phases of MoxCy (the value of x and y varies, depending upon the phase of the Mo carbide 

molecule) show dissimilar catalytic activity/stability in increasing the rate of CH4 reforming 

reaction. The β-Mo2C is a more active and stable phase than α-MoC1-x for catalyzing CH4 reforming 

reaction [142, 163]. The α-MoC1-x has a particle size smaller and also better dispersion than β-Mo2C 

[126, 142]. Initially, the supported α-MoC1-x shows catalytic activity three times higher than that of 

β-Mo2C (Figure 9 (b-1)[142]), for DRM reaction, but this activity reduces to 2/3 in a very short 

period (Figure 9 (b-1)[142]) [126, 142]. β-Mo2C and MoO2 show almost similar catalytic activity 

for DRM reaction [126]. The α-MoC1-x catalyst does not undergo a phase change in CH4/H2 

atmosphere [155]. But in DRM reaction or under CH4/CO2 environment α-Mo2C is converted to β-

Mo2C over time, while β-Mo2C does not undergo a phase change but oxidizes to MoO2 (Figure 9 

(c-1)[142]) [142, 155, 163]. In DRM reaction over an α-MoC1-x catalyst, CO2 oxidizes α-MoC1-x to 

MoO2 (Equation 72), and then CH4 re-carburizes MoO2 to form β-Mo2C (Equation 33) [155]. This 
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is how α-MoC1-x catalyst undergoes a phase transformation in DRM reaction. α-MoC1-x also 

undergoes a structural change from fcc (Figure 1 (a)[54]) to hcp (Figure 1 (c)[54]) [126]. The α-

MoC1-x shows better oxidation resistance than β-Mo2C in DRM reaction [126, 142]. In DRM 

reaction over β-Mo2C or mixed-phase (β-Mo2C+ α-MoC1-x) catalyst, oxidation or formation of 

MoO2 is the reason for the catalyst deactivation [155]. For DRM reaction over α-MoC1-x and β-

Mo2C catalyst, noble-metal type mechanism (Figure 5[115, 125, 141, 144]) and redox mechanism 

(Figure 6-7[115, 125, 141, 144]) dominate, respectively [155]. The β-Mo2C catalyst with hcp crystal 

structure (Figure 1 (c)[54]) is less active/stable than α-MoC1-x with fcc crystal structure (Figure 1 

(a)[54]), for DRM reaction (Figure 9 (b-1)[142]) [142, 155]. In DRM reaction over MoxCx catalyst, 

CO2 conversion is always higher than CH4 (Figure 9 (b-1)[142]) due to RWGSR but α-MoC1-x 

shows better resistance against RWGSR [126, 142, 164]. The α-MoC1-x and β-Mo2C catalysts show 

better substrate conversion and turn-over frequency (TOF) for DRM reaction, respectively [126, 

142]. In DRM reaction over α-MoC1-x catalyst CH4 dissociation is much better (Figure 9 (b-1)[142]), 

and establishment of redox cycle (Figure 2[115, 125-130]) is easier. The η-Mo3C2 is the most stable 

and active phase for CH4 reforming reaction [163]. Oshikawa et al. [163] regarded η-Mo3C2 as the 

active species for CH4 reforming reaction. 

α−MoC1−x + (3 − x)CO2 → MoO2 + 2(2 − x)CO      (72) 

Mo2C-nb (molybdenum carbide nanobelts) structurally remains intact in the DRM reaction, but the 

oxidation of the carbide phase causes deactivation [165]. In DRM over MC catalysts, metal-

oxycarbide species regenerate the carbide phase and restore the catalytic activity, but in DRM over 

Mo2C-nb, Mo2OxCy species do not participate in the carburization process [165].  

Effect of Promotor 

The active sites in TMC catalysts play a key role in catalyzing DRM reaction. The exposed Mo 

atoms in the Mo2C catalyst act as active sites [126]. Mo2C catalysts with very high Mo mole% get 

deactivated in DRM due to coking (Figure 10 (A-C)[166]) [166]. The surface area and stability of 

a catalyst directly affect its performance for catalyzing a chemical reaction. Mole% of Mo in Mo2C 

catalyst affects its surface area as well for catalyzing DRM reaction [166, 167]. The surface area of 

the Mo2C catalyst decreases with increasing Mo content [166, 167]. To get a Mo2C catalyst with the 

maximum possible surface area, Mo must be added in optimal mole concentration. Temperature 
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required for the carburization of molybdenum oxide (MoOx) with very high Mo mole% is also very 

high [166]. The stability of Mo2C catalyst in an oxidative environment is a major concern. The 

catalytic activity and stability of Mo2C for DRM reaction increases by increasing and decreasing 

Mo content, respectively [167]. The oxidant (CO2) used as a substrate for the DRM reaction oxidizes 

the Mo2C catalyst and converts the MC phase (Mo2C) into the metal oxide phase (MoO2) (Figure 

10 (D)[168]) [114, 115, 125, 127, 158, 166, 169-171]. One of the major reasons for this is that the 

MCs prefer to react with oxides, this is also the explanation for higher CO2 conversion than CH4 in 

DRM reaction over MC catalysts [128, 129]. The addition of another metal as a promoter in the 

Mo2C structure has significantly improved its resistance against oxidation [125, 127, 129, 166, 170]. 

A summary of the effect of adding different promoters on the catalytic performance of MoxC 

catalysts for DRM reaction is provided in Table 2.  

 

Figure 10. (A-C) SEM images of the surface of Ni-Mo2C/Al2O3 catalysts with different Mo mol%, 

spent in DRM at T = 8000C, P = 1atm, CO2/CH4 = 1 and GHSV: 12000ml/h-gcat, showing that the 

catalysts with high Mo mol% have more C filaments deposited on the surface. (A) 0mol%Mo; (B) 

5mol%Mo and (C) 10mol%Mo. Reproduced from [166]. (D) TEM image of β-Mo2C used in DRM 

at P = 1atm, CO2/CH4 = 1 and WHSV: 18000cm3g-1h-1. The inset shows the β-Mo2C (101) crystal 

lattice. The inset shows the MoO2 (022) crystal lattice. Reproduced from [168]. (E) CH4 dissociation 
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rate obtained from CH4 –TPSR study at T = 8500C and P = 1atm over Ni-Mo2C catalysts with 

different Ni/Mo ratios. Reproduced from [130]. 
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Table 2: Summary of the effect of using different promoters on the catalytic performance of MoxC-based catalysts for DRM 

reaction. 

Active Site Support SM, 

RT 

App Synthesis Conditions Reaction Conditions Feed 

Comp. 

Max Con 

[%] 

Selectivity 

[%] 

Comment Refs 

Ni-Mo2C 

 

 

Co-Mo2C 

 

 

 –  

 

 

– 

 

SM: TPR 

RT:  ̶  

DRM 

2009 

P:  – / T: 7000C 

TR: 10C/min 

CH4/H2: 20%v/v 

Flow: 100ml/min 

TC: 2h 

P: 1bar / T: 8500C 

GHSV: 3800h-1 

Flow: 40ml/min 

TOS: 2h 

CH4: 1 

CO2: 1 

 

CH4: 89.2 

CO2:  ̶   

 

CH4: 89.8 

CO2:  ̶   

 

H2:  ̶   

CO:  ̶   

H2/CO:  ̶   

H2:  ̶   

CO:  ̶   

H2/CO:  ̶   

Ni-Mo2C with a Ni/Mo atomic ratio 0.2 is the most active and 

stable catalyst for DRM reaction. 

Co-Mo2C with a Co/Mo atomic ratio of 0.4 is the most 

active/stable catalyst for DRM reaction. 

 

[172] 

Ni-Mo2C 

 

 

 –  SM: TPR 

RT: FBR 

DRM 

2010 

P:  –/ T: 973K 

TR: 1K/min 

CH4/H2: 20vol% CH4 

Flow:   ̶

TC: 2h 

P: 1atm / T: 1073K 

GHSV: 14000h-1 

Flow:   ̶

TOS: 35h 

CH4: 1 

CO2: 1 

 

CH4: 98.0 

CO2: 95.0 

 

H2: 45.0 

CO: 78.0 

H2/CO:  ̶   

 

Ni as a promoter in Mo2C helps in reducing the temperature, 

required for the carburization of carbide catalyst precursor. 

Ni as a promoter in the Mo2C catalyst establishes the redox 

cycle and prevents the deactivation of the Mo2C catalyst due to 

oxidation in the DRM reaction. 

[125] 

Ni-Mo2C 

 

 

 –  SM: TPR 

RT:   ̶

DRM 

2011 

P:  – /T: 973K 

TR: 1K/min 

CH4/H2: 20/80 

Flow: 66.7ml/min 

TC: 1h 

P: 1atm / T: 973K 

GHSV:  ̶ 

Flow:   ̶

TOS: 6h 

CH4: 

CO2<0.

1 

 

CH4: 73.0 

CO2: 100.0 

 

H2:  ̶   

CO:  ̶   

H2/CO:  ̶   

 

Carburizing temperature, Ni/Mo molar ratio, and CH4/CO2 feed 

ratio are the important factors to be considered for desired CH4 

conversion and H2 yield in DRM reaction over Ni-Mo2C 

catalyst. 

[164] 

Ni-Mo2C 

 

  

 –  SM: In-situ 

TPR 

RT: FBR 

DRM 

2011 

P:  – /T: 8000C 

TR: 50C/min 

CH4/CO2: 1 

Flow:   ̶ 

TC:   ̶

P: 1atm / T: 8000C 

GHSV:  ̶ 

W/F: 0.6gscm-3 

Flow:   ̶

TOS: 35h 

CH4: 1 

CO2: 1 

 

CH4: 82.0 

CO2: 93.0 

 

H2: 44.0 

CO:  ̶   

H2/CO: 54.0 

 

Ni-Mo2C catalyst can be synthesized in-situ and is similar in 

activity/stability to Ni-Mo2C synthesized by TPR method and 

using CH4/H2 gas mixture for the carburization of Ni-MoOx, 

but is more active/stable than Mo2C, for DRM reaction. 

[129] 

Ni-Mo2C 

 

 

 –  SM: TPR 

RT: FBR 

DRM 

2012 

P:  – / T: 7000C 

TR: 10C/min 

CH4/H2: 20vol% CH4 

Flow:   ̶

TC: 2h 

P: 1atm /T: 8000C 

GHSV:  ̶ 

W/F: 0.3gscm-3 

Flow:   ̶

TOS: 20h 

CH4: 1 

CO2: 1 

 

CH4: 80.0 

CO2: 90.0 

 

 

H2: 45.0 

CO:  ̶   

H2/CO: 50.0 

 

The amount of Ni content in the Ni-Mo2C catalyst significantly 

affects its performance for DRM reaction.  

Ni-Mo2C with Ni/Mo=1/2 shows the best performance. 

Very low and high Ni content leads to the deactivation of Mo2C 

by bulk oxidation and coking in DRM, respectively. 

[127] 

Ni-Mo2C 

 

 

 –  SM: TPR 

RT: FBR 

DRM 

2013 

P:  – /T: 7000C 

TR: 10C/min 

CH4/H2: 20vol% CH4 

Flow:   ̶

TC: 2h 

P: 1atm /T:  ̶  

GHSV:  ̶ 

W/F: 0.24gscm-3 

Flow: 30ml/min 

TOS: 20h 

CH4: 1 

CO2: 1 

 

CH4: 55.0 

CO2: 69.0 

 

H2: 38.0 

CO:  ̶   

H2/CO:  ̶   

 

Ni-MoOx species, obtained by the CP method, are easy to 

carburize and give highly active/stable Ni-Mo2C catalyst for 

DRM reaction. 

[173] 

Ni-Mo2C 

 

 

 –  SM: TPR 

RT:  ̶  

DRM 

2016 

P:  – /T: 7000C 

TR: 10C/min 

CH4/H2: 20%v/v 

Flow: 50sccm 

TC: 2h 

P:  ̶  / T: 9500C 

GHSV:  ̶ 

Flow: 120sccm  

TOS: 300mins 

CH4:  ̶ 

CO2:  ̶ 

 

CH4: 70.0 

CO2: 100.0 

 

H2:  ̶   

CO:  ̶   

H2/CO: 90.0 

 

In DRM reaction over Ni-Mo2C catalyst, H2/CO product ratio 

decreases with increasing CO2 in the feed. 

 

[174] 

Ni-Mo2C 

 

 –  SM: TPR 

RT:  ̶  

DRM 

2016 

P:  – /T: 7000C 

TR: 10C/min 

P: 1atm / T: 8000C 

GHSV:  ̶ 

CH4: 1 

CO2: 1 

CH4: 80.0 

CO2: 90.0 

H2: 85.0 

CO:  ̶   

The Ni/Mo molar ratio in Ni-Mo2C catalyst significantly 

affects its performance for DRM reaction. 

[128] 
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 CH4/H2: 40%v/v 

Flow: 150ml/min 

TC: 2h 

WHSV: 6000scch-1g-1 

Flow: 120ml/min 

TOS: 12h 

 H2/CO:  ̶   

 

WC has better oxidation resistance and is a more stable catalyst 

than Mo2C, for DRM reaction. 

Ni-Mo2C 

 

 

 –  SM: TPR 

RT:  ̶  

DRM 

2020 

P:  – / T: 8500C 

TR: 2.50C/min 

CH4/H2: 20%v/v 

W/F: 0.0556ghL-1 

TC: 2h 

P: 1atm / T: 8000C 

GHSV:  – 

Flow:  – 

TOS: 20h 

CH4: 1 

CO2: 1 

 

CH4: 65.0 

CO2: 80.0 

 

H2: 80.0 

CO:  ̶   

H2/CO: 75.0 

 

 

Ni-Mo2C catalyst exhibits maximum stability in DRM reaction 

when using CH4/CO2 molar ratio greater than 1. 

[175] 
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Due to showing highly effective performance for CH4 dissociation (Figure 10 (E)[130]), Ni is the 

most important metal to be considered as a promoter for Mo2C catalyst, to improve Mo2C’s 

activity/stability for catalyzing DRM reaction. In DRM reaction over Ni-Mo2C catalyst, Ni 

promotes CH4 conversion (Figure 11 (a)[127]), while the presence of Mo is beneficial for the 

oxidative removal of produced C(s) content because Mo2C catalyzes RWGSR (Equation 13) as well 

[157, 170]. Ni-Mo2C is more active/stable than Mo2C, for catalyzing DRM reaction (Figure 11 (a-

d)[127]) [127]. To differentiate between the role of Ni and Mo2C, for catalyzing DRM reaction, 

Shi et al. [127] synthesized three Ni-Mo2C catalysts with Ni/Mo molar ratios of 1/3, 1/2 and 1/1. 

The effect of increasing Ni content was found to be positive on the carburization process (during 

catalyst synthesizing), re-carburization of MoO2 (during DRM reaction), and CH4 conversion 

(Figure 11 (a)[127]), but negative on the catalyst’s specific surface area. The Ni-Mo2C catalyst with 

a Ni/Mo molar ratio of 1/2 was found to be the most active and stable catalyst for DRM (Figure 11 

(a-d)[127]), and 1/2>Ni/Mo molar ratio>1/2 in Ni-Mo2C reduced the activity and stability of Ni-

Mo2C catalyst for DRM (Figure 11 (a-d)[127]). Whatever the Ni/Mo molar ratio is in Ni-Mo2C, 

Mo2C undergoes a phase transformation while the Ni phase remains stable. Conversion of Mo2C 

to MoO2, and coking were the reason for the early deactivation of Ni-Mo2C catalysts with Ni/Mo 

ratios of 1/3 and 1/1, respectively. Deactivation of Ni-Mo2C catalyst with Ni/Mo ratio of 1/1 due 

to C(s) deposition, pointed out that high Ni content promotes CH4 activation/dissociation that 

ultimately increases C(s) production/deposition rate [122, 127, 164]. This is also the reason that in 

DRM over Ni-Mo2C catalyst with a very high Ni/Mo molar ratio, CH4 conversion increases with 

decreasing temperature and vice versa [164]. Duan et al. [166] investigated Ni-Mo2C/Al2O3 catalyst 

for catalyzing DRM reaction and found Ni helpful and crucial for CH4 dissociation, reducing 

temperature requirement for carburizing/re-carburizing MoO2, establishing redox cycle of Mo2C, 

and preventing deactivation of Mo2C due to oxidation. 
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Figure 11. (a-d) Lifetime and activity study of Ni–Mo2C catalysts, with different Ni/Mo molar ratio 

in CH4/CO2 reforming at T = 8000C, P =1atm, CH4/CO2 = 1:1 and W/F: 0.3gscm-3. (a) conversion 

of CH4, (b) conversion of CO2, (c) selectivity to H2 and (d) H2/CO ratio. Reproduced from [127]. 

SEM images of the supported Ni-Mo2C catalysts with different Ni/Mo molar ratios after 20h of 

DRM reaction at T = 8000C, P = 1atm and CH4/CO2 ratio = 1. (1a) Ni Mo⁄ = 0.2, SiO2, (1b) 

Ni Mo⁄ = 0.3, SiO2, (1c) Ni Mo⁄ = 0.4, SiO2; (2a) Ni Mo⁄ = 0.2,   Al2O3 (2b) Ni Mo⁄ =

0.3,   Al2O3, (2c) Ni Mo⁄ = 0.4,   Al2O3; and (3a) Ni/Mo = 0.2, SiC, (3b) Ni/Mo = 0.3, SiC, (3c) 

Ni Mo⁄ = 0.4, SiC. Reproduced from [124]. (A-E) DRM at T = 8000C and P = 1atm, CH4/CO2 =1:1 

and GHSV: 12000ml/h-gcat, over Ni-Mo2C catalysts with different Mo mole%. (A) 0mole% Mo; 

(B) 3mole% Mo; (C) 5mole% Mo; (D) 10mole% Mo; and (E) 0mole% Ni. Reproduced from [166]. 

In Ni-Mo2C catalyst, the Ni/Mo ratio must be highly appropriate for establishing the redox cycle, or 

in simple words to create a balance between the oxidation of Mo2C and re-carburization of MoOx 

during DRM reaction. The promoter must be added in a proportion that it can act as an agent to 
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enhance CH4 conversion in balance with that of CO2 conversion, and to improve the stability time 

of the MC catalyst in DRM reaction. In DRM reaction over Ni-Mo2C catalyst, Ni-MoOxCy are the 

active species to enhance CH4 conversion, and very high Ni/Mo molar ratio in Ni-Mo2C transforms 

Ni-MoOxCy to Ni, β-Mo2C and η-Mo2C, and as a result CH4 conversion and H2 formation reduces 

[164]. The very high content of the promoter (that promotes CH4 dissociation) can cause the MC 

catalyst to lose its functionality due to coking or C(s) deposition in DRM reaction [122, 127, 128]. 

In DRM reaction over supported Ni-Mo2C catalysts, the excessive C(s) produced due to CH4 

dissociation, diffuses into the support, blocks the pores, and reduces the area of the support with 

time [122]. Zhang et al. [130] observed almost a similar effect of increasing Ni/Mo molar ratio in 

their study of DRM reaction over Ni-Mo2C/CNTs catalyst. At similar conditions, Mo2C (with zero 

Ni content) shows very small or no activity for DRM reaction (Figure 11 (a-d)[127]) [127-129]. So, 

Mo2C must work in synergy with Ni to perform best in catalyzing the DRM reaction [127-129]. 

Using DRM feed (CH4/CO2) molar ratio of less than 1 deactivates Ni-Mo2C easily due to oxidation 

[175]. The specific surface area of the Ni-Mo2C catalyst increases but particle size decreases, with 

increasing Ni/Mo molar ratio [128, 130]. Small particle size and high Ni/Mo molar ratio favor CH4 

dissociation (Figure 11 (a-d)[127]) but not the redox cycle [128, 130]. A very low Ni/Mo molar ratio 

is good for CO2 dissociation (Figure 11 (a-d)[127]), and also for keeping the β-Mo2C particle size 

small in Ni-Mo2C catalyst [128, 130]. An optimized Ni/Mo atomic ratio in Ni-Mo2C catalyst to 

catalyze DRM reaction is 1/2 [127]. But according to Cheng et al. [172], a Ni-Mo2C catalyst with a 

Ni/Mo atomic ratio of 0.2 is the most active and stable catalyst for the conversion of CH4 in DRM 

reaction. Increasing the Ni/Mo atomic ratio beyond 0.2, results in decreasing the activity and surface 

area of the Ni-Mo2C catalyst for CH4 conversion in DRM reaction [172]. A higher CO2 conversion 

than CH4 indicates the occurrence of RWGSR in parallel with DRM reaction in the stream [166]. In 

DRM reaction over promoted Mo2C catalysts, oxidation, and metal sintering are the reasons for the 

catalyst deactivation [128]. Silva et al. [124] found that Ni/Mo atomic ratio in Ni-Mo2C shows little 

or no effect on the performance of SiC as a support but 2<Ni/M≤3 improves the role of Al2O3 as a 

support. A very high Ni/Mo atomic ratio increases the rate of CH4 activation/dissociation (Figure 

11 (a-d)[127]) but also results in the deposition of pyrolytic and filamentous C on the catalyst surface 

(Figure 11 (1a-3c)[124]). 

Guo et al. [125] conducted a study to compare the catalytic potential of Mo2C and Ni-Mo2C for 

DRM reaction at atmospheric pressure. The oxidation-reduction cycle of Mo2C, for DRM reaction 
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over both the catalysts, was also investigated. XRD analysis of freshly synthesized both the catalysts 

divulged that presence of Ni helps in the carburization process for synthesizing Mo2C, because Ni 

made carburization of catalyst precursor (MoOx) possible at 923K than at 973K in synthesizing Ni-

Mo2C. Without Ni, MoOx cannot be carburized completely to Mo2C [122]. XRD study results of 

both the spent catalysts showed that Ni helps in the regeneration of the Mo2C catalyst as well in 

DRM reaction because redox cycle was only observed in DRM reaction over Ni-Mo2C catalyst. 

Mo2C catalyst became inactive after 5h because it was oxidized to MoO2, but the Ni-Mo2C catalyst 

remained active/stable for the whole time on the stream (TOS) due to the establishment of the 

oxidation-re-carburization cycle. The Ni-Mo2C catalyst showed much better CH4/CO2 conversion 

and H2/CO selectivity than Mo2C catalyst, for DRM reaction.  So, Ni as a promoter can help Mo2C 

catalyst to catalyze DRM reaction with unwavering stability even at low pressure. In Investigating 

the effect of Mo mole % (ranged between 0-10mol %) on the catalytic activity of Ni-Mo2C/Al2O3 

for DRM reaction, the authors reported that Ni-Mo2C/Al2O3 catalyst with Mo mole% of 3 is the 

most active catalyst (Figure 11 (A-E)[166]) [166]. 

Zhang et al. [129] further highlighted the importance of the presence of Ni for the carburization 

process by synthesizing in-situ Mo2C and Ni-Mo2C catalysts. Ni-MoOx can be carburized under the 

flow of a CH4/CO2 gas mixture, but to carburize MoO3, it is compulsory to use CH4/H2 mixture 

[129]. So, only Ni-Mo2C catalyst can be synthesized in-situ and is effective for DRM reaction [129]. 

When using Ni-Mo2C catalyst for DRM reaction, the MoOx re-carburization rate is higher than CO2 

dissociation, and that is why the redox cycle of Ni-Mo2C is easily established, and Ni-Mo2C shows 

more stability than Mo2C [129]. The Ni/Mo atomic ratio in Ni-Mo2C catalyst is also important to 

be considered. It is not only concerned with the performance of the Ni-Mo2C catalyst itself but also 

with the function catalyst support as well. 

Ce is another promoter that can enhance the catalytic activity and stability of Mo2C for DRM 

reaction. Dispersion of active sites is better in Ce-Mo2C/γ-Al2O3 than in Mo2C/γ-Al2O3. In Ce-

Mo2C/γ-Al2O3 catalyst, Ce exists in the form of Ce2O3 [176]. In DRM reaction over Ce-Mo2C/γ-

Al2O3 catalyst, CH4 rapidly exchanges C with Mo2C because CO2 dissociation changes Ce2O3 to 

CeO2 [176]. The redox nature of Ce prevents the oxidation of Mo2C and makes it a stable catalyst 

for DRM reaction [167, 176]. Introducing CO with DRM feed helps in making Ce-Mo2C/γ-Al2O3 

even more stable [167, 176]. Darujati et al. [154] proposed the mechanism for DRM reaction over 
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the Ce-Mo2C catalyst (Equations 73-75). CH4 dissociation left C species on the Mo2C adsorption 

site (■) (Equation 73). CO2 dissociation left O on the Ce adsorption site (◆) (Equation 74). The 

adsorbed C and O react to produce CO and leave their respective adsorption sites (Equation 75). Ce 

and K as promoters do not affect the surface area of Mo2C/γ-Al2O3 [167]. Increasing the weight% 

(wt%) of Ce does not significantly change the ability of Ce-Mo2C/γ-Al2O3 catalyst for CH4 

conversion in DRM reaction [167]. The surface area of K-Mo2C/γ-Al2O3 catalyst decreases over 

time in DRM reaction due to sintering, and increased wt.% of K negatively impacts the CH4 

conversion. The order of impregnation/calcination of Mo2C and promoter in/on to γ-Al2O3 support 

is a factor that affects the stability [167]. This is important when using high wt.% of Mo2C, and Ce 

as a promoter, but not in the case of K and Zr as promoters [167]. The impregnation and calcination 

of Ce in/on to γ-Al2O3 support followed by the impregnation of Mo2C gives the most stable Ce-

Mo2C/γ-Al2O3 catalyst for DRM reaction [167].  

CH4 ⇌ (◼)C + 2H2          (73) 

CO2 ⇌ O(◆) + CO          (74) 

(◼)C + O(◆) ⟶ CO + (◼) + (◆)        (75) 

In addition to Ni and Ce, the effect of Co as a promoter for improving the catalytic function of Mo2C 

for DRM reaction has also been investigated. Using Co as a promoter for Mo2C/ZrO2 catalyst 

improves oxidation/coking resistance of Mo2C in DRM reaction [157]. Co also helps in suppressing 

RWGSR (Equation 13) [157]. Increasing the Co/Mo atomic ratio from 0.1-0.4 in Co-Mo2C 

positively impacts its catalytic activity and stability for DRM reaction, and Co-Mo2C with Co/Mo 

atomic ratio 0.4 is the most active and stable catalyst for CH4 dissociation [172]. Ni and Co as 

promoters do not enhance the functionality of Mo2C catalyst for CO2 conversion in DRM reaction, 

but Bi as a promoter does [177]. 

Effect of Support 

Support has been proven very important in enhancing thermal stability/lifetime, and the surface area 

of the catalyst available for the reaction [157, 178]. Support allows the high dispersion of the active 

species [157, 176]. In this way, more reactants come in contact with the active sites of the catalyst 

during the reaction. As a result, the rate of the surface-catalyzed reaction increases, and TOF also 

increases [142, 157]. Besides having some unwanted impact on DRM reaction, metal oxide supports 
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have shown very good results in reducing the coke production and preventing sintering of the active 

metal phase of the catalyst in DRM reaction [178-185]. Metal oxide supports which are basic in 

nature, reduce coking by the gasification of deposited C(s) [179]. A summary of the effect of using 

different supports on the performance of simple and promoted MoxC-based catalysts, for DRM 

reaction, is provided in Table 3. Metal oxide support also enhances the stability time of Mo2C for 

DRM [171]. Overall, Al2O3, and ZrO2, are the most popular metal oxide supports used. SiO2 and 

CNTs are the other common supports. Brungs et al. [171] examined the stability of Mo2C catalyst 

supported over several metal oxide supports, for DRM reaction. The discovered stability order was 

Mo2C/Al2O3>Mo2C/SiO2>Mo2C/ZrO2>Mo2C/TiO2. Catalyst stability is not related to the surface 

area of the support but with the amount of catalyst loaded and distribution of the active species on 

the support [171]. Supported Mo2C catalysts have better activity, and resistance against 

oxidation/coking in DRM reaction [177]. Treacy et al. [177] examined the resistivity of the supports 

to coking. Different supported Mo2C catalysts prevent coking in DRM reaction in the order 

Mo2C/ZrO2>Mo2C/Al2O3>Mo2C/SiO2 [177]. The amount of C(s) deposits on the Mo2C/ZrO2 

catalyst is insignificant in comparison with the amount of C(s) deposits on the Mo2C/Al2O3 catalyst 

in the DRM reaction [177]. In DRM reaction over NiZr/ZrO2, produced C migrates to the 

catalyst/support interface and forms ZrC.  The formation of ZrC mitigates the coking effect and 

helps in the regeneration of the active sites for CH4 activation. ZrC itself helps in CO2 dissociation 

[186].



47 
 

Table 3: Summary of the effect of using different supports on the catalytic performance of simple and promoted MoxC-based 

catalysts for DRM. 

Active 

Site 

Support SM, 

RT  

App Synthesis Conditions Reaction Conditions Feed 

Comp. 

Max Con 

[%] 

Selectivity 

[%] 

Comment Refs 

β-Mo2C 

 

 

Al2O3 SM: TPR 

RT:  ̶  

DRM 

1997 

– P: 8.3bar / T: 1120K 

GHSV: 2.8×103h-1 

Flow:   ̶

TOS: 144h 

CH4: 1  

CO2: 1 

 

CH4: 65.2 

CO2:  ̶   

 

H2:  ̶   

CO: 70.1  

H2/CO: 81.0 

 

β-Mo2C/Al2O3 catalyst remains active and stable in DRM 

reaction at high pressure for the whole time on stream. 

[114] 

Mo2C 

 

 

Al2O3 SM: TPR 

RT: LMR 

 

DRM 

1998 

P:  – / T: 1000-1150K 

TR: 1K/min 

CH4/H2: 20%v/v (Flow:  –) 

TC:   ̶

P: 1bar /T: 1120K 

GHSV: 2.87×103h-1 

Flow:   ̶

TOS: 28h 

CH4: 1 

CO2: 1 

 

 

CH4: 92.6 

CO2: 92.4 

 

H2:  ̶    

CO: 92.5 

H2/CO: 95.0 

 

Mo2C/Al2O3 exhibits catalytic performance, stability, and 

behavior same as β-Mo2C for DRM reaction at similar 

conditions. 

[115] 

Mo2C 

 

 

Al2O3 SM: TPR 

RT: LMR 

DRM 

1998 

P:  – / T: 1000-1150K 

TR: 1K/min 

CH4/H2: 20%v/v 

CH4/H2 flow:   ̶

TC:   ̶

P: 8.3bar 

T: 1120K 

GHSV: 2.87×103h-1 

Flow:   ̶

TOS: 72h 

CH4: 1 

CO2: 1 

 

CH4: 65.1 

CO2: 80.7 

 

H2:  ̶   

CO: 73.1  

H2/CO: 81.0 

 

Mo2C/Al2O3 catalyst depicts consistent action at high 

pressure, in DRM reaction. 

[115] 

Mo2C 

 

 

Mo2C 

 

 

Mo2C 

 

 

Mo2C 

 

 

SiO2 

 

 

𝛾- Al2O3 

 

 

TiO2 

 

 

ZrO2 

SM: TPR 

RT: LMR 

DRM 

2000 

P:  – / T: 900K 

TR: 1K/min 

C2H6/H2: 10%v/v 

Flow:   ̶

TC:   ̶

P: 8bar 

T: 1220K 

GHSV: 2.6×103h-1 

Flow:   ̶

TOS: 11-40h 

CH4: 1 

CO2: 1 

 

CH4: 91.0 

CO2: 86.0 

 

CH4: 89.0 

CO2: 86.0 

 

CH4: 31.0 

CO2: 27.0 

 

CH4: 90.0 

CO2: 93.0 

 

H2:  ̶   

CO: 89.0 

H2/CO: 95.0 

H2:  ̶   

CO: 87.0 

H2/CO: 97.0 

H2:  ̶   

CO: 29.0 

H2/CO:  ̶   

H2:  ̶   

CO: 92.0 

H2/CO: 96.0 

The Mo2C catalyst supported on Al2O3 is the most stable 

catalyst for DRM reaction. 

[171] 

β-Mo2C 

 

 

α-MoC1-x 

 

 

ZrO2 

 

 

 ̶ 

SM: TPR 

RT:  ̶  

DRM 

2000 

P: 1atm / T: 973K 

TR: 1K/min 

CH4/H2: 20%v/v 

Flow:   ̶

TC: 3h 

P: 1atm 

T: 1123K 

GHSV:  ̶ 

Flow: 40cm3/min 

TOS: 12h 

CH4: 1 

CO2: 1 

 

CH4: 18.0 

CO2: 31.0 

 

CH4: 19.0 

CO2: 33.0 

 

H2:  ̶   

CO:  ̶   

H2/CO:  ̶   

H2:  ̶   

CO:  ̶   

H2/CO:  ̶   

CH4/CO2 conversion and TOF for syngas are better in DRM 

reaction over α-MoC1-x and β-Mo2C catalysts, respectively. 

But when supported over ZrO2, this difference is 

minimized.  

[142] 

Mo2C 

 

 

TiO2 SM: TPR 

RT: FBR 

DRM 

2002 

P:  – / T: –  

TR:  – 

H2/C2H6: 11.6%v/v 

Flow: 55ml/min 

TC:  – 

P: 1atm 

T: 8500C 

GHSV: 5040cm3g-1h-1  

Flow:   ̶

TOS:   ̶

CH4:CO2=

1.16 

 

CH4: 70.1 

CO2: 88.7 

 

H2:  ̶   

CO: 77.8 

H2/CO: 90.0 

 

TiO2 enhances the catalytic activity of Mo2C for DRM 

reaction. 

 

[159] 

Mo2C 

 

α- Al2O3 SM:   ̶

RT: PBR 

DRM   ̶ P:  ̶  

T: 10500C 

CH4:CO2>

1 

CH4:  ̶   

CO2:  ̶   

H2:  ̶   

CO:  ̶   

Sulfur affects the catalytic activity of Mo2C for DRM 

reaction. 

[187] 
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 DRCO

2004 

GHSV: 5000h-1 

Flow:   ̶ 

TOS: 1.5h 

CH4:CO2=

variable 

 

CH4:  ̶   

CO2:  ̶   

 

 

H2/CO: 110  

H2:  ̶   

CO:  ̶   

H2/CO: 175 

The effect of sulfur can be minimized by increasing the 

reaction temperature. 

 

Mo2C 

 

Mo2C 

 

Mo2C 

 

Mo2C 

 ̶ 

 

Al2O3 

 

ZrO2 

 

SiO2 

SM: TPR 

RT: PFR 

DRM 

2004 

P:  – / T: 7500C 

TR: 1K/min 

CH4/H2: 20%v/v 

Flow:   ̶

TC:   ̶

P:  ̶  

T: 9500C 

GHSV:  ̶  

Flow:   ̶

TOS: 20h 

CH4/CO2/ 

N2: 

50/50/5 

cm-1min-1 

 

CH4:  ̶   

CO2: 48.0 

CH4:  ̶   

CO2: 63.0 

CH4:  ̶   

CO2: 48.0 

CH4:  ̶   

CO2: 18.0 

H2:  ̶   

CO:  ̶   

H2:  ̶   

CO:  ̶   

H2:  ̶   

CO:  ̶   

H2:  ̶   

CO:  ̶   

Mo2C/Al2O3 and Mo2C/ZrO2 have better activity and 

coking resistance in DRM reaction, respectively. 

The activity of the Mo2C/SiO2 catalyst is medicore for DRM 

reaction. 

[177] 

Mo2C 

 

 

ZrO2 SM: TPR 

RT:  ̶  

DRM 

2014 

P:  – / T: 7500C 

TR: 30C/min 

CH4/H2:  ̶ 

Flow: 8/32ml/min 

TC: 3h 

P: 1atm 

T: 8500C 

GHSV: 4.8×103mlh-1g-1 

Flow:   ̶

TOS: 4h 

CH4: 1 

CO2: 1 

 

CH4: 37.56 

CO2: 52.09 

 

H2: 24.80 

CO: 39.39 

H2/CO: 61.0 

 

Increasing the percentage loading of Mo2C in Mo2C/ZrO2 

catalyst negatively impacts its catalytic role for DRM 

reaction. 

 

[157] 

Mo2C 

 

 

Al2O3 SM: TPR 

RT:  ̶  

DRM 

2016 

P:  – / T:  –  

TR: 10C/min 

CH4/H2:  – 

Flow: 100ml/min 

TC:  –  

P: 1atm / T: 8500C 

GHSV: 18l/g.h 

Flow:   ̶

TOS: 12h 

CH4: 1 

CO2: 1 

 

CH4: 91.45 

CO2: 95.0 

 

H2: 58.0 

CO:  ̶   

H2/CO: 85.0 

 

Varying carburization conditions for the same precursor 

yield MCs with diverse compositions, resulting in distinct 

catalytic roles in the DRM reaction. 

Mo2C catalyst with high Mo content, but less excessive C 

content is more stable for DRM reaction.  

[169] 

Mo2C 

 

 

CNTs SM:   ̶

RT:  ̶  

DRM 

2017 

  ̶ P: 1atm / T: 8500C 

GHSV:  ̶ 

WHSV: 18000cm3g-1h-

1 

Flow:   ̶

TOS: 24h 

CH4: 1 

CO2: 1 

 

CH4: 88.0 

CO2: 97.0 

 

H2:  ̶   

CO:  ̶   

H2/CO:  ̶   

 

Encapsulating Mo2C inside the CNTs rather than using 

CNTs as support can improve the stability time of Mo2C in 

DRM reaction. 

[188] 

β-Mo2C 

 

 

CNTs SM: SSR 

RT:  ̶  

DRM 

2017 

P: 1atm / T: 8500C 

TR: 100C/min 

Ar: 100% 

Flow: 300ml/min 

P: 1atm / T: 8500C 

GHSV:  ̶ 

WHSV: 18000cm3g-1h-

1 

Flow:   ̶

TOS: 14h 

CH4: 1 

CO2: 1 

 

CH4: 85.0 

CO2: 93.0 

 

H2: 82.0 

CO:  ̶   

H2/CO:  ̶   

 

CNTs can be used as the C source to synthesize β-Mo2C. 

β-Mo2C/CNTs composite synthesized by solid-solid 

reaction is more active/stable than β-Mo2C and Ni-β-Mo2C 

(synthesized by conventional TPR method). 

[168] 

Mo2C 

 

 

BC SM: TPR 

RT: FBR 

DRM 

2018 

P: 1atm / T: 8000C 

TR: 50C/min 

Ar: 100% 

Flow: 100ml/min 

TC:  ̶  

P: 0.5MPa 

T: 8750C 

GHSV: 6000h-1 

Flow:   ̶

TOS: 50h 

CH4: 1 

CO2: 1 

 

CH4: 97.2 

CO2: 99.0 

 

H2:  ̶   

CO:  ̶   

H2/CO: 95.0 

 

Mo2C/BC can be synthesized by the TPR method without 

using a CH4/H2 gas mixture but an inert gas and is a good 

catalyst for DRM reaction. 

[189] 

β-Mo2C 

 

 

C SM: CHR 

RT: FBR 

DRM 

2020 

P:  – / T: 8000C 

TR: 50C/min 

H2/N2: 10vol% 

Flow:  – 

TC: 30min 

P: 8bar / T: 8000C 

GHSV:  ̶  

Flow:   ̶

TOS:   ̶

CH4: 4 

CO2: 3 

N2: 3 

 

CH4:  ̶   

CO2:  ̶   

 

H2:  ̶   

CO:  ̶   

H2/CO: 70.0 

 

Mo2OxCy species highly rich in oxygen increase the rate of 

RWGSR and reduce the H2/CO yield in DRM reaction. 

[190] 



49 
 

Mo2C-nb 

 

 

Mo2C 

 

 

 ̶ 

 

 

SiO2 

SM: TPR 

RT: FBR 

DRM 

2022 

P: 1atm / T: 8000C 

TR: 20C/min 

CH4/H2: 20/80vol% 

Flow:   ̶

TC: 1h 

P: 8bar 

T: 7300C 

GHSV:  ̶ 

Flow: 10ml/min 

TOS: 36h 

CH4: 4 

CO2: 2 

N2: 4 

CH4: 4  

CO2: 3 

N2: 3 

CH4: 60.0 

CO2:  ̶   

 

CH4: 55.0 

CO2:  ̶   

 

H2:  

CO:  ̶   

H2/CO: 90.0 

H2:  ̶   

CO:  ̶   

H2/CO: 70.0 

Mo2C-nb structurally remains intact in DRM reaction. 

Mo2C/SiO2 has more resistance against oxidation than 

Mo2C, in DRM reaction. 

 

[165] 

Mo2C 

 

 

Mo2C 

 

 

Ni-Mo2C 

 

 

 ̶ 

 

 

Al2O3 

 

 

Al2O3 

SM: TPR 

RT: CSTR 

DRM 

2001 

P:  – / T: 1073K 

TR: 4K/min 

CH4/H2/N2: 10/10/80 

Flow: 3lh-1 

TC:   ̶

P:  – / T: – 

GHSV:  ̶ 

Flow: 6l/h 

TOS:  ̶  

CH4: 10 

CO2: 10 

N2: 80 

 

 

CH4/CO2: 

490 

 

CH4/CO2: 

140 

 

CH4/CO2: 

130 

 

H2: 22.9 

CO:  ̶   

H2/CO:  ̶   

H2: 63.7 

CO:  ̶   

H2/CO:  ̶   

H2: 66.3 

CO:  ̶   

H2/CO:  ̶   

CH4 conversion and H2 selectivity of DRM reaction over 

Mo2C catalyst can be increased, by using Al2O3 as support 

and Ni as a promoter for Mo2C catalyst. 

[122] 

Mo2C 

 

 

Ce-Mo2C 

 

 

γ-Al2O3 
SM: TPR 

RT:  ̶  

DRM 

2005 

P:  – /T: 6750C 

TR:  ̶  

CH4/H2: 20%v/v 

Flow:   ̶

TC: 2h 

P: 1bar / T: 9000C 

GHSV: 3800h-1 

G: 0.37mol/cm2/h 

Flow:   ̶

TOS: 7h 

CH4: 1 

CO2: 1 

 

 

CH4: 100 

CO2:  ̶   

 

CH4: 98.0 

CO2:  ̶   

 

H2:  ̶   

CO:  ̶   

H2/CO:  ̶   

H2:  ̶   

CO:  ̶   

H2/CO:  ̶   

γ-Al2O3 is the best support for Mo2C catalyst amongst γ-

Al2O3, ZrO2 and MgO, for DRM reaction. 

Ce is the best promoter for Mo2C/γ-Al2O3. 

The order of impregnation/calcination of promoter and 

Mo2C catalyst in/on γ-Al2O3 support affects the stability. 

[167] 

Ce-Mo2C 

 

 

Al2O3 SM: TPR 

RT: PBR 

DRM 

2006 

P:  – / T: 6750C 

TR:  ̶  

CH4/H2: 20%v/v 

CH4/H2 flow:   ̶

TC: 2h 

P:  ̶  / T: 9000C 

GHSV: 26000h-1 

Flow:   ̶

TOS:  ̶  

CH4: 1 

CO2: 1 

 

CH4:  ̶ 

CO2:  ̶   

 

 

H2:  ̶   

CO:  ̶   

H2/CO:  ̶   

 

Ce as a promoter helps in preventing the oxidation of Mo2C 

catalyst in DRM reaction. 

[154] 

Ni-Mo2C 

 

 

SBA-15 SM: TPR 

RT: FBR 

DRM 

2011 

P: 1atm / T: 1073K 

TR:   ̶

CH4/H2: 20vol% 

Flow:   ̶

TC: 2h 

P: 1atm / T: 1073K 

GHSV: 8000ml3h-1g-1 

Flow:   ̶

TOS: 180h 

CH4: 1 

CO2: 1 

 

CH4: 90.0 

CO2: 90.0 

 

 

H2:  ̶   

CO:  ̶   

H2/CO: 90.0 

 

SBA-15 as a support increases the stability time of the Ni-

MO2C catalyst for catalyzing the DRM reaction. 

[191] 

La-Co-

Mo2C 

 

 

𝛾-Al2O3 SM: TPR 

RT: FBPFR 

DRM 

2014 

P:  – / T: 7500C 

TR: 30C/min 

CH4/H2: 20/80vol% 

Flow: 40ml/min 

TC: 3h 

P: 1atm / T: 8500C 

GHSV: 4800mlh-1g-1 

Flow: 40ml/min 

TOS: 20h 

CH4: 33 

CO2: 39 

N2: 28 

 

CH4: 99.5 

CO2: 94.0 

 

H2: 74.0 

CO: 66.0 

H2/CO: 96.0 

 

La addition in Co-Mo2C, in the range 1-3wt%, helps in 

improving its catalytic action/stability in DRM reaction.’ 

[192] 

Co-Mo2C 

 

 

ZrO2 SM: TPR 

RT:  ̶  

DRM 

2014 

P:  – /T: 7500C 

TR: 30C/min 

CH4/H2:  ̶  

Flow: 8/32ml/min 

TC: 3h 

P: 1atm / T: 8500C 

GHSV: 4.8×103mlh-1g-1 

Flow:   ̶

TOS: 4h 

CH4: 1 

CO2: 1 

 

 

CH4: 97.50 

CO2: 97.07 

 

 

H2: 92.5 

CO: 86.9 

H2/CO: 

109.0 

 

Co as a promoter, not only enhances the catalytic activity 

of Mo2C/ZrO2 for DRM reaction but also suppresses the 

side reactions like RWGSR. 

[157] 

Ni-Mo2C 

 

 

–  

 

La2O3 

SM: TPR 

RT: FBR 

DRM 

2015 

P:  – / T: 7000C 

TR: 10C/min 

CH4/H2: 20vol% CH4 

P: 1atm / T: 8000C 

GHSV: 12000mL/gh 

Flow:   ̶

CH4: 1 

CO2: 1 

 

CH4: 80.0 

CO2: 91.0 

CH4: 66.0 

H2: 45.0 

CO:  ̶   

H2/CO:  ̶   

Ni-Mo2C shows higher activity than Ni-Mo2C/La2O3 

catalyst for DRM reaction at a temperature above 7500C. 

[170] 
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Ni-Mo2C 

 

 

CH4/H2 flow:   ̶

TC: 2h 

TOS: 50h CO2: 82.0 

 

H2: 45.0 

CO:  ̶   

H2/CO:  ̶   

Ni-Mo2C/La2O3 is more stable than Ni-Mo2C in DRM for 

more than 25h because it prevents the oxidation of Mo2C. 

Ni-Mo2C 

 

 

Al2O3 SM: TPR 

RT: FBR 

DRM 

2016 

P:  – /T: 8000C 

TR: 50C/min 

CH4/CO2: 1 

Flow: 30ml/min 

TC:   ̶

P: 1atm 

T: 8000C 

GHSV: 12000 mlh-1g-1 

Flow:   ̶

TOS: 15h 

CH4: 1 

CO2: 1 

N2: 1 

 

CH4: 89.4 

CO2: 94.0 

 

H2: 90.7 

CO: 91.2 

H2/CO: 99.0 

 

In-situ synthesized Ni-Mo2C/Al2O3 catalyst is good for 

DRM. 

The mole% of Mo in the Ni-Mo2C catalyst influences its 

specific surface area and activity for DRM reaction. 

Coking causes the deactivation of Ni-Mo2C at very high Mo 

%. 

The carburization temperature of Mo2O increases with Mo 

mole% 

[166] 

Mo2C 

 

 

Ni-Mo2C 

 

 

Al2O3 
SM: TPR 

RT:  –   

DRM 

2017 

P:  – / T: 7000C 

TR: 10C/min 

CH4/H2/Ar: 20/4/76 

Flow: 10/40ml/min 

TC: 2h 

P: 1atm 

T: 8500C 

GHSV: 20000h-1 

Flow:  –  

TOS: 300min 

CH4: 1 

CO2: 1 

Ar: 8 

 

CH4: 40.9 

CO2: 51.4 

 

CH4: 89.9 

CO2: 99.2 

 

H2:  ̶   

CO:  ̶   

H2/CO: 77.0 

H2:  ̶   

CO:  ̶   

H2/CO: 92.0 

Ni as a promoter further improves the activity of 

Mo2C/AL2O3.  

The composition of the carburizing gas used in the TPR of 

the precursor significantly affects the catalytic performance 

of the synthesized MC, for DRM reaction. 

[193] 

Ni-Mo2C 

 

 

La2O3-

ZrO2 

SM: TPR 

RT: FBR 

DRM 

2018 

P:  – /T: 1073K 

TR: 1K/min 

CH4/H2: 20vl% 

CH4/H2 flow:   ̶

TC: 2h 

P: 1atm 

T: 1173K 

GHSV:  –  

Flow: 40ml/min 

TOS: 100h 

CH4: 1 

CO2: 1 

 

CH4: 94.0 

CO2: 90.0 

 

H2: 90.0 

CO: 95.0 

H2/CO: 95.0 

 

The Ni-Mo2C/La2O3-ZrO2 catalyst with 7.5mole% of 

La2O3 is good for DRM reaction at high temperature. 

[194] 

Ni-Mo2C 

 

 

SiO2 SM: TPR 

RT:  ̶  

DRM 

2019 

 

P:  –  /T: 8000C 

TR: 10C/min 

CH4/H2: 20%v/v 

Flow: 20/80ml/min 

TC: 2h 

P: 1atm 

T: 8000C 

GHSV:  ̶  

Flow:   ̶

TOS: 20h 

CH4: 1 

CO2: 1 

N2: 1 

 

CH4: 67.0 

CO2: 76.5 

 

H2: 87.5 

CO:  ̶   

H2/CO: 75.0 

 

The activity of SiO2 supported Ni-Mo2C catalyst for DRM 

reaction escalates with increasing Ni/Mo atomic ratio. 

[124] 

Ni-Mo2C 

 

 

Al2O3 

 

SM: TPR 

RT:  ̶  

DRM 

2019 

 

P:  –  /T: 8000C 

TR: 10C/min 

CH4/H2: 20%v/v 

Flow: 20/80ml/min 

TC: 2h 

P: 1atm 

T: 8000C 

GHSV:  ̶  

Flow:   ̶

TOS: 20h 

CH4: 1 

CO2: 1 

N2: 1 

 

CH4: 80.0 

CO2: 90.0 

 

H2: 87.5 

CO:  ̶   

H2/CO: 80.0 

 

The Al2O3 support improves the functionality of the Ni-

Mo2C catalyst with 2<(Ni/Mo atomic ratio)≤3 for DRM 

reaction. 

[124] 

Ni-Mo2C 

 

 

SiC SM: TPR 

RT:  ̶  

DRM 

2019 

 

P:  ̶  / T: 8000C 

TR: 10C/min 

CH4/H2: 20%v/v 

Flow: 20/80ml/min 

TC: 2h 

P: 1atm 

T: 8000C 

GHSV:  ̶ 

Flow:   ̶

TOS: 20h 

CH4: 1 

CO2: 1 

N2: 1 

 

CH4: 87.5 

CO2: 87.5 

 

H2: 87.5 

CO:  ̶   

H2/CO: 87.5 

 

SiC support helps Ni-Mo2C catalyst perform better in DRM 

regardless of the Ni/Mo atomic ratio in the structure. Ni-

Mo2C/SiC shows more coke resistance than 

NiMo2C/Al2O3. 

The order of efficiency of different supports in boosting the 

activity of Ni-Mo2C for DRM reaction is SiC>Al2O3>SiO2.  

[124] 

Ni-Mo2C 

 

 

SiC SM: TPR 

RT:  ̶  

DRM 

2019 

P: – / T: 8000C 

TR: 10C/min 

CH4/H2: 20%v/v 

Flow: 20/80ml/min 

TC: 2h 

P: 1atam 

T: 8000C 

GHSV:  ̶  

Flow:   ̶

TOS: 20h 

CH4:CO2=

0.6 

 

CH4: 95.0 

CO2: 75.0 

 

 

 

H2:  ̶   

CO:  ̶   

H2/CO: 70.0 

 

Too low DRM feed ratio (CH4/CO2) negatively impacts the 

activity of Ni-Mo2C/SiC catalysts, especially with low 

Ni/Mo atomic ratio. 

[124] 
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Ni-Mo2C 

 

 

SiC SM: TPR 

RT:  ̶  

DRM 

2019 

P:  – /T: 8000C 

TR: 10C/min 

CH4/H2: 20%v/v 

Flow: 20/80ml/min 

TC: 2h 

P: 1atam 

T: 8000C 

GHSV:  ̶  

Flow:   ̶

TOS: 20h 

CH4:CO2=

1.5 

 

CH4: 50.0 

CO2: 90.0 

 

H2: 80.0 

CO:  ̶   

H2/CO:  ̶ 

 

With a very high DRM feed ratio, the activity of Ni-

Mo2C/SiC first reduces and then becomes stable, regardless 

of the Ni/Mo atomic ratio in the lattice. 

[124] 

Ni-Mo2C 

 

 

Ni-Mo2C 

 

 

Al2O3 

 

 

SiC 

SM: TPR 

RT:  ̶  

DRM 

2021 

P:  – / T: 8000C 

TR: 10C/min 

CH4/H2: 20%v/v 

Flow: 100ml/min 

TC: 2h 

P: 1atm 

T: 8000C 

GHSV: 420585h-1 

Flow:   ̶

TOS: 20h 

CH4: 1 

CO2: 1 

 

CH4: 90.0 

CO2: 95.0 

 

CH4: 80.0 

CO2: 90.0 

 

H2:  ̶   

CO:  ̶   

H2/CO: 80.0 

H2:  ̶   

CO:  ̶   

H2/CO: 80.0 

Unlike the Ni-Mo2C/Al2O3, the catalytic activity of Ni-

Mo2C/SiC for DRM reaction is independent of the 

temperature used for its synthesis by the TPR process. 

Ni-Mo2C with a high (above 0.2) Ni/Mo ratio exhibits good 

catalytic activity for DRM reaction. 

[195] 

Ni-Mo2C 

 

 

CNTs SM:  –  

RT:  –   

DRM 

2021 

  –  P: 1atm / T: 8500C 

GHSV: 60000cm3/g-1h-

1 

Flow:   ̶

TOS: 36h 

CH4: 1 

CO2: 1 

 

CH4: 73.0 

CO2: 84.0 

 

 

H2:  –    

CO: –   

H2/CO: 84.0 

 

In DRM reaction over Ni-Mo2C catalyst with a very high 

Ni/Mo molar ratio, Ni also participates in the redox cycle. 

[130] 

β-Mo2C-

Ni 

 

 

Al2O3 SM: MM 

RT: FBR 

(DBD) 

DRM 

2021 

T: 7000C 

TR: 1-50C/min 

CH4/H2: 20vol% 

Flow: 150ml/min 

TC: 2h 

MMT: 60mins 

Input Power: 112W 

T: 4700C 

GHSV:  ̶  

WHSV: 50000ml/g/h 

Feed flow: 100ml/min 

TOS: 675mins 

CH4: 1 

CO2: 1 

Ar: 8 

 

CH4: 82.5 

CO2: 84.6 

 

H2: 92.7 

CO: 89.5 

H2/CO:  ̶ 

 

β-Mo2C catalyst improves CO2 conversion and H2 and CO 

selectivity and reduces coking and selectivity of unwanted 

or higher HCs species in DBD plasma-assisted DRM. 

Input power in DBD plasma assisted DRM significantly 

affects the substrates’ (CH4 and CO2) conversion and 

catalytic activity of β-Mo2C. 

[2] 

Note: SSR: Solid-solid Reaction; CHR: Carbo-hydrothermal Reduction; MM: Mechanical Mixing; PFR: Plug Flow Reactor; CSTR: 

Continuously Stirred Tank Reactor; FBPFR: Fixed Bed Plug Flow Reactor; MMT: Mechanical Mixing Time.
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The reaction of Mo metal with the support generates different in-active species, depending upon 

the support used for the Mo2C catalyst [177]. The production of these in-active species results in 

reducing the amount of active species (Mo2C) on the surface of the support [177]. This eventually 

affects the activity of supported MC catalysts for DRM reaction [177]. Although, Mo2C/ZrO2 is 

more stable than Mo2C/Al2O3, but the greater number of Mo2C particles or active sites on Al2O3 

support makes the Mo2C/Al2O3 catalyst a better choice in terms of activity, for DRM reaction [177]. 

The surface area of Mo2C/γ-Al2O3 catalyst in DRM reaction remains intact in comparison when 

using other metal oxide supports [167]. Mo2C/γ-Al2O3 is thermally more stable as well [167]. 

Oxidation is the main reason for the deactivation of Mo2C/γ-Al2O3 catalyst, stability time against 

oxidation can be increased by increasing the wt.% of Mo2C or catalyst bed thickness by dilution 

[167]. La addition in Co-Mo2C/γ-Al2O3 in the range 1-3wt% is beneficial in preventing catalyst 

deactivation due to oxidation in DRM reaction, and side reactions can also be suppressed which in-

turn helps in increasing H2 yield as well [192]. 

The Mo2C/γ-Al2O3 is active, but Mo2C/ZrO2 is the most stable catalyst DRM reaction [167]. The 

amphoteric nature of ZrO2 catalyst support is very beneficial in the adsorption and conversion of 

DRM reactants [157]. The α-MoC1-x and β-Mo2C with similar loading over ZrO2 support are similar 

in catalytic activity for DRM reaction [142]. The activity of Mo2C/ZrO2 catalyst for DRM reaction 

can be improved by using a promoter or by increasing the reducibility of MoOx precursor (used for 

synthesizing Mo2C by TPR method) [177]. A better interaction between the active metal of the 

catalyst and the support improves the catalytic action of a supported catalyst [177]. This interaction 

can be improved by using a low temperature for the calcination of the catalyst [177]. The Mo2C/ZrO2 

calcined at 4000C gives 11% more CO2 conversion in DRM reaction, than a Mo2C/ZrO2 catalyst 

calcined at 6000C [177]. The dispersion of the Mo2C catalyst over ZrO2 support can be increased by 

pre-heating ZrO2 support at 4000C [157]. Unlike the Mo2C/Al2O3 catalyst, increasing the Mo2C 

loading percentage in Mo2C/ZrO2 negatively impacts the catalytic potential of ZrO2 itself for DRM 

reaction [157]. Loading of Mo2C catalyst over ZrO2 support, blocks the sites of ZrO2, which are 

active for DRM reaction [157]. The Mo2C/ZrO2 catalyst with small percentage loading of Mo2C is 

more active for DRM reaction because the catalyst and support both participate in the conversion of 

DRM substrates [157]. But Mo2C/ZrO2 catalyst with small and high percentage of Mo2C loading 

gives the same DRM reaction yield due to the sintering effect [157]. The ZrO2 support can reduce 

the sintering effect to some extent [157]. The formation of MoO2/CO and amorphous C in DRM 
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reaction over Mo2C/ZrO2 catalyst indicates that the net effect of C containing species has been 

increased and decreased, respectively [157]. The formation of MoO2 in DRM reaction over 

Mo2C/ZrO2 catalyst stops further catalysis. 

La2O3 is another potential support that can be used for Mo2C catalyst. Zhang et al. [170] compared 

the catalytic role of Ni-Mo2C/La2O3 with that of unsupported Ni-Mo2C catalyst for DRM reaction. 

In both the catalysts, Ni and Mo content were found to be 4.4% and 14.6%, respectively. The 

obtained size of β-Mo2C particles was 27nm and 18.5nm for Ni-Mo2C and Ni-Mo2C/La2O3 catalyst, 

respectively. Higher DRM substrate conversions were observed over Ni-Mo2C/La2O3 catalyst at the 

temperature from 6500C to 7500C (Figure 12 (a-b)[170]). But above 7500C, Ni-Mo2C surpassed Ni-

Mo2C/La2O3 catalyst (Figure 12 (a-b)[170]). In terms of stability, Ni-Mo2C/La2O3 catalyst was 

found to be vastly superior to Ni-Mo2C for DRM reaction (Figure 12 (c-e)[170]). Conversion of β-

Mo2C to MoO2 was found to cause Ni-Mo2C to be inactive earlier than Ni-Mo2C/La2O3. So, La2O3 

as support was found helpful in preventing the oxidation of β-Mo2C in the DRM reaction. To 

improve the stability of ZrO2 support  in Ni-Mo2C/ZrO2 catalyst, Tao et al. [194] used different 

mole% of La2O3. In DRM reaction over Ni-Mo2C/La2O3-ZrO2 catalyst, H2/CO selectivity is good, 

but is less than 1 due to RWGSR (Equation 13). The H2/CO selectivity increases in proportion with 

the reaction temperature and conversion of DRM substrates because at high temperature the 

oxidation-re-carburization cycle of Mo2C becomes more dominant than the RWGSR (Equation 13). 

The catalytic activity of Ni-Mo2C/La2O3-ZrO2 for DRM reaction depends upon the surface area and 

concentration of oxygen vacancies (Vӧ) on the surface. The catalyst surface area is inversely 

proportional to the mol% of La2O3 in Ni-Mo2C/La2O3-ZrO2, while the concentration of Vӧ is 

directly proportional to the concentration of the c-La2Zr2O7 crystal content in Ni-Mo2C/La2O3-ZrO2. 

The concentration of c-La2Zr2O7 crystal content increases by increasing the La/Zr ratio or mole% 

of La2O3. The c-La2Zr2O7 crystal helps in improving the dispersion of the active metal and reducing 

the activation energy of DRM reactants. Therefore, the mole% of La2O3 in Ni-Mo2C/La2O3-ZrO2 

catalyst must be decided in a way that there is a balance between the surface area and concentration 

of c-La2Zr2O7 crystal. The Vӧ help in the activation of CO2 and form Oβ or O* species (Equation 

76). The O* species help in the activation of CH4 (Equation 77). The Ni-Mo2C/La2O3-ZrO2 catalyst 

with specific mole% (7.5 mole%) of La2O3 is good for DRM reaction at high temperatures. 

Mesoporous silica molecular sieve (SBA-15) supported Ni-Mo2C catalyst is more active and stable 

than a simple and Ni promoted Mo2C for DRM reaction [191]. But oxidation of Mo2C to MoO2, C(s) 
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deposition, and side reactions are still the problems that affect the catalyst performance and H2/CO 

yield [191]. 

CO2 + Vӧ ⟶ CO + O∗          (76) 

CH4 + O∗ ⟶ CO + 2H2         (77) 

 

Figure 12. (a-b) Effect of reaction temperature on (a) CH4 conversion and (b) CO2 conversion in 

DRM over Ni-Mo2C and Ni-Mo2C/La2O3 catalysts, at P = 1atm, CH4/CO2 = 1 and 

F/W = 12000mL/g h. (c-e) Catalytic performance of Ni-Mo2C and Ni-Mo2C/La2O3 catalysts in 

DRM at T = 800°C, P = 1atm, CH4/CO2 = 1 and F/W = 12000mL/g. Reproduced from [170]. (f) 

Lifetime study of Mo2C-out-CNTs and Mo2C-in-CNTs catalysts in DRM at T = 850°C, P = 1atm, 

CH4/CO2 = 1 and WHSV = 18000cm3g−1h−1). Reproduced from [188]. 

MgO is another potential support for the Mo2C catalyst. However, similar to Mo2C/α-Al2O3, 

oxidation causes catalyst deactivation [167]. Moreover, the Mo2C/MgO suffers from sintering as 

well, as the reaction temperature increases [167]. The α-Al2O3 and MgO supports are not very 

effective in increasing the surface area and catalytic activity of Mo2C for DRM reaction [187]. 
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In DRM over Mo2C/CeO2 catalyst, Mo2C/CeO2 promotes the formation of CO more than H2 

therefore, H2/CO is always less than 1 in DRM over Mo2C/CeO2 catalyst [142]. TiO2 also promotes 

the catalytic role of MCs for DRM reaction [159]. 

Mo2C/SiO2 is more stable than an unsupported Mo2C catalyst in DRM reaction [165]. According to 

the experimental work done by Silva et al. [124], the order of efficiency of SiC, Al2O3, and SiO2 

supports in upgrading the functionality of Ni-Mo2C for DRM is SiC>Al2O3>SiO2. The morphology 

of SBA-15 catalyst support in DRM reaction is immutable [191]. 

Carbonaceous structures, e.g., carbon nanotubes (CNTs), biochar (BC), and activated carbon (AC) 

are the other potential supports. Mo2C/BC catalyst has good potential for DRM reaction and can be 

synthesized by the TPR method, without using any additional source like CH4/H2 gas mixture for 

carburization. Mo2C/BC can be synthesized under the flow of an inert gas because the gases released 

from BC help in the carburization process [189]. Mo2C/AC is better than Mo2C/SiO2 in avoiding 

RWGSR during DRM reaction [142]. In DRM over supported Mo2C catalysts, oxidation is the 

reason for the catalyst deactivation [164, 167]. Encapsulating Mo2C inside the CNTs rather than 

using CNTs as a support can help to prevent Mo2C from oxidation for a longer period, in DRM 

reaction (Figure 12 (f)[188]) [188]. To improve this time further, a promoter (Ni or Co) can also be 

used [188]. In DRM reaction over Mo2C/CNTs CO2 conversion is always greater than CH4 

conversion (Figure 12 (f)[188]) because CNTs react directly with CO2 [188].  

To investigate the effect of adding support on the role of Ni-Mo2C in DRM, Duan et al. [166] 

prepared in-situ Ni-Mo2C/Al2O3 catalyst and found it highly effective for DRM. Ni as promoter 

improves the catalytic activity of Mo2C/Al2O3 for DRM reaction [193]. In Ni-Mo2C/Al2O3 catalyst 

with a very low (0.2) Ni/Mo ratio in the structure, due to the presence of acidic sites on Al2O3 

support, NiO forms and reacts with Al2O3 to form Ni aluminates (NiAl2O4) (Equation 78) [195]. 

NiAl2O4 species are inactive for catalyzing DRM reaction [195]. The formation of NiAl2O4 leaves 

Ni-Mo2C/Al2O3 with a very small amount of Ni, which is not enough to dissociate CH4 at the rate 

in balance with the CO2 dissociation and to establish the redox cycle in DRM reaction [195]. Due 

to these reasons, Ni-Mo2C/Al2O3 catalyst with a low Ni/Mo ratio become inactive in DRM reaction. 

Ni-Mo2C/Al2O3 with high (0.3 or more) Ni/Mo ratio shows good/stable activity for DRM reaction 

[195]. High temperature favors the sintering of Ni and the formation of NiAl2O4 [195]. Therefore, 
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using low (7000C-8000C) temperature in synthesizing Ni-Mo2C/Al2O3 by TPR of the precursor is 

favorable to prevent Ni sintering and NiAl2O4 formation, and as a result, the synthesized Ni-

Mo2C/Al2O3 can exhibit good catalytic activity for DRM reaction [195]. The catalytic activity of 

Ni-Mo2C/SiC in DRM reaction is independent of the carburizing temperature used in its 

synthesizing process [195]. SiC itself is not an active catalyst for DRM reaction [159]. 

NiO + Al2O3 ⟶ NiAl2O4         (78) 

Effect of Synthesizing Method 

Synthesizing method also needs to be considered for getting a catalyst with desired physicochemical 

characteristics [196]. MC catalysts are usually synthesized by TPR of the metal oxides (Figure 

13[197-199]) [114, 115, 125, 127, 158, 170]. TPR method for synthesizing a MC involves the carbo-

thermal reduction (CTR) of a metal precursor (metal salt or metal oxide) at an elevated temperature. 

A schematic of the TPR method for synthesizing a MC catalyst is presented in Figure 13[197-199]. 

To synthesize Mo2C by the TPR method, a Mo precursor (MoO2, MoO3, etc.) is reduced under a 

mixture of C containing gas (CH4, C2H6, C3H8, C4H10 etc.) and H2 [199, 200]. The synthesis of a 

supported Mo2C catalyst by the TPR method involves (1) dissolving a Mo salt in water or an aqueous 

stabilizer (C6H8O7 etc.) solution (2) immersing the support material (Al2O3 etc.) in it, (3) calcining 

the impregnated solid in the air, and (4) carburizing finally carburizing the solid [54, 155, 167, 171]. 

The surface of the Mo2C, synthesized by the TPR method, is usually contaminated by polymeric C. 

However, the H2 treatment helps purify the Mo2C synthesized by the TPR method. 
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Figure 13. Schematic of the TPR method, for synthesizing a metal carbide catalyst. Developed 

based on [197-199]. 

In the synthesis of Mo2C by the TPR method, the carburization process governs the morphology, 

specific surface area, and catalytic performance of the end-product. Roohi et al. [169] found 

temperature, the composition of carburizing gas, and metal content in the metal oxide (the 

precursor) as the key parameters, that control the carburization process and eventually the amount 

of C content in the final Mo2C product. Overindulgence of C content in Mo2C structure blocks the 

pores and decreases surface area, which reduces the catalytic activity/stability of the MC. 

The process used for preparing the metal oxide (the precursor) also influences the catalytic 

properties of the MC [201]. The impregnation technique is the most used technique for the synthesis 

of metal oxides (the precursors) [114, 115, 125, 127, 158, 170]. The precursors, synthesized through 

impregnation, aggregates with time [201]. So, the end-product lacks in uniform distribution of the 

functional species on the support [201]. For the better dispersion of active species on the support, 

Duan et al. [166] used solution-combustion-method for preparing NiMo-Al2O3 precursors, and 

synthesized Ni-Mo2C/Al2O3 catalysts, with different Mo molar%, by in-situ (by using DRM 

substrates (CH4/CO2=1) as the carburizing gas) TPR of NiMo-Al2O3 precursors. Duan et al. ratified 

in-situ synthesized Ni-Mo2C/Al2O3 catalyst efficacious for DRM reaction. 
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TPR of a precursor (pretreated by flowing a gas over it at a specific temperature and pressure) gives 

different phases of the MC, depending upon the temperature used for its carburization [163]. 

Nitriding (flowing NH3 at atmospheric pressure and 973K temperature) of MoOx (the precursor) 

followed by TPR at 1173K and 973K results in the formation of η-Mo3C2 and α-Mo2C, respectively 

[163]. According to Tsuji et al. [142], nitridation of the MoOx followed TPR results in the formation 

of only α-MoC1-x with fcc structure (Figure 1 (a)[54]). Direct TPR of MoOx gives only β-Mo2C with 

hcp structure (Figure 1 (c)[54]) [142]. Nitridation of the metal oxides before TPR helps in 

synthesizing more active/stable Mo2C catalysts for DRM reaction [126]. Calcination of catalyst 

precursor is a very important step in synthesizing a catalyst with desired characteristics. The 

experimental study of Brungs et al. [171] ratified that calcination of MoOx precursor for a very long 

period of time followed by TPR, results in Mo2C catalyst with very poor stability for DRM reaction 

[171].  

TPR of MoOx at 973K, 923K and 873K gives only β-Mo2C [163]. The β-Mo2C synthesized by 

carburizing MoOx at the temperature 923K and 873K gives the highest and least CH4 conversion, 

respectively, when used as a catalyst for CH4 reforming reaction. Ni-Mo2C catalyst with Ni/Mo 

mole ratio of 75/25, synthesized by carburization of Ni-MoOx at low temperature (773K), gives high 

CH4 conversion and H2 yield in DRM reaction [164]. Ni-Mo2C catalyst, with a small Ni/Mo mole 

ratio (25/75) and synthesized by carburizing Ni-MoOx at high temperature (813K), gives a very 

good H2 yield with minimum C(s) formation in DRM reaction [164]. Ni-Mo2C catalyst precursor 

(Ni-MoOx) synthesized by the co-precipitation (CP) method can be carburized at a temperature 150C 

less than the temperature required to carburize Ni-MoOx synthesized by mechanical mixing (MM) 

[173]. Ni-Mo2C resulting from the carburization of the Ni-MoOx (synthesized by CP) shows better 

dispersion of the Ni particles, and also high catalytic activity for DRM reaction (Figure 14 (A-

C)[173]) [173]. The temperature required to carburize Ni-MoOx (synthesized by CP or MM) is less 

than the temperature required to carburize MoO3 [173]. 
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Figure 14. (A-C) Lifetime study of Ni-Mo2C (synthesized by using a precursor, which itself was 

synthesized by mechanical mixing (MM)) and Ni-Mo2C (synthesized by using a precursor, which 

itself was synthesized by co-precipitation (CP)) catalysts in CH4/CO2 reforming at P = 1atm and 

W/F: 0.24gscm-3. (A) conversion of CH4, (B) conversion of CO2, and (C) selectivity to H2. 

Reproduced from [173]. (D-F) Activity and stability of Ni-Mo2C catalysts, synthesized in-situ 

(using CH4/CO2 gas mixture for the carburization of Ni-MoOx), and by TPR method (using CH4/H2 

gas mixture for the carburization of Ni-MoOx) in DRM at T = 850°C, P = 1 atm, CH4/CO2 = 1 and 

W/F = 0.6gscm-3). (D) conversion of CH4, (E) conversion of CO2, and (F) selectivity to H2. 

Reproduced from [129]. 

Mo2C catalyst synthesized by using diluted carburizing CH4/H2 gas mixture in the TPR method is 

more active than Mo2C synthesized by using pure carburizing CH4/H2 gas mixture [193]. Using a 

C2H6/H2 gas mixture instead of a CH4/H2 gas mixture for the carburization of metal oxide lowers 

the temperature required for the carburization process [171]. Mo2C synthesized by TPR, and 

H2/C2H6 mixture as carburizing gas is very active for catalyzing DRM reaction [159]. Ni-Mo2C 

catalyst synthesized in-situ (using CH4/CO2 gas mixture for the carburization of Ni-MoOx) and by 
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TPR method (using CH4/H2 gas mixture for the carburization of Ni-MoOx) show similar 

activity/stability for DRM reaction (Figure 14 (D-F)[129]) [129].  

Roohi et al. [169] synthesized nine Mo2C/Al2O3 catalysts by two-step-impregnation-TPC method. 

All nine samples were synthesized by using the same precursor (MoO3/Al2O3), but at different 

conditions (temperature and composition of carburizing gas) for the carburization process. The 

catalytic role of only three catalysts (with minimum excessive C content) was investigated for DRM 

reaction. The catalysts were comparable in terms of activity for DRM reaction. Their stability started 

to decline over time. This loss in stability was the result of the conversion of the carbide phase into 

the oxide phase at atmospheric pressure. So, the use of different conditions (temperature and 

composition of carburizing gas) for the carburization of the same precursor did not help in 

synthesizing a supported MC catalyst with better oxidation resistance in the DRM reaction. 

The Mo2C synthesized by the TPR method and solution-derived (SD) synthesizing method has 

smaller crystallite size and larger surface area, respectively [143]. The catalysts synthesized by 

either of the processes have excess C [143]. The excess C from Mo2C, synthesized by the SD 

method, can be removed by H2 treatment [143]. By increasing the temperature and time for H2 

treatment, crystallite size increases and surface area decreases [143]. In Mo2C, synthesized by TPR, 

temperature and time for H2 treatment affect only particle size and surface area, while excess C 

content remains unchanged [143]. Excess C improves the catalyst’s resistance against oxidation in 

DRM reaction [143]. Regardless of the excess C, Mo2C synthesized by the SD method is less stable 

in DRM reaction, but substrate conversions and H2/CO yield are high [143]. 

The carbothermal reduction method can be used to synthesize different phases of Mo2C [155]. The 

phase of the MoxCy molecule, resulting from the carbothermal reduction process, depends upon the 

precursor used, the method used for synthesizing the precursor, and the gas used for the reduction 

of the precursor [155]. The carbothermal reduction process gives only β-Mo2C regardless of the 

precursor used when applying H2 gas for reducing the precursor [155]. While the use of Ar may 

result in the mixture of α-MoC1-x and β-Mo2C depending upon the precursor used, and the method 

used for synthesizing the precursor [155].  

Gavrilova et al. [161, 202] synthesized Mo2C by the thermal decomposition of the xerogel Mo blue. 

The surface area and phase of the Mo2C product, synthesized by this method depends upon the 
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molar ratio of the reducing-agent (ascorbic acid (C6H8O6) or hydrochloric acid (HCl)) to Mo source 

(ammonium heptamolybdate ((NH4)6Mo7O24⸱4H2O)) used in synthesizing the precursor (xerogel 

Mo blue). The thermal decomposition of xerogel Mo blue, synthesized by using the reducing-

agent/Mo source ratio of 0.6-1.0, gives β-Mo2C. This β-Mo2C has good potential as a catalyst for 

DRM reaction. 

Other than CH4/H2 gas mixture, CH4/CO2 gas mixture, C2H6/H2 gas mixture, and CNTs can also be 

used as the C source to synthesize Mo2C [168]. A precursor with a maximum 60 wt.% Mo content 

can be carburized by using CNTs as the C source, and it also suggests that lowering the Mo content 

easier the carburization [168]. Gao et al. [168] synthesized β-Mo2C/CNTs composite by solid-solid 

reaction. The specific surface area, pore volume, and dispersion of active species in β-Mo2C/CNTs 

decreases directly with increasing Mo content in the precursor, and vice versa for the particle size. 

However, the catalytic activity and oxidation resistance of β-Mo2C/CNTs do not follow any such 

trend. The β-Mo2C and CNTs individually show no activity for DRM reaction, they both work in 

synergy for catalyzing DRM reaction, and β-Mo2C/CNTs with 30wt% Mo content is the most active 

and stable catalyst for DRM, but its activity decreases over time. The activity/stability of β-

Mo2C/CNTs increases with increasing DRM reaction temperature. However, WHSV (weight-hour 

space velocity) negatively impacts the stability of β-Mo2C/CNTs. The β-Mo2C/CNTs is more 

active/stable than β-Mo2C and Ni-β-Mo2C (synthesized by conventional TPR method), for DRM 

reaction. 

Kurlov et al. used delaminated MoO3 sheets and C spheres as Mo source and C source, respectively, 

to synthesize β-Mo2C/C by carbothermal hydrogen reduction (CHR) method [190]. The synthesized 

β-Mo2C/C showed two different morphologies: nano particles and nanorods. In the DRM reaction, 

β-Mo2C/C was oxidized to Mo2CxOy in a very short time. The Mo2CxOy species formed by the 

oxidation of β-Mo2C/C nanorods were highly rich in O elements, and these species significantly 

reduced the H2/CO ratio by increasing the rate of RWGSR. 

There are various methods other than the TPR for synthesizing the Mo2C, but the catalytic potential 

of Mo2C synthesized by these methods, for CH4 reforming reactions, has not been explored yet. 

Using MoOx-amine hybrid precursor helps synthesize the Mo2C with crystallinity, structural forms 

(1D, 2D, or 3D), and size of interest [203]. Different amines can be used for forming the MoOx-
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amine hybrid precursors, including aniline, dopamine, glycine, dodecyl amine, imidazole, 4-Cl-o-

phenylenediamine, 1,6-hexanediamine, and 1,2-dodecanamine [203-206]. The amine molecules 

serve as the sources of C, reducing agents, and structure-guiding agents [204]. MoOx-amine hybrid 

precursors are the precipitates, formed during the chemical reaction between the Mo-salts and amine 

molecules in an acidic environment. These MoOx-amine hybrid precursors grow anisotropically. 

The pyrolysis of MoOx-amine hybrid precursors results in the synthesis of Mo2C. The Mo:amine 

ratio and the pyrolysis temperature influence the crystallinity and structural form of the final carbide 

product [203, 205]. The Mo: amine < 1.5 and Mo: amine = 2 give β-Mo2C and α-MoC1-x, 

respectively [203]. The properties of the amine molecules also affect the final carbide product [203]. 

Koizumi et al. [207] heated a mixture of MoO3 and xylene at 7900C and 1atm under Ar H2⁄ =

85 15⁄  mixture for 1h and synthesized the interconnected Mo2C nanoflakes (5-15nm) with 3D 

origami-like structures by chemical vapor deposition (CVD). Mondal et al. [208] synthesized Mo2C 

particles (sized 5-15nm) incorporated on carbon nanosheets by the calcination of a dried mixture 

containing C₆H₁₂O₆, (NH₄)₆[Mo₇O₂₄]·4H₂O, and (NH₄)₂CO₃, under the N2 atmosphere. 

High-energy mechanical ball milling method helps in synthesizing the MCs powder with size 

micron or submicron [209-212]. The process involves the milling of a mixture containing M source 

powder (could be pure M as well) and C source powder (could be pure C or graphite as well). 

Different milling techniques, including planetary mills and abrasive mills, can be utilized [213-215]. 

Although, high-energy mechanical ball milling is an effective method for synthesizing 

nanostructured MCs [209, 210], but contamination, long milling time (usually more than 12h), high 

energy consumption, and the production of relatively small amounts of the powders are the 

drawbacks of this simple technique. It is also very important to perform the milling process under 

an inert atmosphere to prevent the oxidation of Ms. The high-energy mechanical milling 

mechanically activates the substrates which in turn induces the chemical reaction between the 

substrates, and the process is then termed as mechano-chemical (MC) method. High-energy 

mechanical ball milling may also be considered a preliminary step for further processing, such as 

synthesis in molten salt, arc plasma etc. [216]. 

A highly cost-effective and widely used method for synthesizing the MCs is molten salt synthesis 

(MSS) [217]. In this method, reactants are first mixed with salt (usually a mixture of two or more 

salts is used) and then dissolved in it at a high temperature. In this method, molten salt acts as a 
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solvent to serve the chemical reactions between the reactants while controlling the characteristics 

(particle size and shape) of the final product [217]. Yang et al. [217] synthesized Mo2C (with a 

particle size of 0.5–1.0 um) contaminated with Mo metal. In their study, they used a mechano-

chemical method to synthesize Mo2C. Firstly, Mo and C powders were mechanically activated 

under an argon atmosphere using a high-energy planetary mill (10 mm hardened steel ball, ball-to-

powder ratio: 5:1, and rotational speed 1200 rpm). After milling, the mechanically activated powder 

was mixed with a KCl and NaCl (molar ratio = 1: 1) mixture (60wt%) and heated at 10000C for 

1h. The reaction product was then allowed to be cold down to room temperature in the air. To obtain 

the final product (free of salt impurities) the product was boiled several times in water. Hu et al. 

[218] impregnated carbon fiber paper (CFP) with nickel ions, and mixed MoO3 with C black and 

salt (NaCl and KCl) particles. After this, combined impregnated CFP and mixture (containing 

MoO3/C-black/NaCl/KCl), and finally heated it at 10000C for 309h to synthesize CFP supported Ni 

doped Mo2C. Ge et al. [219] used Mo as a cathode, Pt as an anode, and C as a counter electrode to 

synthesize Mo2C, and called the process as electrochemical method. A salt mixture (containing LiCl, 

NaCl, and Na2O3) was used to serve the chemical reaction between Mo and C at 9000C. Chen et al. 

[220] combined MSS and the electroreduction method to synthesize the Mo2C with a lamellar 

structure. During the process, a cathode (a Mo foil) and an anode (SnO2) were immersed in a crucible 

filled with a CaCl2 and CaO mixture, and finally was heated up to 8500C for 5h under the CO2 

atmosphere. Salts to be used in the MSS method of MCs must be heated in air and Ar at 2000C-

4000C to remove the moisture and O2, respectively. Although the synthesis of MCs using the MSS 

method requires a low processing temperature, the oxidation of M powders during the process leads 

to an impure final product. This drawback has made the method less popular among researchers. 

Effect of Reaction Conditions 

DRM reaction over a MC catalyst is examined in the temperature range of 1120K to 1220K [115, 

124, 125, 127, 158, 166, 169-171]. The catalytic activity of all (simple, promoted and supported) β-

Mo2C for DRM reaction increases with increasing temperature (Figure 12 (a-b)[170]) [115, 156, 

159, 166, 170, 189, 193]. High temperature is good to keep Mo2C stable/active in DRM reaction 

because high temperature is beneficial for the carburization/re-carburization process which in turn 

helps in the regeneration of Mo2C, but metal sintering limits the highest temperature that can be 

applied [159, 160, 167]. Low temperature is advantageous for oxidation reaction and leads to the 

deactivation of Mo2C due to oxidation in DRM reaction [160]. Low temperature also accords C(s) 
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formation in DRM reaction over Mo2C catalyst [156]. The temperature for DRM reaction over a 

MC catalyst must be moderate (normally applied 8000) to establish the redox cycle or to keep the 

catalyst active/stable for the whole TOS. The percentage conversion of DRM substrates over a MC 

catalyst decreases with decreasing temperature and vice versa (Figure 12 (a-b)[170]) [160]. A low 

temperature value (usually 8000C or 1173K) at which the CH4 and CO2 conversion remain constant 

over time, is good for DRM reaction over MC catalysts [160]. However, the temperature at which 

the conversions decline over time is called deactivation temperature [160]. At this temperature, the 

oxidation of MC catalyst starts, and proceeding the reaction without increasing the temperature 

eventually results in the permanent deactivation of the catalyst [160]. The deactivation temperature 

of the Mo2C catalyst in DRM reaction must be very low for a desirable catalytic function, and this 

can be achieved by decreasing Mo2C wt.% loading or decreasing pressure or increasing molar feed 

velocity (G), but at constant GHSV [160].  Duan et al. [166] observed the highest activity of Ni-

Mo2C/Al2O3 catalyst for DRM reaction at 8000C. But Brungs et al. [171] found that very high 

temperature changes γ-Al2O3 to α-Al2O3, which results in compromising the stability time of Mo2C 

for DRM.  

Not only temperature but the operating pressure also affects the lifetime of the Mo2C catalyst for 

DRM reaction [115]. DRM reaction over MC catalysts has been studied in the pressure range 1bar 

to 8bar [115, 125, 127, 158, 169, 170]. At ambient or atmospheric pressure, DRM substrate (CO2) 

oxidizes MC (Mo2C) and changes the MC phase into the metal oxide (MoO2) phase (Figure 10 

(D)[168]) [115, 122, 169]. The conversion of DRM substrates is always higher at elevated pressure 

[115, 189]. Claridge et al. [115] studied DRM reaction over β-Mo2C and Mo2C/Al2O3 catalysts. At 

1 bar, both the catalysts sustained similar activity and stability for 8h. After 8h, their activity started 

to decline, and they became almost inactive in the next 20h. This happened because at low pressure 

carbide phase could not remain stable and the MC (Mo2C) was converted to its respective metal 

oxide (MoO2), due to oxidation caused by CO2. At 8.3bar, homogeneous unwavering 

activity/stability and no macroscopic C(s) deposition were observed for both the catalysts, for more 

than 72h on the stream. At low pressure, only bulk oxidation is the reason for the deactivation of the 

Mo2C catalyst in the DRM reaction, and no C(s) deposits on the surface of the Mo2C. In DRM 

reaction over Mo2C catalyst at atmospheric pressure, the rate of oxidation of Mo2C is faster than the 

re-carburization of MoO2 [115]. This indicates that Mo2C molecules at the surface of the catalyst 

bed are the first to be oxidized [115]. This oxidation front then moves further deep into the catalyst 
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bed with time due to the difference in the rates of the reactions, involved in the redox cycle of the 

catalyst in the DRM reaction. At high pressure, the time for which reactants interact with the catalyst 

changes. This creates a balance between the intensity of the reactions of the oxidation-reduction 

cycle. So, the change in the residence time of the reactants is the reason for long-term stability of 

the Mo2C catalyst in DRM reaction at elevated pressure. York et al. [114] also discovered the same 

cause for the deactivation of β-Mo2C and Mo2C/Al2O3 catalysts in DRM at 1bar pressure. At 

elevated pressure, no decline was observed in the activity of both catalysts. So, at low pressure, 

oxidation of the Mo2C catalyst halts the DRM reaction [114, 115, 122, 125, 127, 156, 169]. DRM 

at low pressure reduces the specific surface area of the Mo2C catalyst over time and ultimately 

ceases its catalytic operation [156]. LaMont et al. [160] proved that the stability of Mo2C catalyst in 

DRM reaction at high pressure is neither because of change in the residence time of reactants, nor 

because increased pressure favors the redox mechanism. But low mass transfer rates of reaction 

products form the catalyst surface at high pressure makes Mo2C a stable catalyst for DRM reaction. 

The high pressure used for DRM reaction over Mo2C catalyst increases the deactivation temperature 

of Mo2C as well [160]. High pressure does not affect the stability ratio (Rs, Equation 79) and DRM 

substrates’ conversions. The kinetics of oxidation and re-carburization reaction can be matched by 

keeping the Rs above 0.8 [154]. A very high pressure difference between the inlet and outlet of the 

reactor during DRM reaction over Mo2C catalyst is the indication of the coke formation in DRM 

[156]. 

Rs =
PH2+PCO

PCO2+PH2O
          (79) 

Using a supported Ni-Mo2C catalyst for DRM at atmospheric pressure can also prevent the oxidation 

of Mo2C [170]. Re-carburization of MoO2 depends upon CH4 activation. At ambient pressure, the 

rate of CH4 dissociation is always smaller than that of CO2 in DRM over Mo2C catalyst. So, at low 

pressure oxidation of Mo2C is more expeditious than re-carburization of MoO2.  

DRM feed (CH4/CO2) ratio also influences the catalyst’s function. According to Silva et al. [124], 

a very low CH4/CO2 feed ratio negatively affects the performance of Ni-Mo2C/SiC, but with a very 

high DRM feed ratio the activity of this catalyst initially declines but then stabilizes and remains 

constant. When using stoichiometric DRM feed ratio over Mo2C catalyst, Rs is zero, oxygen species 

produced by CO2 dissociation can easily react with Mo2C to form MoO2 (Equation 64), and at Rs =
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0 coking also occurs at the bottom of the catalyst bed [164, 167, 176]. According to Darujati et al. 

[176], the reaction between CO2 and Mo2C C(surface) is the rate determining step. Rs must be 0.8 or 

above to prevent Mo2C from oxidation [176]. Introducing CO with a stoichiometric CH4/CO2 ratio 

gives the Rs of 1.5, which shifts RWGSR equilibrium from CO to H2, and the oxidation of Mo2C 

can be avoided [167, 176]. Increasing G does not increase CH4 conversion in DRM over Mo2C 

catalyst, but increasing Rs value and inverse space velocity (ISV) of CH4 enhances CH4 conversion, 

but the deposition of the produced C(s) (due to CH4 dissociation) on the catalyst surface can 

deactivate catalyst [176]. Rs value beyond 3.0 no more prevents the oxidation of Mo2C, because 

oxidizing gases can easily react with Mo2C [167, 176].  

GHSV in DRM reaction also has an influence on the activity of MC catalyst [115]. According to 

Claridge et al. [115], low GHSV improves the activity and stability of Mo2C catalyst for DRM 

reaction [115]. The results of the study of Li et al. [189] were also in agreement. But LaMont et al. 

[160] later proved that GHSV has no effect on the stability of Mo2C catalyst in DRM reaction. 

According to Sehested et al. [156], the affinity of C(s) formation in DRM reaction over Mo2C catalyst 

at low temperature, can be reduced by adjusting the CH4/CO2 ratio in such a way that O/C=1.7 and 

H/C=0.75 with constant GHSV [156]. Using conditions, such as high temperature, high pressure or 

increasing G at constant GHSV for DRM reaction can prevent the bulk oxidation of the Mo2C 

catalyst.  

In addition to temperature and pressure, the presence of impurities particularly sulfur (S) affects 

catalysis. S adsorbs on the catalyst surface and blocks the active sites. S can also react with the 

active catalyst species or substrates to form catalytically inactive species. Reaction feed must be S 

free for a successful catalysis. Sulfur adsorbs on Mo2C surface and forms inactive CS2 species by 

reacting with C(surface), the catalytic activity of Mo2C for DRM and DRCO (dry reforming coupled 

with partial oxidation) reaction declines [187]. Once the S adsorption reaches a saturation point, the 

activity of the Mo2C catalyst for DRM reaction becomes stable [187]. The effect of S can be 

minimized by increasing the reaction temperature [187]. 

Mo2C as a Catalyst for Plasma-assisted/Non-thermal DRM Reaction 

The use of non-thermal plasma (NTP) or di-electric barrier discharge (DBD) plasma can overcome 

or mitigate the high temperature (1120-1220K) requirement to process DRM. Catalyst deactivation 
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due to metal sintering in thermal catalytic DRM is also related to applying high thermal energy 

(1120-1220K) to complete the process, which can also be avoided by using NTP plasma instead of 

thermal energy to process the reaction because NTP plasma makes DRM possible at low (room) 

temperature [221]. 

The electron (e-) energy required to dissociate CH4 and CO2 is 4.5eV and 5.5eV, respectively [222]. 

DBD plasma generates energy in the range 1-10eV, that is high enough to break C―H and C═O 

[223]. In contrast to thermal catalytic DRM, CH4 conversion in DBD plasma-assisted DRM is 

always higher than CO2, because of direct decomposition of CH4 to solid C(s) and H2 (Equation 81) 

[221]. The minimum e- energy for direct CH4 dissociation to its constituents is 10eV, and DBD 

plasma is capable of generating this amount of energy [221, 224]. On the other hand, direct 

dissociation of CO2 to CO and O (Equation 82), requires a minimum e- energy of 11.9eV [224]. The 

imbalance between the conversion of both the DRM substrates (CH4 and CO2) creates a 

disproportion between C(s) production and removal rate. Excessive C(s) production and deposition 

on the inner walls of the reactor tube cause clogging of the reactor tube and ultimately cease the 

process. So, an ideal catalyst for DBD plasma-assisted DRM should be the one that can reduce 

coking by equalizing the C(s) production and removal rate, or in other words: can improve CO2 

dissociation to develop an equilibrium between CH4 and CO2 conversion. A MC, because of having 

a naturally very high affinity towards oxides, is one of the best choices for playing such a catalytic 

role. 

The reactions, e- impact vibrational excitation and dissociation, are responsible for the conversion 

of CH4 to CHx,x=1−3
∗  (∗= excited state) or to CHx,x=1−3 and H* or H2 (Equation 80), or directly to 

C(s) and H2 (Equation 81), depending upon the e- energy [221, 222, 224-227]. The combination of 

CHx,x=1−3
∗  or CHx,x=1−3 species leads to the formation of higher HCs. The e- impact vibrational 

excitation and dissociation reactions are also responsible for the conversion/dissociation of CO2 to 

CO or CO* and O or O− (Equation 82) [224]. At least 12 elementary e- vibrational-

excitation/dissociation reactions are possible in DBD plasma-assisted DRM [221, 224-227].  

CH4 + e− ⟶ (CHx,x=1−3
∗  or CHx,x=1−3) + (H∗ or H2) + e−     (80) 

CH4 + e− ⟶ C(s) + 2H2 + e−        (81) 

CO2 + e− ⟶ (CO∗ or CO) + O−or (O + e−)       (82) 
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Addition of β-Mo2C into Ni/Al2O3 is helpful in weakening the Ni-Al2O3 interaction and preventing 

the formation of NiAl2O4 species, which are inactive for catalyzing DRM [2, 195]. Treating Mo2C-

Ni/Al2O3 catalyst at 5000C for 1h by flowing 100ml/min 15vol% CH4/H2 gas mixture over it, before 

using it for DRM, induces Ni-Mo2C interface [2]. Strong Ni-Mo2C interaction in Mo2C-Ni/Al2O3 

results in the formation of Ni3C species, which in-turn improves Ni dispersion over Al2O3 support 

[2]. In DBD plasma-assisted DRM over Mo2C-Ni/Al2O3 catalyst, CH4/CO2 conversion, product (H2 

and CO) selectivity, and H2/CO ratio are better than DBD plasma-assisted DRM over Ni/Al2O3 

catalyst (Figure 15 (A-D)[2]) [2]. Improved Ni dispersion over Al2O3 support and Ni-Mo2C 

interaction are the reasons for the better catalytic activity of Mo2C-Ni/Al2O3 than Ni/Al2O3 [2]. 

Coking resistance and stability of Mo2C-Ni/Al2O3 catalyst is also higher than that of Ni/Al2O3 

(Figure 15 (E)[2]), in DBD plasma-assisted DRM [2]. This is because the C(s) species (filamentous 

and graphitic), which are inactive and difficult to oxidize, are produced more in the case of Ni/Al2O3 

catalyst and deposited on its surface [2]. In the case of Mo2C-Ni/Al2O3 catalyst, amorphous C 

species, which can easily be oxidized, dominate [2]. Increasing input power from 0-80W in DBD 

plasma-assisted DRM over Mo2C-Ni/Al2O3 catalyst, decreases CH4 and CO2 conversion (Figure 

15(F)[2]), but applying input power above 80W positively impacts the reactants’ conversion (Figure 

15(F)[2]) [2]. CH4 conversion remains higher than CO2 in all the cases when using input power 0-

120W (Figure 15(F)[2]) [2]. But applying input power above 120W improves the catalytic function 

of Mo2C-Ni/Al2O3, and CO2 conversion becomes higher than CH4 (Figure 15(F)[2]) [2]. To achieve 

similar substrates’ percentage conversions, and to prevent coking the input power and Ni/Mo ratio 

are very crucial in plasma-assisted DRM over Mo2C-Ni/Al2O3 catalyst. 
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Figure 15. (A-D) Stability performance of Mo2C-Ni/𝐴𝑙2𝑂3 with Ni/Mo = 2, Ni/𝐴𝑙2𝑂3 and quartz 

sands (the blank experiment) in DRM reaction under plasma-catalytic condition. (A) 

CH4 conversion; (B) CO2 conversion; (C) the selectivity of CO, C2, C3 products from the gas 

analysis at reaction time of 675min; (D) the selectivity of H2 and H2/CO ratio from the gas analysis 

at reaction time of 675min. (E) Amount of coke over the spent catalysts from the O2-TPO analysis 

Reaction conditions: discharge length = 10mm, input power = 112W, WHSV = 50000mL/g/h, 

CH4/CO2/Ar = 1/1/8, the temperature of catalytic bed was ca. 470oC and there was no additional 

thermal input. (F) Catalytic performance at different input powers over the Mo2C-Ni/𝐴𝑙2𝑂3 with 

Ni/Mo = 2 catalyst under plasma-catalysis condition. Reaction conditions: WHSV = 50000mL/g/h, 

discharge length = 10mm, CH4/CO2/Ar = 1/1/8, the temperature of catalytic bed was ca.170–425oC 

and there was no additional thermal input. Reproduced with the permission from [2]. 

Mo2C as Catalyst for Other CH4 Reforming-based H2 Production Technologies 

Steam Reforming of CH4 (SRM) 

SRM is a highly mature technology in comparison with other H2 production technologies/methods. 

However, catalyst deactivation due to coking is still a problem that needs to be addressed. Due to 

having anti-coking properties, MCs have the potential to be considered for catalyzing SRM reaction. 

A summary of the performance of TMC-based catalysts for SRM is provided in Table 4. In the case 
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of an unsupported Mo2C catalyst, there is only β-Mo2C phase, and is less active than α-MoC1-x phase 

for SRM reaction [228]. Using 7000C temperature in TPR of the Mo2C catalyst’s precursor, results 

in the synthesis of the most active/stable Mo2C catalyst for SRM reaction [229]. TPR of Mo2C 

catalyst’s precursor at a very high temperature (above 7000C) gives Mo2C catalyst with a very small 

specific surface area or a small number of active sites available for catalyzing a reaction like SRM 

[229]. Mo2C/Al2O3 is more active/stable than unsupported Mo2C catalyst for SRM reaction because 

in Mo2C/Al2O3, both the phases: α-MoC1-x and β-Mo2C coexist, and α-MoC1-x is very active for 

SRM reaction [229]. In terms of Mo2C particles supported on zeolite Y, Mo2C/FAU is not an active 

catalyst for SRM reaction (Figure 16 (a-d)[228]) [228]. However, the catalytic activity/stability of 

Ni/FAU for SRM reaction can be improved by adding Mo2C in its structure (Figure 16 (a-d)[228]). 

The introduction of Mo2C in Ni/FAU catalyst structure makes Ni particles smaller, and the 

dispersion of Ni particles on support is also better in Ni-Mo2C/FAU. In SRM reaction over Ni-

Mo2C/FAU catalyst, Mo2C prevents the oxidation and sintering of Ni. Mo2C reduces the amount of 

energy required for the activation of SRM reaction substrates and promotes CH4 conversion, which 

in turn increases coking. Mo2C wt.% in Ni-Mo2C/FAU catalyst must be optimized in a way that 

there is a balance between C(s) formation and C(s) consumption during SRM reaction. This can be 

done by increasing the activity of H2O(s) or increasing the H2O(s)/CH4 feed ratio. 
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Figure 16. (a-d) Performance test of Ni/FAU, Ni-Mo2C/FAU with 5wt% Mo, and Mo2C/FAU with 

5wt% Mo in SRM at T = 850°C, P = 1atm, H2O(s)/CH4 = 1, CH4 flow = 20.3sccm with 55 mg of 

catalyst, and bed height of 0.4cm. (a) CH4 conversion; (b) H2 yield; (c) CO yield; and (d) CO2 yield. 

Reproduced from [228]. (e) CH4 conversion, (f) CO2 conversion, and (g) H2:CO production ratio 

for various amounts of CO2 and H2O oxidants at T = 9500C, over Ni-Mo2C catalyst. Error bars 

represent the 95% confidence interval for each measurement. Reproduced from [174]. (h) 

Conversion of CH4 vs. TOS (reaction conditions: T = 1123 K, P = ambient, CH4/O2 = 2.05/1 and 

GHSV = 2 × 105 ml/h-g) over catalysts: Mo–Ni, 0.5% Ni, 35.4% Mo2C/Al2O3; Mo–Cu, 1.4% Cu 

35.4% Mo2C/Al2O3; Mo, 35.4% Mo2C/Al2O3; Ni, 0.5% Ni/Al2O3; Mo–K, 1.2% K 35.4% 

Mo2C/Al2O3; mass ratio %). Reproduced from ([230]). (i-j) Catalytic performance of (i) WxC-NR/γ-
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Al2O3 and (j) WxC-NP/γ-Al2O3, for DRM reaction at T = 1173K, P = 1atm, CH4/CO2 = 1 and flow 

= 30 mLmin–1. Reproduced from [231].
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Table 4: Summary of the catalytic performance of TMCs for CH4 reforming reactions (other than DRM).  

Active 

Site 

Support SM, 

RT 

App Synthesis Conditions Reaction Conditions Feed Comp. Max Con [%] Selectivity [%] Comment Refs 

Mo2C 

 

 

Mo2C 

 

  

 – 

 

 

Al2O3 

SM: TPR 

RT:  – 

SRM 

2004 

P:  – / T: 7000C 

TR: 100C/min 

CH4/H2: 20%v/v 

Flow: 4l/h 

TC: 3h 

P: 1atm /T: 7000C 

GHSV:  – 

CH4 flow: 40ml/min 

H2O(s) flow: 6.5ml/h 

TOS: 6h 

CH4: 1 

H2O(s): 4 

 

CH4: 40.0 

 

 

CH4: 95.0 

 

H2: 40.0 

CO:  – 

H2/CO:  – 

H2: 70.0 

CO: 25.0 

H2/CO:  – 

Al2O3 supported Mo2C is more active/stable than 

unsupported Mo2C catalyst for SMR reaction. 

Using 7000C temperature in TPR of Mo2C 

catalyst precursor, results in the most 

active/stable Mo2C catalyst for SMR reaction. 

[229] 

Ni-Mo2C 

 

 

 – 

 

SM: TPR 

RT:  –  

SRM 

2016 

P:  – / T: 7000C 

TR: 10C/min 

CH4/H2: 20%v/v 

Flow: 50sccm 

TC: 2h 

P:  – 

T: 9500C 

GHSV:  – 

Flow: 120sccm 

TOS: 300mins 

CH4:  – 

H2O(s):  – 

 

CH4: 70.0 

 

H2: 40.0 

CO:  – 

H2/CO: 300.0 

 

In SMR reaction over Ni-Mo2C catalyst, H2/CO 

product ratio increases with increasing H2O(s) in 

the feed. 

 

[174] 

Ni-Mo2C 

 

 

Zeolite HY SM: TPR 

RT: FBR 

SRM 

2022 

P:  – / T: 7000C 

TR: 10C-50C/min 

CH4/H2: 15vol% 

Flow: 85sccm 

TC: 2h 

P: 1atm 

T: 8500C 

GHSV:  – 

CH4 Flow: 20sccm 

TOS: 27h 

CH4: 1 

H2O(s): 1 

 

CH4: 70.0 

 

 

H2: 70.0 

CO: 70.0 

H2/CO:  – 

 

Mo2C is not an active catalyst for SMR reaction. 

In SMR reaction over Ni catalyst, Ni sintering, 

and formation of NiO species cease the catalysis. 

Ni-Mo2C catalytic synergism gives a very high 

H2/CO yield in SMR reaction.  

[228] 

α-Mo2C 

 

β-Mo2C 

 

η-Mo3C2 

 

–  

SM: TPR 

RT:  – 

 

CH4 

Reform 

2000 

P:  – / T: 873-1173K 

TR: 1K/min 

CH4/H2: 20%v/v 

Flow: 4l/h 

TC: 3h 

P:  – 

T: 973K 

GHSV:  – 

Flow: 15ml/min 

TOS: 7h 

CH4: 1 CH4: 40.0 

 

CH4: 50.0 

 

CH4: 50.0 

 

H2:  – 

CO:  – 

H2:  – 

CO:  – 

H2:  – 

CO:  – 

α-Mo2C changes to β-Mo2C, when used as a 

catalyst for CH4 reforming reaction. 

β-Mo2C synthesized by carburizing at 873K is an 

active and stable catalyst for CH4 reforming. 

η-Mo3C2 is the active specie for CH4 reforming 

reaction, as it maximizes the CH4 conversion rate. 

[163] 

Mo2C 

 

Ni-Mo2C 

 

Cu-Mo2C 

 

K-Mo2C 

 

Al2O3 
SM: TPR 

RT: FBR 

POM 

2003 

P: 1atm / T: 1123K 

TR: 1-10K/min 

CH4/H2: 20vol% 

Flow: – 

TC: 2h 

P: 1atm 

T: 1123K 

GHSV: 2×105ml/hg 

Flow:  – 

TOS: 105min 

CH4:O2=2.05 

 

CH4: 84 

 

CH4: 96 

 

CH4: 74 

 

CH4: 62 

H2: 96.0 

CO: 96.0 

H2: 61.5 

CO: 64.0 

H2: 70.0 

CO: 73.0 

H2: 41.0 

CO: 41.0 

Ni is the best promoter for Mo2C catalyst to 

increase the CH4 conversion in POM. 

 

[230] 

Co0.2W0.8

Cx 

 

Co0.2W0.8

Cx 

– 

 

 

Al2O3 

SM: TPR 

RT:  – 

POM 

2009 

P:  – / T: 900K 

TR: 1K/min 

C2H6/H2: 10%v/v 

Flow: 100ml/min  

TC:  – 

P: 4.5bar, 5.5bar 

T: 8300C, 8500C 

GHSV: 30000mlg-1h-1 

Flow:  – 

TOS: 100h, 70h 

CH4:O2=2.7 

 

 

CH4/O2/N2=33

/11/44 

 

CH4: 75.0 

 

CH4: 53.0 

 

 

H2:  – 

CO: 93.0 

H2/CO: 201.0 

H2:  – 

CO: 85.0 

H2/CO: 201.0 

The bulk Co0.2W0.8Cx catalyst is more active than 

the supported one for POM. 

Using a combustion catalyst in series with a MC 

catalyst enhances the stability of the carbide 

phase in POM. 

[232] 

Ni-Mo2C 

 

 

 – SM: TPR 

RT:  – 

SCRM 

2016 

P:  – / T: 7000C 

TR: 10C/min 

CH4/H2: 20%v/v 

Flow: 50sccm 

P:  –  

T: 9500C 

GHSV:  –  

Flow: 120sccm 

CH4:  – 

CO2:  – 

H2O(s):  – 

N2:  – 

CH4: 70.0 

CO2: 100.0 

 

H2:  – 

CO:  –  

H2/CO: 150.0 

 

Ni-Mo2C is a good catalyst to catalyze SCRM. 

H2/CO yield can be increased by increasing 

H2O(s) flow in the reactant stream.  

[174] 
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TC: 2h TOS: 300mins   Increasing the CO2 flow in the reactants’ stream 

decreases H2/CO yield. 

Ni-Mo2C 

 

 

ZrO2 SM: TPC 

RT: FBR 

SCRM 

2018 

P:  – / T: 8500C 

TR: 10C-50C/min 

H2/N2: 10vol% H2 

Flow: – 

TC: 30mins 

P:  – 

T: 7000C 

GHSV: 36000mlg-1h-1 

Flow: 30ml/min 

TOS:  – 

CH4: 1 

CO2: 0.4 

H2O(s): 0.8 

N2: 1 

 

CH4: 75.0 

CO2: 55.0 

 

 

H2: 95.0 

CO: 98.0 

H2/CO:  – 

 

Ni-Mo2C catalyst synthesized by the TPR method 

and glucose as the C source shows very good 

resistance against coking in SCRM reaction. 

[233] 

Mo2C-Ni 

 

 

ZrO2 SM: TPR 

RT: FBR 

SCRM 

2015 

P:  – / T: 8500C 

TR: 2-50C/min 

CH4/H2: 20%v/v 

Flow: – 

TC: 30mins 

P:  –  

T: 7000C 

GHSV: 36000mlg-1h-1 

Flow:  – 

TOS: 20h 

CH4: 1 

CO2: 0.4 

H2O(s): 0.8 

N2: 1 

 

CH4: 98.0 

CO2: 80.0 

 

H2:  – 

CO:  – 

H2/CO: 200.0 

 

Mo2C promoted Ni/ZrO2 catalyst remains stable 

for a very long period of time in SCRM reaction.  

 

[90] 

La-Ni-

Mo2C 

 

 

Al2O3 SM: TPR 

RT: FBR 

TRM 

2015 

P:  – / T: 7000C 

TR: 10C/min 

CH4/H2: 20vol% 

Flow: 40ml/min 

TC: 2.5h 

P:  – 

T: 8500C 

GHSV:  – 

Flow: 4600mlh-1 

TOS:  – 

CH4: 1 

O2: 0.16 

CO2: 0.39 

H2O(s): 0.30 

 

CH4: 95.0 

CO2: 85.0 

 

H2: 95.0 

CO: 85.0 

H2/CO:  – 

 

La is the best additive to enhance the catalytic 

activity of Ni-Mo2C/γ-Al2O3 for TRM, especially 

at low temperature. 

 

[234] 

Ni-Mo2C 

 

 

Al2O3 SM: TPR 

RT: FBR 

TRM 

2017 

P:  – / T: 7000C 

TR: 10C/min 

CH4/H2: 20vol% 

Flow: 40cm3/min 

TC: 2.5h 

P:  – 

T: 8500C 

GHSV:  – 

Flow: 4600cm3h-1 

TOS:  – 

CH4: 1 

O2: 0.16 

CO2: 0.39 

H2O(s): 0.30  

 

CH4: 93.0 

CO2: 83.0 

 

H2: 93.0 

CO: 83.0 

H2/CO:  – 

 

Co-impregnation of Ni and Mo metal into γ-

Al2O3 support followed by TPR gives the most 

active Ni-Mo2C/γ-Al2O3 catalyst for TRM. 

[235] 

Ni-WC 

 

 

 – SM: 

Annealing 

RT: FBR 

PCDR 

2023 

P:  – / T: 9800C 

TR: 100C/min 

N2: 100% 

Flow: – 

TC: 6h  

P:  – 

T: 8000C 

GHSV:  – 

Flow:  – 

TOS:  – 

Pyrolysed 

Plastic: 1 

CO2: 1 

 

 ̶ 

 

H2:  – 

CO:  – 

H2/CO:  – 

 

Ni-WC catalyst enhances the syngas yield in dry 

reforming of pyrolyzed plastics. 

H2/CO yield depends upon the type of plastic 

used as feed.  

[236] 
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H2O(s)-CO2 bi-reforming of CH4 (SCRM) 

SCRM is a technology that helps in producing syngas with desired H2/CO ratio. MCs have also been 

investigated for catalyzing SCRM. A summary of the performance of TMC-based catalysts for 

SCRM is provided in Table 4. Ni-Mo2C catalyzes SCRM reaction, and the produced H2/CO ratio 

depends upon the H2O(s) and CO2 flow in the substrates’ stream (Figure 16 (e-g)[174]) [174]. 

Increased H2O(s) and CO2 flow impact H2/CO product ratio positively and negatively, respectively 

(Figure 16 (e-g)[174]). Oxidation of Mo2C to MoO2 primarily causes the deactivation of Ni-Mo2C 

catalyst in SCRM reaction, and the time at which the oxidation of Mo2C starts in SCRM reaction 

does not follow a certain trend regardless of changing reaction feed composition with a specific 

pattern. Mo2C, when used as a promoter, improves the catalytic activity of other supported metal 

catalysts. Mo2C promoted Ni/ZrO2 catalyst is very stable in catalyzing SCRM reaction [90]. Without 

Mo2C, sintering of Ni, and coking deactivate Ni/ZrO2 catalyst in SCRM reaction. The addition of 

Mo2C in Ni/ZrO2 structure does not inhibit the Ni sintering during SCRM reaction but decreases the 

size of Ni particles, improves the Ni dispersion over ZrO2 support, enhances Ni-ZrO2 interaction, 

prevents the oxidation of Ni, and finally allows only C(s) with whisker structure to be deposited on 

the catalyst surface. The C(s) with whisker structure does not block the active sites, like C(s) with 

shell-like structure does. In this way, Mo2C helps Ni/ZrO2 catalyst to remain stable for a very long 

period in SCRM reaction. Mo2C-Ni/ZrO2 catalyst with Mo2C wt.% of 0.5 exhibits the best catalytic 

performance for SCRM reaction. Using glucose than CH4/H2 gas mixture, as the C source, in 

synthesizing Ni-Mo2C/ZrO2 catalyst by TPR method, results in Ni-Mo2C/ZrO2 catalyst, which 

shows excellent coking resistance and activity in SCRM reaction, but gives H2/CO yield less than 

unity [233]. Ren et al. [233] attributed increased coking resistance of Ni-Mo2C/ZrO2 catalyst in 

SCRM reaction to small (9.1nm) Ni particles, intensified Ni-Mo2C interaction, improved Ni-ZrO2 

interaction, and increased CO selectivity. 

Partial Oxidation of CH4 (POM) 

POM gives H2 rich syngas yield. In MC catalysis at low pressure, oxygen species present in the 

system oxidize MC into MO2. A summary of the performance of TMC-based catalysts for POM is 

provided in Table 4. In POM over Mo2C/Al2O3 catalyst, CH4 conversion decreases over time (Figure 

16 (h)[230]) due to oxidation of the carbide phase [230]. Introducing Ni or Cu as a promoter 

improves the activity/stability of Mo2C/Al2O3 catalyst for the POM (Figure 16 (h)[230]) [230]. This 

is because Ni and Cu help in the reduction of MoO3 to MoO2, and then also in the carburization/re-
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carburization of MoO2 to oxycarbide or Mo2C (Equation 33) by CH4 decomposition [230]. The 

individual role of Ni, Cu, and Mo2C in CH4 activation is not worthy (Figure 16 (h)[230]), but the 

synergetic action of Mo2C and Ni or Cu helps in CH4 dissociation (Figure 16 (h)[230]) and 

increasing H2/CO yield [230]. Ni is better than Cu as a promoter for Mo2C (Figure 16 (h)[230]) 

[230]. Without Ni, CH4 reduction of MoO3 results in CO, CO2 or H2O, depending upon the reducing 

temperature [230]. K makes Mo—O bond even stronger in MoO3 so, it’s not a good promoter for 

Mo2C [230]. Co0.2W0.8Cx catalyst is more active than Mo2C for the POM [232]. The catalytic 

activity/stability of Co0.2W0.8Cx for POM increases with increasing CH4/O2 feed ratio and pressure, 

which in-turn enhances the product selectivity or syngas yield [232]. At low pressure, the carbide 

phase is oxidized and H2/CO product ratio declines over time, but CO2 selectivity increases [232]. 

The carbide phase increases the rate of the POM reaction. The concentration of Co0.2W0.8Cx phase 

in Co0.2W0.8Cx/Al2O3 is not as much as in the bulk phase, therefore, Co0.2W0.8Cx is more active than 

Co0.2W0.8Cx/Al2O3 in catalyzing POM reaction.  

MCs are very sensitive to O2. To prevent the oxidation of the MCs with O2, Xiao et al. [232] 

proposed a strategy of using a combustion catalyst in the way, before the feed gas (CH4 + 1 2⁄ O2) 

reaches to the oxygen sensitive carbide catalyst inside the reactor. This combustion catalyst could 

help in completely utilizing the feed O2 for the combustion of 25% of the feed CH4 (Equation 7). In 

this way, only the rest of the CH4 feed and combustion products (CO2 + H2O) would reach the 

carbide catalyst, and the reaction between MC and O2 could be prevented, or the oxidation of the 

carbide phase could be prevented. Xiao et al. [232] proposed the usage of BaMn2Al10O19 as the 

combustion catalyst.   

Not only the catalyst but reactor also influences the kinetics of a chemical reaction, and ultimately 

the product quality. Using a reactor, made up of carbide material, for the POM reaction results in 

the formation of unwanted inactive micro and nano species that affect the POM reaction rate and 

yield [237]. 

Tri-reforming of CH4 (TRM) 

In TRM, the monitored/regulated use of all oxides (H2O(s), CO2, and O2) is advantageous in 

producing syngas with desired H2/CO ratio, and also in preventing the catalyst from deactivation 

due to coking. A summary of the performance of TMC-based catalysts for TRM is provided in Table 
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4. Zou et al. [234] examined the catalytic role of Ni-Mo2C/γ-Al2O3 for TRM by adding La, Ce, Co, 

Mg, and K elements as promoters  in its structure. At low temperature, the activity of all other 

catalysts was found to be very poor except La-Ni-Mo2C/γ-Al2O3. Ce and Co promoted catalysts 

degraded over time. Mg promoted coking while K disturbed the carburization cycle by making 

Mo—O stronger and producing MoO3, and exhibited the worst role in boosting the catalytic action 

of Mo2C/γ-Al2O3 for TRM [230, 234]. Co-impregnation of Ni and Mo metal into the γ-Al2O3 

support followed by TPR gives the most active Ni-Mo2C/γ-Al2O3 catalyst for TRM [235]. This is 

because co-impregnation of Ni and Mo into γ-Al2O3 support results in NiMoO4 precursor which is 

easier to reduce/carburize than MoO3 and MoO2, due to the presence of Ni, and Ni helps in the 

carburization process [235]. 

With a particular focus on TRM, it is worthwhile to mention that silicon carbide (SiC) can also be 

potentially used as an effective support for Ni-Mo2C or Ni catalyst. SiC as a support for Ni catalyst 

promotes H2O(s) conversion more than CO2 conversion in TRM reaction and produces a very high 

H2/CO ratio [93]. This is because there is strong metal-support interaction in Ni/SiC catalyst which 

forms very strong basic sites [93]. Due to the presence of strong basic sites and the strong acidic 

nature of CO2, the desorption of CO2 requires more energy than that of H2O(s) [93]. Metal-support 

interaction and particle size in Ni/SiC catalyst depend upon the Ni source used in synthesizing 

Ni/SiC catalyst [93]. H2/CO yield in TRM reaction over Ni/β-SiC catalyst can be increased by 

increasing the H2O and O2 flow in the reactant stream [238]. Increasing only the flow of O2 helps 

in processing the TRM reaction at optimum temperature/pressure conditions [238]. Gracia-Vargas 

et al. [239] used Na, K, Mg, and Ca as promoters to improve the catalytic activity/stability of Ni/β-

SiC for TRM reaction. Na, Ca, and K negatively affect the catalytic activity/stability of Ni/β-SiC by 

catalyzing the oxidation of the carbide phase, but Mg-Ni/β-SiC with Ni/Mg molar ratio 1/2 and 1/1 

exhibited the best catalytic action for TRM reaction [239]. Ca influenced the basic sites in Ni/β-SiC 

positively, but the obtained CO2 conversion rate was not desirable because Ca increased the rate of 

WGSR (Equation 3) as well [239]. The addition of Mg in the Ni/β-SiC catalyst structure made Ni 

particles smaller, Mg also improved the basicity and coking resistance of Ni/β-SiC for catalyzing 

TRM reaction [239]. Mg-Ni/β-SiC catalyst synthesized by impregnating β-SiC support with Mg 

first and then Ni showed the highest activity and coking resistance in TRM reaction [240]. Reversing 

the impregnation order blocks the Ni active sites, and also affects Ni-Mg, and metal-support 
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interaction [240]. In TRM reaction over Mg-Ni/β-SiC catalyst, to obtain the best possible substrate 

conversion percentage and H2/CO yield, Ni/Mg molar ratio should be 1/1 [240]. 

Tungsten Carbide (WC) 

Pt like behavior of WC in surface catalysis [57] was the motivation for considering it as an 

alternative to a noble metal catalyst for DRM reaction. A summary of the performance of simple 

(un-promoted and unsupported) and supported WC catalysts for DRM reaction is provided in Table 

5. Claridge et al. [115] found α-WC catalyst less active than Mo2C and noble metal catalysts, for 

DRM reaction, and the sequence of the catalytic activity for DRM reaction is 

5wt%Ru/Al2/O3>Mo2C≈5wt%Ir/Al2/O3>5wt%Rh/Al2/O3>WC. However, the stability and coking 

resistance of α-WC catalyst for DRM reaction was comparable with that of Mo2C and noble metal 

catalysts. Claridge et al. proposed two possible mechanisms for DRM reaction over WC catalyst, 

exactly similar to the two possible mechanisms of DRM reaction over Mo2C catalyst. The first type 

of mechanism is called oxidation-re-carburization or cyclic or redox mechanism (Equations 83-87). 

According to this mechanism, the first CO2 adsorbs on the surface of the WC and dissociates into 

CO and O* (Equation 83). In the second stage, O* reacts with the surface carbon (C(surface)) of the 

WC to produce CO and leaves behind a C vacancy (□) on the surface of the WC (Equation 84). This 

C vacancy is either filled by O* (the first step towards the deactivation of WC due to oxidation) 

(Equation 85) or C* (C generated by CH4 bond cleavage adsorption (Equation 86), and again giving 

fresh/intact WC) (Equation 87). From WC, C(surface) plays the most significant role rather than bulk 

C, for catalyzing DRM reaction, because metallic oxide overlayers are commonly observed rather 

than pure metallic W, in the post reaction analysis of the WC catalyst. The second type of 

mechanism is called the noble metal type mechanism (Equations 83, 86 and 88). In this type of 

mechanism, CO2 dissociative adsorption gives CO and O* (Equation 83). After this, CH4 adsorption 

and bond cleavage give C* and H2 (Equation 86). In the final step, O* and C* react to give CO 

(Equation 88), and it is the most important reaction that distinguishes the noble-metal type 

mechanism from the redox mechanism. In DRM over WC catalyst, CO2 conversion is always higher 

than CH4 due to RWGSR or due to the reaction between WC and CO2 (Equation 89), or due to the 

oxidation of the deposited C(s) by CO2 (Equation 31) [241]. H2/CO yield can be increased by 

increasing CH4/CO2 feed ratio [241].  

CO2 ⟶ CO + O∗       (83) 
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WC(surface) + O∗ ⟶ W(□) + CO        (84) 

W(□) + O∗ ⟶ WO          (85) 

CH4 ⟶ C∗ + 2H2          (86) 

W(□) + C∗ ⟶ WC          (87) 

O∗ + C∗ ⟶ CO           (88) 

WC + CO2 ⟶ W + 2CO         (89)
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Table 5: Summary of the catalytic performance of WxC-based catalysts for DRM reaction. 

Active 

Site 

Support SM, 

RT 

App Synthesis Conditions Reaction Conditions Feed 

Comp. 

Max Con 

[%] 

Selectivity 

[%] 

Comment Refs 

WC 

 

 

– SM: TPR 

RT:  – 

DRM 

1997 

– P: 8.3bar /T: 1120K 

GHSV: 2.8×103h-1 

Flow:  – (TOS: 144h) 

CH4: 1 

CO2: 1 

 

CH4: 62.7 

CO2:  – 

 

H2:  – 

CO: 68.7 

H2/CO: 79.0 

WC catalyst remains stable in DRM reaction at 

elevated pressure.  

 

[114] 

α-WC 

 

 

– SM: TPR 

RT: PBR 

DRM 

1998 

P: – / T: 1000-1150K 

TR: 1K/min 

CH4/H2: 20%v/v (Flow: –) 

TC:  – 

P: 1bar / T: 1120K 

GHSV: 2.87×103h-1 

Flow:  – 

TOS: 28h 

CH4: 1 

CO2: 1 

 

CH4: 92.0 

CO2: 93.1 

 

H2:  – 

CO: 92.6 

H2/CO: 94.0 

 

α-WC catalyst is slightly less active than Mo2C and 

noble metal catalysts for DRM reaction. 

The coking resistance of α-WC in DRM reaction is 

similar to that of Mo2C and noble metal catalysts.  

[115] 

α-WC 

 

 

– SM: TPR 

RT: PBR 

DRM 

1998 

P:  – / T: 1000-1150K 

TR: 1K/min 

CH4/H2: 20%v/v (Flow: –) 

TC:  – 

P: 8.3bar / T: 1120K 

GHSV: 2.87×103h-1 

Flow:  – 

TOS: 72h 

CH4: 1 

CO2: 1 

 

CH4: 62.7 

CO2: 75.4 

 

H2:  – 

CO: 68.6 

H2/CO: 79.0 

 

α-WC catalyst is more resistive against oxidation at 

high pressure, in DRM reaction. 

 

[115] 

WC 

 

 

– SM: 

Calcination 

RT: FBR 

DRM 

2002 

P:  – / T: 400-9000C 

Non-O-containing acyclic 

compound + Tungsten salt 

TC: 1-5h 

P: 1atm / T: 8500C 

GHSV: 5040cm3g-1h-1  

Flow: – 

TOS: – 

CH4: 1 

CO2: 1 

 

CH4: 90.0 

CO2: 99.7 

 

H2:  – 

CO: 86.6 

H2/CO: 101.0 

 

The catalytic activity of WC increases with 

increasing temperature for the DRM reaction. 

 

[159] 

WC 

 

 

– SM: TPR 

RT:  – 

DRM 

2007 

P:  – / T: 973K 

TR: 1K/min 

CH4/H2: 20%v/v (Flow:–) 

TC: 3h 

P: – / T: 1123K 

GHSV: – 

Flow:  – 

TOS: 6h 

CH4: 1 

CO2: 1 

 

CH4: 40.0 

CO2: 60.0 

 

H2:  – 

CO:  –  

H2/CO:  – 

 

Nitridation of oxide precursor at 973K for 3h before 

TPR helps in synthesizing a more stable WC 

catalyst for DRM reaction. 

 

[126] 

WC 

 

 

– SM:  – 

RT:  – 

DRM 

2019 

– P:  – / T: 6680C 

GHSV:  – 

Flow: 50cm3/min 

TOS: 60h 

CH4: 1 

CO2: 1 

 

CH4:  – 

CO2:  – 

 

 

H2:  – 

CO:  – 

H2/CO: 60.0 

 

The C is produced in DRM reaction over the WC 

catalyst. 

 

[242] 

WC 

 

 

WC 

 

– SM: MC 

RT:  – 

 

SM: PMC 

RT:  – 

DRM 

2019 

P: – / T: – / TR: – 

Mg/C:  – 

TC: 5-9h  

P:  – / T: – / TR:  – 

Mg/C:  – 

TC: 2.15h 

P:  – 

T: 9500C 

GHSV:  – 

Flow: 50cm3/min 

TOS: 60h 

CH4: 1 

CO2: 1 

 

CH4: 18.9 

CO2:  – 

 

CH4: 26.0 

CO2:  – 

 

H2:  – 

CO:  – 

H2/CO: 175.0  

H2:  – 

CO:  – 

H2/CO: 174.0 

The nano-WC catalyst synthesized by the PMC 

method is more active than nano-WC synthesized 

by the MC method, for DRM reaction. 

The activity of the WC catalyst for DRM reaction 

increases in proportion with increasing temperature 

and decreasing particle size. 

[242] 

WC+W2

C 

 

 

– SM: PMC 

RT:  – 

DRM 

2019 

P:  – / T: – 

TR:  –  

Mg/C: – 

TC: 2.15h 

P:  – / T: 8430C 

GHSV:  – 

Flow: 50cm3/min 

TOS: 60h 

CH4: 1 

CO2: 1 

 

CH4:  – 

CO2:  – 

 

H2:  – 

CO:  – 

H2/CO: 230.0 

 

WC is an active specie for catalyzing the DRM 

reaction. 

 

[242] 

WC 

 

 

BC SM: TPR 

RT: FBR 

DRM 

2015 

P:  – / T: 10000C 

TR: 100C/min 

N2: 100% (Flow: –) 

TC: 3h 

P: 0.5MPa / T: 8500C 

GHSV: 6000h-1 

Flow: – 

TOS: 500h 

CH4: 1 

CO2: 1 

 

CH4: 83.0 

CO2: 95.0 

 

H2:  – 

CO:  – 

H2/CO: 91.0 

 

Biochar can be used as the C source in synthesizing 

WC by TPR of tungsten oxide precursor.  

WC/BC is an active catalyst for DRM reaction. 

 

[241] 

WxC-

NR 

 

𝛾-Al2O3 
SM: TPR 

RT: PBR 

DRM 

2019 

P: – 

T: 1173K 

TR: 2K/min 

P: 1atm 

T: 1173K 

GHSV: – 

CH4: 1 

CO2: 1 

 

CH4: 45.0 

CO2: 55.0 

 

H2: 30.0 

CO: 50.0 

H2/CO:  – 

The shape and phase of the crystal structure of WC 

catalyst affect its activity and stability in DRM 

reaction. 

[231] 



81 
 

WxC-NP 

 

CH4/H2: 1:4 (40ml/min) 

TC: 1h 

Flow: 30ml/min 

TOS:  – 

CH4: 92.0 

CO2: 82.0 

 

H2: 55.0 

CO: 75.0 

H2/CO:  – 

 

WC-AC 

 

 

Co 

 

 

– 

 

 

WC-AC 

SM: TPR 

RT: FBR 

DRM 

2019 

P:  – 

T: 9500C 

TR: 20C/min 

H2: 1 (150ml/min) 

TC: 2h 

P: 1atm 

T: 8000C 

GHSV: 2400mlg-1h-1 

Flow: 100ml/min 

TOS: 700min 

CH4: 1 

CO2: 1 

 

CH4: 20.0 

CO2: 15.0 

 

CH4: 95.0 

CO2: 95.0 

 

H2:  – 

CO:  – 

H2/CO: 280.0 

H2:  – 

CO:  – 

H2/CO: 92.0 

WC-AC composite support itself has very poor 

catalytic performance for DRM reaction. 

WC-AC support synthesized by carburizing the 

precursor under H2 in the TPR method enhances the 

catalytic performance of Co metal for DRM. 

[243] 

WC 

 

 

WC 

 

– 

 

 

 

Al2O3 

SM: TPC 

RT: FBR 

 

SM: TPC 

RT: MR 

DRM 

2019 

P:  – 

T: 8000C 

TR: 8000C/h 

CH4/H2: 60/40 by vol 

CH4/H2 flow: 50cm3/min 

TC: 2h 

P: 1atm / T: 9700C 

GHSV:  – 

Flow: 10ml/min (TOS: –) 

P: 1atm / T: 9000C 

GHSV:  – 

Flow: 20ml/min (TOS: –) 

CH4: 1 

CO2: 1 

 

CH4:  – 

CO2:  – 

 

 

CH4:  – 

CO2:  – 

H2: 49.0 

CO: 48.84 

H2/CO:  – 

H2: 25.0 

CO: 44.0 

H2/CO:  – 

Membrane MCs intensify the direct reaction 

between CH4 and CO2, as catalysts in DRM 

reaction. 

 

[244] 

Co6W6C 

 

 

– SM:   ̶

RT: SiO2-lined 

DRM 

2004 

– P: 5atm / T: 8500C 

GHSV:  – 

WHSV: 11200scch-1g-1 

Flow:  – 

TOS: 90h 

CH4: 1 

CO2: 1 

Ar: 3 

 

CH4: 82.0 

CO2: 78.0 

 

H2:  ̶ 

CO: 76.0 

H2/CO: 100.0 

 

Co6W6C shows remarkable activity for DRM 

reaction at high temperature, and its activity is not 

affected by C production/deposition. 

 

[245] 

Co6W6C 

 

 

– SM: TPR 

RT: FBR 

DRM 

2005 

P:  – / T: 8500C 

TR: 150C/min 

CO2/CO: 0.75 

CO2/CO flow:  –  

TC: 24h 

P: 3.4atm / T: 8500C 

GHSV:  – 

WHSV: 9000scch-1g-1 

Flow:  – 

TOS: 100h 

CH4: 1 

CO2: 1 

 

CH4: 70.0 

CO2: 70.0 

 

H2:  – 

CO: 55.0 

H2/CO: 173.0 

 

The Co6W6C is an active and stable catalyst for 

DRM reaction at high temperature. 

The CO2/CO ratio in the carburization of the 

precursor Co(en)3WO4 plays a key role in 

synthesizing an active and stable Co6W6C catalyst 

for DRM. 

[246] 

Co-WC 

 

 

Ni-WC 

 

 

– 

SM: TPR 

RT: FBR 

DRM 

2006 

P: 1atm / T: 8500C 

TR: 150C/min 

CO2/CO: 0.5 

CO2/CO flow:  – 

TC: 24h 

P: 3.4atm / T: 8500C 

GHSV:  – 

WHSV: 9000scch-1g-1 

Flow:  – 

TOS: 100h 

CH4: 1 

CO2: 1 

 

CH4: 78.0 

CO2: 70.0 

 

CH4: 85.0 

CO2: 78.0 

 

H2:  ̶ 

CO: 58.0 

H2/CO: 165.0 

H2:  ̶ 

CO: 78.0 

H2/CO: 162.0 

A different CO2/CO ratio is required to synthesize 

Ni-WC and Co-WC by the TPR method. 

At low temperature, the Ni-WC catalyst is better 

than Co-WC for DRM reaction. 

 

[247] 

Ni-WC 

 

 

– SM: TPR 

RT:  – 

DRM 

2016 

P:  – / T: 8500C 

TR: 10C/min 

CH4/H2: 40%v/v (150ml/min) 

TC: 2h 

P: 1atm / T: 8000C 

GHSV:  – 

WHSV: 6000scch-1g-1 

Flow: 120ml/min 

TOS: 12h 

CH4: 1 

CO2: 1 

 

  

CH4: 82.0 

CO2: 90.0 

 

 

H2: 85.0 

CO:  ̶ 

H2/CO:   ̶

 

The Ni/W molar ratio in Ni-WC significantly 

affects its performance for DRM reaction. 

WC has better oxidation resistance and is a more 

stable catalyst than Mo2C, for DRM reaction. 

[128] 

Ni-WC 

 

 

– SM: TPR 

RT:  –  

DRM 

2020 

P:  – / T: 8500C 

TR: 2.50C/min 

CH4/H2: 20%v/v (Flow :–) 

W/F: 0.0556ghL-1 

TC: 2h 

P: 1atm / T: 8000C 

GHSV:  – 

Flow:  – 

TOS: 20h 

CH4: 1 

CO2: 1 

 

CH4: 75.0 

CO2: 85.0 

 

H2: 90.0 

CO:  ̶ 

H2/CO: 80.0 

 

 

Ni-WC catalyst exhibits maximum stability in 

DRM reaction when using CH4/CO2 molar ratio less 

than 1. 

 

[175] 

Ni-WC 

 

– SM: Annealing 

RT: FBR 

DRM 

2023 

P:  – / T: 9800C 

TR: 100C/min 

P:  – / T: 8000C 

GHSV: 5000mlg-1h-1 

CH4: 1 

CO2: 1 

CH4: 75.0 

CO2: 50.0 

H2:  ̶ 

CO:  ̶ 

Saccharides are a good source of C for synthesizing 

MCs. 

[236] 
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 N2: 100% / Flow:  – 

TC: 6h 

Flow:  – 

TOS: 16h 

Ar: 1 

 

 H2/CO: 85.0 

 

Ni-WC synthesized by using sucrose as the C 

source is the most active catalyst for DRM reaction. 
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Effect of Crystalline Structure and Phase 

Different crystal structures and different catalytic roles of the carbides of group-V TMs (have fcc 

crystal structure (Figure 1 (b)[54])) and group-VI TMs (have hexagonal crystal structure (Figure 1 

(d)[54])), for DRM reaction, have made the morphology of the MC catalysts very important [158, 

231]. The total number of facets, and the number of facets exposed to the reactants of a chemical 

reaction, of a catalyst, depends upon the crystal structure of the catalyst. WC has a hexagonal 

(Figure 1 (d)[54]), while carbides of group-V TMs have an fcc crystal structure (Figure 1 (b)[54]), 

and a hexagonal crystal structure has a smaller number of facets than an fcc crystal structure. 

Therefore, WC has several numbers of exposed facets less than that of a carbide of group-V TM, 

to DRM reactants, and therefore, it is more difficult to be oxidized than the carbides of group-V 

TMs, by DRM reactants. That is the reason why WC shows better oxidation resistance than the 

carbides of group-V TMs in DRM reaction at similar conditions. WC catalyst does not undergo a 

structural deformation (particles’ sintering) in contrast to Mo2C catalyst, during DRM reaction 

[128].  

In terms of morphology, Mounfield et al. [231] found that nanoparticle morphology of WC promotes 

RWGS reaction, which ends up the main DRM reaction with low H2 selectivity (Figure 16 (i & 

g)[231]). This could be the result of the presence of H2 on the carbide surface, when there is high 

CH4 conversion. The conversion of DRM substrates is higher in the case of WxC-NP (tungsten 

carbide nanoparticles) than in the case of WxC-NR (tungsten carbide nanorods) as a catalyst (Figure 

16 (i & j)[231]). This is due to the difference between the surface areas of the particles of both 

crystal morphologies. A high CO2 conversion, high CO selectivity but low H2 selectivity at high 

temperature, in DRM over a WC catalyst, give clear manifestation that there is oxidation on the 

carbide surface or RWGS reaction is also taking place in parallel with DRM reaction [231, 248]. A 

syngas yield with H2/CO ratio greater than unity at high temperature indicates that the CH4 

decomposition reaction is ruling the DRM reaction [248]. CH4 conversion in DRM reaction over 

WC/SiO2 catalyst is very poor [159]. 

The different degree of catalytic activity/stability of different crystal phases of the same MC, for the 

same reaction, highlights the importance of the crystal phase, for a better catalytic reaction [249]. 

β-W2C nanoparticles showed better coke resistance than α-WC nanorods, in the results of the 

experimental study done by Mounfield et al. [231]. They substantiated this result with the fact that 
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the presence of a higher number of C vacancies in the lattice of β-W2C helped in the development 

of the redox cycle during the DRM reaction, but the redox cycle was not established in the case of 

the DRM reaction over α-WC catalyst. Grigoryan et al. [242] found nano-WC more active than 

nano-W2C, for CH4 conversion in DRM reaction. In DRM reaction over α-WC or β-W2C catalyst, 

CO2 conversion is always higher than CH4 due to RWGSR [126]. 

To improve control over reaction conditions, reaction kinetics, resistance against side reactions, 

catalyst stability, and H2 selectivity/yield in DRM, membrane reactor and membrane catalyst is a 

matter of interest. Gavrilova et al. [244] compared the activity of conventional powdered WC and 

membrane WC/Al2O3 catalysts for DRM reaction. Both the catalysts were not purely WC, but there 

were also the particles of W and β-W2C. CH4 conversion in the case of both catalysts is very low. 

A very high CH4 conversion in DRM reaction over membrane WC/Al2O3 is due to the H2O 

production (Equation 90) or due to the reaction between CH4 and H2O (Equation 91). The membrane 

WC/Al2O3 catalyst favors the direct reaction between CH4 and CO2, and the direct reaction constant 

for this case was 30 times higher than the DRM reaction over conventional WC catalyst. No C(s) 

deposition on the surface of the membrane catalyst also supports the explanation that membrane 

MC catalysts benefit the direct reaction between CH4/CO2. So, membrane MC catalysts intensify 

the DRM reaction and slightly improve the H2/CO yield. 

CH4 + 3CO2 ⟶ 4CO + 2H2O         (90) 

CH4 + H2O ⟶ CO + 3H2         (91) 

Effect of Promoter 

The effect of different promoters in improving the catalytic role of WC for DRM reaction has also 

been studied, and a promoted WC catalyst performs better than a simple WC catalyst, in catalyzing 

DRM reaction [245]. A summary of the effect of different promoters on the performance of WC 

catalysts for DRM reaction is provided in Table 5. Iyer et al. [245] synthesized Co6W6C by using 

cobalt-tungsten eta-carbide precursor. At the temperature of 8500C, this catalyst was found 

remarkable in terms of stability and activity for DRM reaction. But at 5000C, a cut-back in the 

percentage-conversion of DRM feed was observed. Co increases the C(s) formation. So, Co6W6C in 

the DRM reaction undergoes a phase transformation (Equation 92). The produced C(s) deposits on 

the surface of the WC, but it does not affect the catalysis. Keeping Co6W6C at 8500C for 24h before 
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using it as a catalyst for DRM reaction, can improve its catalytic activity [245]. Shao et al. [246] 

synthesized different Co6W6C catalysts by using different CO2/CO gas mixture ratios for the 

carburization of the Co(en)3WO4 precursor. Using a CO2/CO gas mixture ratio of 0.75 for the 

carburization of Co(en)3WO4 precursor gives the most active and stable Co6W6C catalyst for DRM 

reaction. Initially in DRM reaction over Co6W6C catalyst, CH4 conversion is very high. So, there is 

no balance between the rate of C(s) deposition and removal from the surface of the catalyst. The 

deposited C(s) converts the Co6W6C catalyst into WC and Co (Equation 92), which are more active 

for DRM reaction. Once the species (WC and Co) are generated, the conversion of DRM reactants 

becomes steady. At such a steady state, no side reaction takes place, and the activity of the catalyst 

can be maintained for a very long period of time with no further C(s) deposition on the surface of the 

catalyst. To achieve this steady state, the temperature must be high enough (8500C or above) for 

CH4 conversion, so that the C(s) can be formed and deposited on the surface of the Co6W6C catalyst, 

and active species (WC and Co) can be generated. On the other hand, the carburization of the 

Co(en)3WO4 precursor under the mixture of CO2/CO gas, synthesizes the Co6W6C catalyst with 

some oxygen on the surface. In DRM reaction over Co6W6C catalyst at low temperature, this oxygen 

reacts with Co6W6C and forms CoWO4 species (Equation 93). The CoWO4 species are inactive for 

DRM reaction. In DRM reaction over Co6W6C catalyst at high temperature, there is enough CH4 

conversion and C(s) production to remove oxygen from the surface of the catalyst (Equation 94).   

Ni as another promoter, improves the functionality of WC catalyst for CH4 dissociation in DRM 

reaction [128]. Shao [247] compared the catalytic activity of Co-WC and Ni-WC for DRM, and 

concluded that both Co-WC and Ni-WC are good catalysts for DRM reaction but Ni-WC performs 

well even at low temperature. Co-WC has oxygen species on its surface, which can be removed by 

flowing CH4 over it, but this CH4 treatment is not required for Ni-WC [247]. However, the Ni/W 

ratio in Ni-WC is a key parameter. A very small Ni/W molar ratio in the Ni-WC catalyst will result 

in the deactivation of the Ni-WC catalyst due to oxidation in the DRM reaction because WC prefers 

to react with CO2. In DRM reaction over Ni-WC catalyst, oxidation of WC is the main reason for 

the catalyst deactivation [128]. A very large amount of Ni in Ni-WC promotes CH4 dissociation. 

The increase in CH4 conversion results in producing more C(s). This C(s) deposits on the surface of 

the catalyst, encapsulates or blocks the active sites, and ultimately results in ceasing the catalysis. 

Moreover, the particle size and surface area of WC decrease by increasing the Ni/W molar ratio. So, 

the Ni/W molar ratio in the Ni-WC catalyst must be regulated in a way that there is a balance 
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between CH4 and CO2 conversion during the DRM reaction. Ni-WC remains stable when using 

CH4/CO2 molar ratio is less than 1, CH4/CO2>1 deactivates Ni-WC due to coking [175]. With a 

similar Ni/M (M = Mo or W) molar ratio, Ni-Mo2C and Ni-WC have similar specific surface areas. 

When Ni/M (M = Mo or W) molar ratio in Ni-Mo2C and Ni-WC is 1/9 or 1/2, their catalytic activity 

for DRM reaction is similar. Pure WC does not show any catalytic activity for DRM reaction [128]. 

So, Ni and WC work in synergy to catalyze the DRM reaction [128]. Ni-WC enhances the H2/CO 

yield in the pyrolysis combined with dry reforming of plastics [236]. H2/CO yield depends upon the 

composition of the plastic used as the substrate. 

Ni promoted WC catalyst has better resistance against oxidation than Ni-Mo2C in DRM reaction 

[128]. The re-carburization of tungsten oxides is also much easier in comparison with the re-

carburization of molybdenum oxides [128]. These two reasons make WC a more stable catalyst than 

Mo2C, for DRM reaction [128]. 

Co6W6C + 5C ⟶ 6WC + 6Co        (92) 

Co6W6C + (26 − x)O8 ⟶ 6CoWO4 + xCO + (1 − x)CO2     (93) 

CoWO4 + 2CH4 ⟶ Co + WC + C + 4H2O       (94) 

Effect of Synthesizing Method 

The most commonly used method for synthesizing WC catalyst is TPR (Figure 13[197-199]). The 

synthesis of WC using the TPR method involves the CTR of tungsten precursors. Some other 

methods, including SD, carbothermal reduction, CHR, and solid-solid reaction can also be used for 

synthesizing WC. The synthesizing method/conditions greatly affect the catalyst’s 

activity/stability/product selectivity for a chemical reaction. Nanoparticles are considered to have 

great potential for surface catalysis due to having a very large surface area. Grigoryan et al. [242] 

synthesized WC and WC+W2C nano-powders, by using the mechanochemical (MC) method and 

plasma-mechanochemical (PMC) method. Nano-powders (WC and WC+W2C) were not pure, 

because some of the W metal particles were oxidized to WO2 and WO3 by air during unloading into 

the reactor, for synthesizing the carbide phase. However, the free C found in the synthesized samples 

was less than 1%. WC nano-catalyst synthesized by the PMC method was found to be more active 

than the one prepared by MC method, for DRM reaction. The C(s) formed during the DRM reaction 

did not affect the catalytic activity of WC, synthesized by both methods. With decreasing particle 
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size, the catalytic activity of WC for DRM reaction increases proportionally, and DRM reaction 

temperature also affects the catalytic activity of WC in a similar way. The nano-powder containing 

mixture WC+W2C gave the least CH4 conversion, this result proved that the active species for 

catalyzing the DRM reaction are only WC. 

The crystal structure and size of the obtained tungsten carbide depend upon the temperature used 

for the carburization process [241]. In the TPR method, using CO2/CO = 0.75 for the carburization 

of Co(en)3WO4 precursor, results in the synthesis of a very active/stable Co6W6C catalyst for DRM 

reaction [246]. In order to synthesize Co-WC and Ni-WC under CO2/CO flow by TPR process, 

CO2/CO must be ≥0.5 and ≥0.75, respectively [247]. In addition to CO2/CO, carbohydrates can also 

be used for the carburization process. Wysocka et al. [236] synthesized WC and Ni-WC by using 

ammonium metatungstate as the W source, nickel nitrate as the Ni source, and saccharides 

(monosaccharides and disaccharides) as the C source. WC synthesized by using any of the 

saccharides as the C source was not found active in catalyzing DRM reaction, because all the WC 

catalysts were oxidized to tungsten oxides. But Ni-WC synthesized by using trehalose (T), fructose 

(F), glucose (G), or sucrose (S) as the C source, followed the catalytic activity order for DRM 

reaction as Ni-WC_F>Ni-WC_S>Ni-WC_G>Ni-WC_T. Ni prevented the oxidation of the carbide 

phase, and only graphitic C was deposited on the catalyst surface during the DRM reaction. 

Biochar can be used as the C source for synthesizing WC by TPR of tungsten oxide or precursor 

[241]. Nitridation of the precursor before TPR helps in synthesizing a very stable WC catalyst for 

DRM reaction [126]. 

There are several methods for synthesizing the WC, but the catalytic potential of WC synthesized 

by all the methods, for CH4 reforming reactions, has not been studied yet. On commercial scale, 

submicron-sized WC is synthesized by the carbonization of C-coated-WO3 with C-black at 14000C-

16000C for 2-10h under the flowing H2 or Ar atmosphere [250, 251]. This process is known as the 

precursor method. In this process, first WO3 is coated with C by cracking a C containing gas (most 

commonly C3H6), and then the C coated WO3 powder is mixed with C black and heated at 14000C-

16000C for 2-10h under the flowing H2 or Ar atmosphere [250]. The precursor method is a highly 

time-expedited process [252]; however, it requires highly pure substrates which makes this method 

unviable. 
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The hydrothermal reaction method is relatively a cheaper method to synthesize the WC nano-

powders [253]. In this method, metal salt (ammonium metatungstate, or ammonium paratungstate, 

etc.) aqueous solution is used as the precursor (WO3) source, and organic compounds (glycine, corn 

starch, chitin, or iota-carrageenan etc.) are used as the C source [253]. The evaporation of salt and 

water gives WO3. Subsequently, the C from the organic reduces WO3 to WC [253]. 

Yang et al. [254] synthesized WC (with a particle size of 300–500nm) by mechano-chemical 

method. Firstly, W and activated-carbon (AC) powders were mechanically activated under an argon 

atmosphere using a high-energy planetary mill (10 mm hardened steel ball, ball-to-powder ratio: 

5:1, and rotational speed 1200 rpm). After milling, the mechanically activated powder was mixed 

with a KCl and NaCl (molar ratio = 1: 1) mixture (60wt%) and heated at 10000C for 1h. The 

reaction product was then allowed to be cold down to room temperature in the air. To obtain the 

final product (free of salt impurities) the product was boiled several times in distilled water. 

Zhang et al. [255] combined a pre-dried salt mixture (NaCl and KCl salts mixed in a 1:1 molar ratio) 

with mixtures containing WO3 and graphite in different molar ratios. Salt mixture to WO3- graphite 

mixture weight ratio was kept at 1:30. The resulting powder mixtures were then heated at 9500C-

11500C for different durations under the flowing Ar atmosphere. After heat treatment, all the 

products were boiled repeatedly in distilled water to remove the salt impurities. The optimum 

conditions to produce submicron continuous WC coatings by this method were found heat treatment 

at 11000C for 60min, and WO3/graphite molar ratio ranging from 1:15 to 1:5. 

Qiu et al. [256] introduced a method to synthesize WC using WO3, C black, and NaCl as starting 

materials. The process involved ball milling WO3 and C black in a 1:4 molar ratio for 12h, adding 

NaCl (with salt to milled WO3-C mixture weight of 1:1) and ethyl alcohol, followed by further 

milling for 12h and drying at 500C. The resulting powder was calcined at various temperatures for 

2h, cold down to room temperature, washed several times in distilled water to remove salt, and 

treated to remove residual carbon. This method successfully produced WC plate particles at 

temperature higher than 1200°C.  

Effect of Reaction Conditions 

The conversion of DRM substrates over WC catalyst increases with increasing both temperature 

and pressure [114, 115, 159, 245]. Additionally, the operating pressure is one of the factors that 
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decide the lifetime of the WC catalyst in DRM reaction [114, 115]. At low pressure (1 bar), with 

unswerving activity/stability only for the first 8h on the stream, the catalytic action of α-WC catalyst 

for DRM reaction disappeared completely in almost the next 20h, in the results of the experimental 

study done by Claridge et al. [115]. But the stability of the carbide phase (α-WC) at high pressure 

(8.3 bar) led to a consistent catalytic behavior for DRM reaction, for the total testing time (72h) on 

stream. In investigating the effect of using a stoichiometric amount of the reactants (CH4/CO2) on 

the catalytic behavior of WC and Mo2C for DRM, York et al. [114] got experimental results at 

1bar, which are also in agreement with the results of the work done by Claridge et al. [115]. DRM 

reaction at low or atmospheric pressure over the WC catalyst results in the conversion of WC to 

WO2 [114, 115]. This bulk oxidation of the WC catalyst at ambient pressure is irreversible and 

causes permanent deactivation of the WC catalyst. At reduced pressure, there is no other 

explanation for the deactivation of WC catalyst in the DRM reaction. Because analysis of the used 

WC catalyst sample shows only the presence of WO2 molecules and there are no signs of coke 

formation or metal sintering [114, 115]. Overall, flowing H2 or H2/C2H6 mixture over spent WC is 

not helpful in restoring its catalytic activity [159]. However, reducing the used WC catalyst under 

H2 atmosphere at 773K for 3h, helps in removing the accumulated C(s), but reusing this WC catalyst 

for DRM reaction is not good for getting higher substrates’ conversion for a very long time [126]. 

Increasing GHSV in DRM over WC catalyst, decreases CH4/CO2 conversion and H2/CO yield 

[241]. At very high GHSV CH4 activation/dissociation rate cannot reach equilibrium with CO2 

activation/dissociation because CH4 decomposition is a slow process in comparison with CO2 

dissociative adsorption, and at high GHSV CH4 molecules get very little opportunity to come in 

contact with the active sites of the catalyst [241]. 

WC as Support for Metal catalysts in Catalyzing DRM reaction 

WC as support is good for the generation of oxygen vacancies on the surface of the metal catalysts, 

which in turn enhances the metal catalysts’ stability, coking resistance, ability for CH4/CO2 

conversion and H2/CO yield, in DRM reaction [257, 258]. Therefore, WC as support, either in pure 

form or as a component of composite support, has been used widely for metal-based catalysts, to 

improve their functionality for DRM reaction. A summary of the performance of the TMCs as 

support for improving the functionality of metal catalysts for CH4 reforming reactions is provided 

in Table 6. Bolatava et al. [259] synthesized WC (technically a mixture of α-WC and β-W2C) by the 

vacuum-free electric arc, and used it as a support for Ni, Co, and Ni-Co (with different Ni and Co 
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wt.%) catalysts to enhance their activity/stability for DRM reaction. M/WC (M=Ni or Co or Ni-Co) 

catalysts were synthesized by deposition precipitation (DP) or incipient wetness impregnation 

(IWI). M/WC catalysts especially with high Ni content, synthesized by DP were found to be very 

active/stable for DRM reaction. CH4/CO2 conversion and H2/CO yield in DRM over Ni-Co/WC 

catalyst increase by increasing temperature and Ni wt.% in Ni-Co/WC catalyst, but decreases with 

increasing WHSV [259]. 
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Table 6: Summary of the performance of the TMCs as support in improving the functionality of metal catalysts for CH4 

reforming reactions. 

Active 

Site 

Support SM, 

RT 

App Synthesis Conditions Reaction Conditions Feed 

Comp. 

Max Con 

[%] 

Selectivity 

[%] 

Comment Refs 

Ce-Co 

 

 

WC-AC SM: TPR 

RT: FBR 

DRM 

2021 

P: 1atm / T: 650-9500C 

TR: 1.70C/min 

H2: 100% 

H2 flow:  – 

TC: 2h 

P: 1atm /T: 8000C 

GHSV:  – 

Flow: 120ml/min 

TOS: 10h 

CH4: 1 

CO2: 1 

 

CH4: 91.0 

CO2: 93.0 

 

H2:  – 

CO:  – 

H2/CO: 92.0 

 

TPR of W/AC under H2 helps in synthesizing a very 

active/stable WC-AC composite support. 

WC content in WC-AC must be highly optimized for 

a better catalytic performance. 

Ce heightens the activity of Co/WC-AC for DRM. 

[257] 

Y-Co 

 

 

WC-AC SM: TPR 

RT:  –  

DRM 

2022 

P: 1atm / T: 650-9500C 

TR: 3.50C/min 

H2: 100% 

H2 flow: 150ml/min 

TC: 2h 

P: 1atm / T: 8000C 

GHSV: 4800mlg-1h-1 

Flow: 120ml/min 

TOS: 10h 

CH4: 1 

CO2: 1 

 

CH4: 92.0 

CO2: 94.0 

 

H2:  – 

CO:  – 

H2/CO: 85.0 

 

Y is the best promoter amongst Y, Mn and Gd for 

Co/WC-AC catalyst to enhance the activity/stability 

for DRM reaction. 

[258] 

Ni 

 

 

WC SM: VEA 

RT: FBR 

DRM 

2022 

Anode: Graphite rod 

Cathode: Graphite crucible 

I: 220A 

V: 63V 

TC: 45s 

P: 1atm / T: 8000C 

GHSV:  – 

WHSV: 12000mlg-1h-1 

Flow:  – 

TOS: 80h 

CH4: 1 

CO2: 1 

 

CH4: 80.0 

CO2: 88.0 

 

H2:  – 

CO:  – 

H2/CO: 80.0 

 

WC synthesized by the VEA method can be used as 

a support to boost the catalytic function of Ni-Co for 

DRM reaction. 

Ni-Co/WC with minimum or zero Co content is a 

highly active and stable catalyst for DRM reaction.  

[259] 

Co 

 

 

Ni-Co 

 

 

WC-AC 

SM: TPR 

RT:  – 

DRM 

2023 

P:  – / T: 650-9500C 

TR:  – 

N2/H2: 1 

N2/H2 flow: 310ml/min 

TC: 2.5h 

P:  – / T: 8000C 

GHSV:  – 

Flow: 1120ml/min 

TOS: 24h 

CH4: 1 

CO2: 1 

 

CH4: 86.4 

CO2: 86.5 

CH4: 91.9 

CO2: 90.9 

 

H2:  – 

CO:  – 

H2/CO: 90.0 

H2:  – 

CO:  – 

H2/CO: 98.0 

Ni-Co/WC-AC catalyst with a specific Ni/Co ratio 

is way better than Co/WC-AC for DRM reaction, in 

terms of activity and C deposition resistance. 

[260] 

Ni 

 

 

SiC SM:  – 

RT: – 

TRM 

2012 

 – P: 1atm / T: 1073K 

GHSV: 60000mlh-1g-1 

Flow: 100ml/min 

TOS: 250min 

CH4: 1 

O2: 0.5 

CO2: 0.5 

H2O(s): 0.1  

CH4:  – 

CO2:  – 

 

H2:  – 

CO:  – 

H2/CO: 890.0 

 

SiC as support for Ni catalyst promotes H2O 

conversion more than CO2 conversion in the TRM 

process and enhances the H2/CO ratio. 

[93] 

Ni 

 

 

β-SiC SM:  – 

RT:  – 

TRM 

2013 

 – P: 1atm / T: 1073K 

GHSV: 60000h-1 

Flow: 100Nml/min 

TOS: 500min 

CH4:  ̶  

O2:  ̶  

CO2:  ̶  

H2O(s):  ̶   

CH4:  – 

CO2:  – 

 

H2:  – 

CO:  – 

H2/CO: 210.0 

 

Increasing the flow rate of H2O and O2 in the 

reactant stream of TRM reaction over Ni/β-SiC 

increases the H2/CO yield and helps in using the 

optimum pressure/temperature conditions.  

[238] 

Mg-Ni 

 

 

β-SiC SM:  – 

RT:  –  

TRM 

2013 

 – P: 1atm / T: 1073K 

GHSV:  – 

WHSV:60000Nmlh-1g-1 

Flow: 100Nml/min 

TOS: 24h 

CH4: 1 

O2: 0.1 

CO2: 0.5 

H2O(s): 0.5 

 

CH4: 97.9 

CO2: 43.2 

 

H2:  – 

CO:  – 

H2/CO: 276.0 

 

Mg as a promoter amongst alkaline and alkaline-

earth cocations is the best promoter to enhance the 

activity/stability of Ni/β-SiC catalyst for TRM 

reaction. 

[239] 

Mg-Ni 

 

 

β-SiC SM:  – 

RT:  –  

TRM 

2013 

 – P: 1atm / T: 1073K 

WHSV:60000mlh-1g-1 

Flow: 100ml/min 

TOS: 24h 

CH4: 1 

O2: 0.1 

CO2: 0.5 

H2O(s): 0.5 

CH4:  – 

CO2:  – 

 

H2:  – 

CO:  – 

H2/CO: 336.0 

 

Mg-Ni/β-SiC catalyst, with Ni/Mg molar ratio 1/1 

and synthesized by impregnating β-SiC support with 

Mg first and then Ni, shows the highest 

activity/stability for TRM reaction. 

[240] 
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In terms of composite support, WC―AC composite support has been widely used for DRM 

reaction. In synthesizing WC―AC composite support by TPR method, the composition of the gas 

used for the carburization of the precursor, has a big influence on the role that WC―AC composite 

support plays in promoting the catalytic role of an active metal for DRM reaction [243]. The 

WC―AC composite support synthesized by carburizing the precursor under H2 gas than under 

CH4/H2 mixture in the TPR method, has more CO2 adsorption/activation ability and oxygen 

vacancies, and therefore is a better support for the Co catalyst in DRM reaction [243, 257]. The 

WC―AC composite support synthesized by using H2 as carburizing gas has W2C as a dominant 

phase and has a better interaction with Co metal, while the WC―AC composite support 

synthesized by using CH4/H2 as carburizing gas has WC as a dominant phase [243, 257]. The 

particle size of W2C is smaller than that of WC, but WC has a better dispersion [243, 257]. In DRM 

reaction over Co/WC―AC no metal sintering or oxidation takes place [243]. However, amorphous, 

filamentous, and graphitic C forms, but the major reason for the catalyst deactivation is graphitic 

C [243]. Another reason for the deactivation of the Co/WC―AC catalyst in DRM reaction is the 

interaction b/w WC and Ca species of AC [243]. This interaction results in the formation of inactive 

CaWO4 species [243]. The spent Co/WC―AC catalyst has C-α (amorphous C), C-β (filamentous 

C), and C-γ (graphitic C) species, depending upon the temperature used for the DRM reaction [243, 

257]. C-β and C-γ species are very stable and deposition of these species makes the catalyst 

inactive, while C-α species are active species and can easily be gasified [243, 257]. W―C is a very 

strong covalent bond, therefore WC prevents the loss of C from AC [243]. 

Zhang et al. [260] synthesized WC―AC composite support and examined its effect on the catalytic 

performance of Co-based catalysts for DRM reaction. Regarding WC―AC a few points need to be 

highlighted. First, WC―AC composite support itself is very poor in catalyzing DRM reaction, but 

it helps in the removal of the C(s), deposited on the surface of the metal catalysts in DRM reaction, 

by gasification [243]. Second, WC―AC composite support has a very large surface area, which 

facilitates the loading of more amount of the active species for the reaction, but adding a promoter 

for a metal catalyst already loaded on WC―AC composite support, negatively impacts the surface 

area of the WC―AC composite support [243, 258]. Third, WC improves the interaction between 

Co and AC in Co/WC―AC catalyst, this interaction makes Co thermally more stable [257, 258]. 

Fourth, WC―AC composite supported metal catalysts always give a H2/CO yield ratio greater than 

1 in DRM reaction because WC―AC composite support facilitates CH4 decomposition/conversion 
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[243]. DRM feed conversion, when using Co/WC―AC catalyst, is initially good, but C(s) deposition 

and oxidation of Co with time stops the catalysis. The wt.% of WC in Co/WC-AC must be highly 

optimized for a better catalytic action [257]. A bi-metal active site (e.g., Ni-Co) is better than a 

single metal, in catalytic function. Ni-Co/WC-AC catalyst is way better in activity/stability, and 

oxidation/coking resistance than Co/WC―AC, for DRM reaction. Increasing Ni loading wt.% to a 

specific value improves the DRM feed conversion. CH4/CO2 conversion and H2/CO yield were 

found maximum when the wt.% loading of both the metals (Ni and Co) was 10 in the Ni-Co/WC-

AC catalyst. DRM reaction proceeds on the surface of the catalyst in the steps given in Equations 

95-100 [260]. The adsorbed CHx
∗ species react with O* to form CHO intermediate species. So, the 

production of CHO species is directly affected by the rate of formation of CHx
∗ and O* species which 

in turn affects the rate of conversion of DRM substrates.  

CH4 → CH3
∗ + H∗          (95) 

CH3
∗ → CH2

∗ + H∗          (96) 

CH2
∗ → CH∗ + H∗          (97) 

CH∗ → C∗ + H∗          (98) 

CO2 → CO∗ + O∗          (99) 

CHx
∗ + O∗ → CHxO∗          (100) 

Ni, in Ni-Co/WC-AC catalyst, improves the percentage of WC content, forms Ni-Co alloy, enhances 

the active metal-support interaction and electron (e-) migration between them, and increases the 

number of oxygen vacancies. Due to all these functions performed by Ni, not only CH4/CO2 

activation/dissociation increase but the C―C bonding state is also affected. Therefore, only 

amorphous C deposits on the surface of the catalyst and can be oxidized easily. In this way, Ni-

Co/WC-AC catalyst shows better C(s) deposition resistance than Co/WC-AC, in DRM reaction. 

Zhang et al. [258] used Y, Gd, and Mn as promoters to enhance the activity/stability of the Co/WC-

AC catalyst for DRM reaction. Y as a promoter causes the maximum reduction in surface area of 

WC-AC, but WC species were found maximum in Y-promoted Co/WC-AC catalyst. The Y-

promoted Co/WC-AC catalyst displayed the maximum activity and coking resistance in the DRM 

reaction. Ce is also a good promoter to boost the catalytic function of Co/WC-AC [257]. 
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Being a H rich compound, CH4 is one of the best sources to be considered for getting H2, and 

thermal/plasma-assisted CH4 reforming is one of the best processes to be considered for producing 

H2 from CH4. As reviewed above, MCs show enormous potential as catalysts for CH4-reforming 

based H2 production reactions. The redox cycle of MCs in CH4 reforming reactions is very important 

for the catalysis to keep going and produce the desired yield, and MC and MC―O species are very 

important for the establishment of this redox cycle.  

A schematic of the common problems in DRM over a MC catalyst is presented in Figure 17. In all 

cases (when using a MC as a catalyst for CH4-reforming-based H2 production reaction), higher oxide 

(H2O(s), CO2 and O2) conversion than CH4 reveals the fact that a MC is more reactive towards oxides 

than CH4. A greater oxides’ activation/dissociation/consumption rate than CH4, leads to the 

conversion of a MC to a MO2 that eventually stops catalysis. So, to create a balance between oxides’ 

and CH4 conversion, the introduction of a second metal (that can promote CH4 conversion) in the 

MC lattice, in correct proportion, becomes mandatory. The proportion of the promoter (or second 

metal) in MC’s lattice, must be monitored strictly because in a scenario where CH4 conversion is 

higher than oxides, deposition of the excess C(s) (produced due to CH4 decomposition) on the 

catalyst surface will cause the deactivation of catalyst. The reaction of the C atoms of a MC with O* 

species (generated by the dissociation of adsorbed oxide molecules) results in the absence of C 

atoms from the MC lattice. This puts MC at high risk of oxidation and ultimately deactivation. 

Similarly, the generation of excess C* species (generated by the dissociation of adsorbed CH4 

molecules) puts the catalyst at high risk of deactivation by C(s) deposition. 
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Figure 17. Schematic of the common problems in metal-carbide catalytic DRM reaction. 

Summary of the strategies that help in improving the catalytic function of MCs in DRM reaction are 

summarized in Figure 18. For a MC catalyst to last longer in CH4-reforming-based H2 production 

reaction, O* and C* species must be produced in evenness so that they are available to react with 

each other rather than interacting with the catalyst and ceasing its functionality. A high surface-to-

bulk ratio and a high dispersion on support can also enhance the catalytic performance of MCs. The 

catalytic properties of MCs are related to their phases, crystal structures, and electronic structures, 

and can be adjusted by using different types of catalyst precursors, catalyst-precursor-synthesizing-

methods/conditions, pre-treatment-methods/conditions, C sources, MC synthesizing 

methods/conditions, promoters, and support. Reaction conditions, like temperature, pressure, and 

feed composition also affect the catalytic properties of MCs, and must be monitored/regulated 

strictly and constantly. 
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Figure 18. Schematic of the strategies that help to overcome the problems in metal-carbide catalytic 

DRM reaction. 
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CHAPTER 3: METHODOLOGY 

Synthesis of TMC catalysts 

To synthesize Mo2C and WC catalysts, the combination of mechanical activation followed by 

molten salt synthesis was employed. The process began with preparing mixtures of metal and carbon 

powders, using Mo in both nanopowder and micro powder forms, and W only in nanopowder form, 

combined with either nano-sized super activated carbon or nano-sized black carbon at various molar 

ratios (0.2/1, 0.5/1, 1/1, and 2/1 for Mo2C, and 1/1 for WC). These mixtures were then mechanically 

activated in a high-energy planetary ball mill at 550 RPM for 24 hours with a ball to metal+carbon 

weight ratio of 10/1. The milled powders were subsequently mixed with a NaCl and KCl salt 

mixture, which constituted 60% of the total weight, and heated at 10000C for 3 hours under a flowing 

Ar atmosphere. After cooling, the samples were boiled in de-ionized water to dissolve the salt, 

leaving only the metal carbide, and then dried in an oven at 1000C for 24 hours. This method ensured 

thorough mixing and uniform distribution of reactants, facilitating the carburization reaction. As a 

result, eight different Mo2C catalysts were produced, considering the variations in Mo sources and 

carbon types, while only two WC catalysts were synthesized due to the single source of W. Figure 

19 illustrates the schematic representation of the synthesis steps followed for the preparation of the 

catalysts, including the final product. The crystallographic phases of the synthesized catalysts were 

characterized using X-ray diffraction (XRD). Scanning electron microscopy (SEM) was employed 

for morphological analysis, while energy dispersive X-ray spectroscopy (EDS) was used to 

determine the elemental composition of the catalysts. 
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Experimental set-up and procedure 

In the experiments, a dielectric barrier discharge (DBD) fixed-bed reactor was utilized, featuring 

two glass tubes as the dielectric barriers. One glass tube had an outer diameter (OD) of 12mm and 

an inner diameter (ID) of 8mm, while the other had an OD of 5mm and an ID of 3mm. These glass 

tubes served as the dielectric layers. The clearance between the two dielectric materials was found 

1.5mm. The gap between the dielectric barriers was filled with glass beads of 1mm in size, and the 

catalyst was coated on these glass beads. A stainless-steel wire was used as the high voltage 

electrode, connected to a DC power source. The outer electrode, which served as the ground 

electrode, was a stainless-steel mesh wrapped around the external surface of the larger glass tube. 

The discharge length of this system was 10cm, and the discharge gap between the two electrodes 

was maintained at 4.5mm (clearance/gap between the dielectric barriers + thickness of the dielectric 

barriers) (Figure 20). A high voltage probe connected to the inner electrode measured the applied 

voltage during the discharge process. Electrical signals produced on the electrodes were recorded 

using a digital oscilloscope. The applied power was calculated by using the formula given in 

Equation 101. The applied voltage and current can be determined from the display of the DC supply. 

A schematic of the reaction set-up is shown in Figure 21(a), while the actual set-up in the lab is 

shown in Figure 21(b). In all the experiments, a DC voltage of 800V was applied, with a current of 

Figure 19. Schematic representation of the synthesis steps followed for the preparation of the        

catalysts. 
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0.173A, resulting in a power output of 140W. The operating frequency was 5kHz, and a delay of 1 

microsecond was applied. The feed gas consisted of a methane (CH₄) and carbon dioxide (CO₂) 

mixture in 1:1 ratio, with a total flow rate of 30 ml/min. For all the experiments involving catalysts, 

0.1g of catalyst was used, which was coated onto glass beads placed in the discharge gap. A digital 

thermal camera was employed to measure the temperature of the discharge zone in the reactor, 

providing accurate temperature readings during the process.  

P = VI            (101) 

 

Figure 20. (a) Schematic of the DBD plasma fixed-bed reactor [1]. (b) Cross-section of the DBD 

plasma fixed-bed reactor. (c) In-operation DBD plasma fixed-bed reactor. 
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A Shimadzu GC-2014 (Figure 22) equipped with a ShinCarbon column (2.0m length, 0.53mm ID, 

212μm film thickness) was employed for the analysis of the collected gas samples. Ar served as 

the carrier gas. To ensure accuracy in the gas concentration measurements, gas chromatograph 

(GC) was calibrated using known standard samples. Five calibration standards were prepared with 

varying concentrations of target gas components as shown in Table 7. However, the calibration 

results indicated a consistent underestimation of gas concentrations by approximately 5%, with the 

GC readings being 5% lower than the actual concentrations of the known samples. As a result, for 

all subsequent analyses of the gas samples collected during the experiments, the GC system 

consistently underestimated the concentration of each gas present in the product samples by this 

same 5%. This systematic error was accounted for in the interpretation of the experimental results. 

Table 7: Composition of the standards used for calibrating GC 

Standard CO2 (mol %) CO (mol %) H2 (mol %) CH4 (mol %) 

1 1 % 1 % 1% 1% 

2 15 % 7 % - 4.5 % 

3 - - 99.99 % - 

4 - - - 99.99 % 

5 99.8 % - - - 

Figure 21. (a) Schematic of the experimental set-up [2]. (b) Actual experimental set-up in-

operation. 
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The GC was operated under the following conditions: 

• Column temperature: 40 °C (isothermal) 

• Injector temperature: 2500C 

• Injection mode: Split 

• Sampling time: 1min 

• Pressure: 278.5kPa 

• Total flow: 10.5mL/min 

• Linear velocity: 187.9cm/s 

• Purge flow: 3.0mL/min. 

• Split ratio: 2 

• End time = 9.75min 

The detector (DTCD) was operated at a temperature of 1000C with a filament current of 70 mA. 

Byproducts produced during the experiments were not analyzed. 

Data analysis 

Feed conversions, syngas yield, H2 selectivity, and CO selectivity were calculated as follows: 

CH4converted
=

CH4in
−CH4out

CH4in

× 100        (102) 

Figure 22. Shimadzu GC-2014. 
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CO2converted
=

CO2in
−CO2out

CO2in

× 100        (103) 

H2yield
(%) =  

H2out

2CH4in

× 100         (104) 

COyield(%) =  
COout

CH4in
+CO2in

×100        (105) 

H2selectivity
=

H2out

H2out
+COout

× 100        (106) 

COselectivity =
COout

COout+H2out

× 100        (107) 
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CHAPTER 4: RESULTS AND DISCUSSIONS 

This study on the use of TMC catalysts, specifically Mo2C and WC, in conjunction with DBD 

plasma for the DRM process, has yielded significant insights and improvements in several key areas. 

Baseline comparison: Plasma-only system 

To establish a baseline for evaluating the improvements made by TMC catalysts, experiments were 

first conducted using only the DBD plasma system without any catalyst. In this setup, the DC 

voltage applied was 800V, the current was 0.173A, resulting in a power output of 140W, with a 

frequency of 5kHz and a delay of 1 microsecond. The results (Figure 23) showed a H2 yield of 10%, 

CO yield of 10%, H₂ selectivity of 49%, CO selectivity of 51%, CH₄ conversion of 9%, and CO₂ 

conversion of 13%. These values serve as a reference point to assess the enhancements achieved by 

incorporating TMC catalysts into the system. 

 

Figure 23. DRM over DBD-plasma only system. Reaction 

conditions: CH4 : CO2 = 1 : 1, flowrate = 30ml/min, f = 5kHz, V = 

800V, I = 0.173A, and P = 140W. 
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Mo2C Catalysts 

Characterization 

XRD 

To confirm the successful synthesis of Mo2C catalysts and evaluate their phase purity, synthesized 

Mo2C catalysts were analyzed using X-ray diffraction (XRD). The XRD analysis revealed a 

significant influence of the precursor composition on the final product's phase purity. Lower Mo/C 

ratios (0.2/1 and 0.5/1) resulted in impure products, with the presence of unreacted C, MoC1-x, 

MoO2, and MoO3 detected (Figure 24 (a & b)). Specifically, the 0.2/1 ratio yielded a mixture of 

phases (Figure 24 (a)), while the 0.5/1 ratio showed traces of MoO2 alongside Mo2C (Figure 24 (b)). 

In contrast, higher Mo/C ratios (1/1 and 2/1) produced pure or nearly pure Mo2C with minimal traces 

of unreacted carbon (Figure 24 (c & d)). The observed phase purity at higher Mo/C ratios suggests 

an optimal stoichiometric balance for Mo2C formation, potentially leading to enhanced catalytic 

performance due to a more uniform surface composition and increased availability of active sites. 

Figure 24. XRD patterns of Mo2C catalysts synthesized by using different Mo/C ratios. (a) Mo/C 

= 0.2/1, (b) Mo/C = 0.5/1, (c) Mo/C = 1/1, and (d) Mo/C = 2/1. 
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Impact of Mo powder size, carbon type and Mo/C 

Impact on syngas yield, H2 and CO selectivity, and feed conversion 

The use of different sizes of Mo powder (nanopowder vs. micropowder) significantly impacted the 

catalytic performance. For instance, Mo2C catalysts synthesized with micropowder Mo and 

nanopowder carbon black showed higher CH4 conversion (up to 73%) (Figure 25) and CO₂ 

conversion (up to 49%) (Figure 25) compared to those synthesized with nanopowder Mo (Figure 

26). This can be attributed to the larger surface area and better dispersion of micropowder Mo, which 

enhances the interaction between Mo and carbon, leading to a more efficient carburization process 

and higher catalytic activity. The larger particles may also reduce the sintering effect, maintaining 

the catalyst's surface area and activity over time [73, 261]. 

The type of carbon used (superactivated carbon vs. carbon black) also influenced the catalytic 

performance. Catalysts synthesized with superactivated carbon generally showed slightly lower 

conversions compared to those with carbon black (Figure 26 and 25). This difference can be 

explained by the varying surface properties and reactivity of the carbon sources. Superactivated 

carbon, with its high surface area and porosity, may lead to a more uniform distribution of Mo, but 

it might also result in a slightly lower carburization efficiency compared to carbon black, which has 

a more graphitic structure that can facilitate better Mo-C bonding [261]. 

The Mo/C molar ratio played a crucial role in determining the catalytic activity. For Mo2C catalysts, 

a Mo/C ratio of 1/1 often resulted in the highest conversions. For example, with micropowder Mo 

and carbon black, a Mo/C ratio of 1/1 yielded the highest CH₄ conversion (73%) and CO₂ conversion 

(49%) (Figure 25). This optimal ratio ensures the formation of the desired β-Mo2C phase, which is 

known for its high catalytic activity in DRM reactions. Deviations from this ratio can lead to the 

formation of other phases (e.g., α-MoC1-x) or incomplete carburization (as also confirmed by the 

XRD patterns (Figure 24) of Mo2C catalysts synthesized with different Metal/Carbon ratio), 

resulting in lower catalytic performance [261]. 
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Impact on DBD discharge and reaction efficiency 

Enhancing Utilization of Short-lived Reactive Species with Mo₂C Catalysts 

The short-lived nature of reactive species in DBD-plasma system can be effectively addressed with 

the use of TMC catalysts. The increased surface area and better dispersion of micropowder Mo, 

along with the graphitic structure of carbon black, facilitated more efficient interactions between the 

plasma-generated reactive species and the catalyst surface. This interaction enhanced the utilization 

of short-lived reactive species, resulting in improved performance, including a H₂ yield of up to 

27%, CH₄ conversion of up to 73%, and CO₂ conversion of up to 49% (Figure 25).  

Figure 25. DBD-plasma assisted DRM over Mo2C catalysts, synthesized by using µP-Mo and NP-

CB. Reaction conditions: CH4 : CO2 = 1 : 1, flowrate = 30ml/min, f = 5kHz, V = 800V, I = 0.173A, 

and P = 140W. 

Figure 26. DBD-plasma assisted DRM over Mo2C catalysts, synthesized by using NP-Mo and 

NP-SAC. Reaction conditions: CH4 : CO2 = 1 : 1, flowrate = 30ml/min, f = 5kHz, V = 800V, I = 

0.173A, and P = 140W. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11267637/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11267637/
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The optimal Mo/C ratio of 1/1 ensured the formation of the β-Mo2C phase (Figure 24 (c)), which 

has a high affinity for CO2 and CH4. This phase enhanced the adsorption and activation of these 

reactants, aligning with the plasma-generated reactive species to sustain a longer and more efficient 

reaction cycle. This synergy improved the overall conversion rates and product yields, overcoming 

the limitations posed by the short-lived nature of DBD reactive species. 

1.5 WC catalysts 

Characterization 

XRD 

To confirm the successful synthesis of WC catalyst and evaluate its phase composition, the 

synthesized WC was analyzed using X-ray diffraction (XRD). The XRD analysis revealed the 

presence of multiple tungsten carbide phases in the synthesized material (Figure 27). Predominantly, 

the diffraction patterns confirmed the formation of WC as the primary phase (Figure 27). However, 

the analysis also indicated the presence of W2C as a secondary phase (Figure 27). Additionally, trace 

amounts of unknown impurities were detected in the XRD patterns (Figure 27). The presence of 

both WC and W2C phases suggests that the chosen W/C ratio of 1/1 may not be optimal for 

producing single-phase WC. This mixed-phase composition could potentially influence the 

catalyst's performance in various applications, as different tungsten carbide phases are known to 

exhibit distinct catalytic properties. 

Figure 27. XRD pattern of the synthesized WC catalyst. 
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1.5.1 WC catalyzing DBD-plasma-assisted DRM reaction 

For WC catalysts, the use of nanopowder W and different carbon sources (superactivated carbon 

vs. carbon black) also showed improvements. The WC catalysts synthesized with nanopowder W 

and carbon black, particularly at a W/C ratio of 1/1, demonstrated higher CH4 conversion (up to 

41%) and CO₂ conversion (up to 17%) compared to those with superactivated carbon (Figure 28). 

The graphitic structure of carbon black facilitated better W-C bonding, enhancing the catalyst's 

stability and activity under DBD plasma conditions. This resulted in a more sustained and efficient 

reaction. 

 

Figure 28. DBD-plasma assisted DRM over WC catalysts, synthesized by using NP-W and 

different types of C. Reaction conditions: CH4 : CO2 = 1 : 1, flowrate = 30ml/min, f = 5kHz, V = 

800V, I = 0.173A, and P = 140W. 

Synergistic effects of TMC catalysts and DBD plasma on DRM process 

The combination of TMC catalysts with DBD plasma is crucial for enhancing both CH4 and CO2 

activation. The plasma activates the CH4 and CO₂ molecules before they adsorb onto the catalyst 

surface, lowering the energy barrier for their conversion into intermediates. This synergistic effect 

significantly enhances catalytic activity, as observed in studies where the addition of catalysts to the 

DBD plasma increased the reaction rate and reduced coking compared to uncatalyzed DRM [73, 

262]. 

Influence of Electrical conductivity of TMCs on DBD-plasma assisted DRM process 

The electrical conductivity of TMCs played a crucial role in the performance of the DBD plasma 

system. The unique electronic structure of TMCs, particularly Mo2C, which exhibits a strong 
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hybridization between C p and Mo d orbitals, enhanced the conductivity and electron transfer during 

the reaction. The presence of a graphitized carbon layer around Mo2C nanoparticles further 

improved the electrical conductivity, acting as an electronic bridge and minimizing the distance to 

the surface, thus enhancing the overall electrocatalytic activity [73]. 

Role of TMC catalysts in CO₂ activation in DBD-plasma assisted DRM process 

One of the primary objectives of this study was to improve CO₂ dissociation rate and catalyst 

stability. The results indicate that certain Mo2C catalyst configurations, particularly those with 

micropowder Mo and carbon black, significantly enhanced CO₂ conversion rate. This improvement 

can be attributed to the high basicity of the catalysts, which helps in capturing CO₂ and accelerating 

the overall reaction, similar to the role of MgO in traditional DRM catalysts. The oxygen binding 

energy (OBE) on the TMC surface also plays a critical role; catalysts with optimal OBE facilitate 

the removal of oxygen from the surface, completing the catalytic cycle for CO₂ conversion [262, 

263]. 

Temperature Monitored During the Dry Reforming of Methane (DRM) Process 

One of the primary objectives of this study was to process the dry reforming of methane (DRM) at 

the lowest possible temperature compared to conventional thermal DRM reactions. Notably, 

experiments revealed that the temperature within the plasma discharge region was approximately 

160°C (Figure 29), which is substantially lower than the temperatures (7000C to 10000C) 

conventionally used for DRM reactions. This observation suggests that DBD plasma can effectively 

enhance the catalytic efficiency of TMC catalysts at much milder conditions, offering a promising 

approach for more energy-efficient and sustainable DRM processes. 

Figure 29. Thermal image of the plasma-discharge 

region 
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Mitigation of Catalyst Coking in DBD-Plasma Assisted DRM over TMC Catalysts 

One of the objectives of this study was to prevent coking or carbon deposition on the surface of 

TMC catalysts, a pervasive issue in conventional thermal DRM reactions. Specifically, the Mo2C 

catalyst with the minimum Mo/C ratio of 0.2/1 (but with maximum C content) was selected for 

detailed analysis to assess carbon deposition. Elemental composition obtained by Energy-Dispersive 

Spectroscopy (EDS) of the catalyst revealed minimal or no carbon deposition on the surface of the 

used Mo2C catalyst, when compared with the freshly synthesized sample (Figure 30). Additionally, 

individual carbon (C) mapping of both the fresh and used catalyst (Figure 32) further supported this 

observation, showing no significant carbon deposition on the surface of the catalyst after use. This 

was further corroborated by the absence of dark spots in the compositional analysis of the post-

reaction catalyst (Figure 31), indicating no significant carbon buildup. Additionally, the catalyst's 

performance was evaluated over a 1-hour period, with product gas samples collected at 15-minute 

intervals, showing consistent reaction yields and reactant conversions (Figure 33). This stability in 

catalytic activity confirmed that the active sites were not blocked by carbon deposits. The 

morphology of the fresh and used catalysts, analyzed using SEM, also showed no significant 

differences (Figure 34), with the used catalyst displaying more dispersed particles due to the use of 

glass beads coated with the catalyst. These findings demonstrate DBD-plasma assisted approach 

effectively mitigated the coking issue commonly associated with catalysts in conventional thermal 

DRM reactions, enhancing the catalyst's stability and efficiency. 

 

Figure 30. Elemental composition of Mo2C (synthesized with Mo/C = 0.2/1) 

obtained by EDS. (a) Freshly synthesized catalyst. (b) Post-reaction catalyst.  
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Figure 31. C mapping of Mo2C (synthesized with Mo/C = 0.2/1), obtained by 

EDS. (a) Freshly synthesized catalyst. (b) Post-reaction catalyst. 

Figure 32. Compositional analysis of Mo2C (synthesized with Mo/C = 

0.2/1) obtained by SEM. (a) Freshly synthesized catalyst. (b) Post-reaction. 

catalyst. 
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Figure 33. Catalytic activity of Mo2C (synthesized with Mo/C = 0.2/1). 

Reaction conditions: CH4 : CO2 = 1 : 1, flowrate = 30ml/min, f = 5kHz, V 

= 800V, I = 0.173A, and P = 140W. 

Figure 34. Structural morphology of Mo2C (synthesized with Mo/C = 

0.2/1). (a) Freshly synthesized catalyst. (b) Post-reaction catalyst.  
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Energy Density Comparison for the Conversion of CH4 to H2 

The conversion of CH4 to H2 is a highly worthwhile process, particularly when considering the 

energetic and environmental benefits. In the context of DRM, this process converts two major 

greenhouse gases, CH4 and CO2, into syngas (CO and H2), which can be further transformed into 

fuels or higher-value chemicals [165]. From an energy density perspective, CH4 has a higher volume 

energy density compared to hydrogen. CH4 contains approximately 55.5MJ/m³ at standard 

temperature and pressure (STP), while H2 contains about 13.4MJ/m³ at STP. However, H2 has a 

significantly higher energy-mass density, with approximately 120MJ/kg, compared to CH4 

55.5MJ/kg [264]. 

The use of advanced technologies such as DBD plasma can enhance the efficiency and stability of 

the DRM reaction. Overall, the conversion of CH4 to H2 is not only environmentally beneficial by 

reducing greenhouse gas emissions but also offers a promising route for producing a high-energy-

density fuel with significant potential for industrial and energy applications. 

Limitations of Upscaling DBD Plasma Assisted DRM Reaction 

Despite the promising advancements in DBD plasma assisted DRM, several limitations hinder the 

upscaling of this technology. One of the primary challenges is the stability and longevity of the 

catalysts used in the process. Traditional Ni-based catalysts, for instance, are prone to deactivation 

due to high temperatures, sintering of active metal particles, and coke deposition on the catalyst 

surface. The energy consumption and efficiency of the DBD plasma system also pose significant 

challenges. While DBD plasma can activate thermodynamically restricted reactions at lower 

temperatures, it still requires considerable energy input, and the conversion rates can be affected by 

various parameters such as discharge power, flow rates, and catalyst properties [262, 265]. 

Additionally, the scalability of the reactor design is a critical issue. DBD plasma generates 

microdischarges that are highly dependent on the geometric characteristics of the reactor, operating 

temperature, and pressure. Maintaining uniform plasma distribution and controlling the electron 

energy distribution function (EEDF) across larger reactor volumes is complex and can lead to 

variations in reaction pathways and product distribution. Furthermore, the use of diluent gases like 

argon, helium, or nitrogen, which are often necessary to control the discharge characteristics and 

reduce coke formation, adds to the operational complexity and cost. These gases can alter the 

reaction mechanisms and H2/CO ratios, requiring careful optimization to achieve desired outcomes 
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Lastly, the deactivation mechanisms of TMC catalysts need to be thoroughly understood to ensure 

long-term stability. Bulk oxidation of the TMCs and changes in the catalyst's surface chemistry can 

lead to rapid deactivation, highlighting the need for robust catalyst design and optimization 

strategies [128]. Addressing these challenges is crucial for the successful upscaling and industrial 

implementation of DBD plasma assisted DRM reactions. 
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CHAPTER 5: Conclusion 

In conclusion, this study underscores the significant potential of Transition Metal Carbide (TMC) 

catalysts, particularly Mo2C, in enhancing CO2 conversion and overall efficiency in the DRM 

process when combined with cold plasma. The optimization of Mo powder size, carbon type, and 

metal/carbon ratio was critical in achieving the best catalytic performance, with micropowder Mo 

and carbon black yielding the highest CH₄ and CO₂ conversions. The electrical conductivity of 

TMCs, especially Mo2C, facilitating better transfer of plasma-generated reactive species to 

reactants, playing a pivotal role in effectively utilizing short-lived DBD discharge species and 

improving reaction efficiency. This synergy lead to improved H₂ yield, higher CH₄ conversion, and 

enhanced CO₂ conversion. The high basicity of Mo2C and its optimal oxygen binding energy further 

accelerated the reaction, aligning with existing research on plasma-catalyst systems in DRM 

reaction. Overall, this study highlights the importance of TMC catalysts in achieving sustainable 

and efficient CO2 conversion and H2 production.
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