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	 In this study, the microwave-induced Co–Mo and Ni–Mo catalysts were combined with a 
high-dielectric-constant medium to absorb microwave energy and convert it into the heat energy 
required for syngas production. The microwave conditions were a microwave power of 450 W 
and a total microwave time of 210 min with the volume ratios CH4/air = 1:2 (partial oxidation) 
and CH4/CO2 = 2:1 (dry reforming reaction). The results showed that the average yields of H2 
and CO were 43 and 35.7% in the partial oxidation reaction with Ni–Mo as catalyst, whereas 
those in the dry reforming reaction were 44.4 and 24.9%, respectively. On the other hand, with 
Co–Mo as the catalyst, the average yields of H2 and CO were 50.7 and 35.9% in the partial 
oxidation reaction, whereas those in the dry reforming reaction were 62.6 and 40.6%, 
respectively. Owing to the high activity of the Ni–Mo catalyst, it is easier to shield the metal 
coated on the surface by coke deposition. As the reaction time proceeds, the activity of the Ni–
Mo catalyst decreases, and the syngas yield is reduced. Therefore, it is feasible and innovative to 
combine microwave-induced Ni–Mo and Co–Mo catalysts with a high-dielectric-constant 
medium to absorb and convert microwave energy into heat energy to produce syngas.

1.	 Introduction

	 With the growth of the world’s population and economic development, traditional fossil fuels 
such as coal, oil, and natural gas have become the backbone for meeting the global energy 
demand. However, upon combustion, these fossil fuels emit a large amount of greenhouse gases 
(GHG) (CO2 and CH4), leading to global warming, adverse effects on biodiversity, and extreme 
natural events such as floods and droughts.(1,2) One important method of reducing CH4 and CO2 
gases is to convert them into syngas, which is a valuable intermediate raw material for the 
synthesis of liquid fuels.(3)

	 Syngas is a mixture of CO and H2 and is an important raw material for the chemical industry. 
Currently, there are three main methods of producing syngas from CH4: steam reforming, dry 
reforming, and catalytic partial oxidation. Compared with the first two methods, catalytic partial 
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oxidation has several advantages: (1) It is a mild exothermic reaction that does not require high 
operating pressures,(4) making it energy-efficient in terms of industrial process investment. (2) 
The H2/CO molar ratio is close to 2, which is an ideal ratio for Fischer–Tropsch reactions and for 
synthesizing valuable intermediate raw materials such as methanol.(4,5) (3) Catalytic partial 
oxidation can be applied under very high gas space velocity conditions, allowing for less 
investment in scale to produce larger capacities.(6,7) The dry reforming of methane is a promising 
method for the transformation of the global energy industry towards low-emission and zero-
emission fuels, reducing GHG emissions. It can simultaneously utilize CH4 and CO2 and convert 
them into high-value H2 and CO syngas, which can be used as feedstock for the downstream 
synthesis of long-chain hydrocarbons or oxygenated compounds.(8) The H2/CO molar ratio 
varies depending on the catalyst used in catalytic partial oxidation. The rate-limiting step of 
most catalyst oxidation reactions changes with temperature and composition, and short contact 
time reactions have high methane conversion rates and syngas selectivity.(9,10) For example, in a 
Pt/Al2O3 monolithic reactor operated at millisecond contact time, the methane conversion rate 
exceeds 60%, with CO and H2 selectivities greater than 80 and 50%, respectively. Ni-based 
catalysts may result in higher syngas yields, but they require operation at low temperatures to 
minimize metal losses. On the other hand, Pt-based catalysts exhibit very stable characteristics, 
but with low H2 selectivity.(11)

	 The catalytic activity order for methane is as follows: Rh > Ni > Co > Pt > Fe > Mo > Pd. Ni-
based catalysts can reduce metal losses when operated at low temperatures. The dispersion of 
the catalyst support is the main factor affecting catalytic activity, with higher dispersion leading 
to higher performance. The order of dispersion is Ni/Al2O3 > Ni/ZrO2 > Ni/CeO2, with Al2O3 as 
the carrier exhibiting high catalytic performance and achieving a methane selectivity of 
94.5%.(12) In a study by Peymani et al., 10% Ni/CeO2 catalyst was used for methane partial 
oxidation at a reaction temperature of 600 ℃, a CH4/O2 feed volume ratio of 2:1, and a space 
velocity ranging from 22500 to 175500 mol/(gcat.h).(12) The methane conversion rate increased 
from 60.95 to 76.73% with the space velocity. However, at higher space velocities, some reactions 
may be limited from a reaction kinetics perspective owing to increased heat release in the 
catalyst bed. When the feed ratio was changed to CH4/air = 4:3, the CH4 conversion rate 
increased to 92% owing to the increased O2 content in the feed, promoting both partial and 
complete oxidations. Additionally, the selectivities of CO and H2 decreased because complete 
oxidation occurred instead of partial oxidation as the oxygen content increased. Therefore, with 
changes in feed ratio, combustion reactions became more favorable than partial oxidation, 
resulting in increased CO2 and H2O contents and decreased selectivities of CO and H2.(13)

	 In a study by Lo et al., Ni and Fe catalysts were used as partial oxidation catalysts. When the 
CH4/air feed volume ratio was 1:1, higher H2 and CO yields were obtained with the Ni catalyst 
than with the Fe catalyst (54.7 vs 46.0% for H2 and 19.7 vs 14.4% for CO).(14) In another study by 
Lo et al. using the platinum/palladium/rhodium (Pt/Pd/Rh) spent catalyst supported on MgO–
Al2O3–SiO2 as the main carrier, in the methane partial oxidation process, when the CH4/air feed 
volume ratio was 1:2, the yields were 67.3% for H2 and 11.6% for CO.(15)

	 In this study, Co–Mo and Ni–Mo catalysts were combined with activated carbon under 
microwave energy conditions. The high dielectric constant of activated carbon allows it to 
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absorb microwave energy and convert it into heat energy, providing the required energy for 
methane dry reforming (CH4 and CO2) to produce syngas. Dry reforming converts CH4 and CO2 
into a high-value synthesis gas consisting of H2 and CO. This process holds great promise for the 
current global energy industry’s transition towards low-emission and zero-emission fuel 
development, aiming to reduce GHG emissions.

2.	 Experimental Equipment and Methods

2.1	 Experimental equipment

	 A microwave oven (SAMPO, MOB-P23) equipped with proportional-integral and derivative 
control for adjusting the output power was used. The microwave frequency was 2.45 GHz and 
the maximum output power was 850 W. The reactor consists of a main body connected to a thin 
tube, allowing the direct introduction of gas into a customized 80 ml quartz glass material. The 
microholes at the bottom of the reactor (1 mm diameter, 40 microholes) are designed for gas 
ventilation. The experimental setup is shown in Fig. 1.  
	 In this study, Co–Mo and Ni–Mo solid catalysts with Al2O3 as the carrier, which are 
commonly used in the petrochemical industry, were selected. Microwave induction and a high-
dielectric-constant carbon medium were used to absorb microwaves and provide the energy 
required for syngas production.

2.2	 Experimental methods

	 Before placing 6 g of the catalyst into the reaction bottle, insulation cotton and 1 g of medium 
activated carbon were placed at the bottom of the reaction bottle. The experimental conditions 
were as follows: (1) CH4 + air and CH4 + CO2. The gases under the two feed conditions were 
introduced into the reaction bottle through the gas mixing chamber. (2) The CH4/air volume flow 
ratio changed from 10/10 (1:1) to 10/20 (1:2) and 20/10 (2:1) (mL/min). The bulk temperature of 
the catalyst was increased in the microwave to approximately 450 ℃ (which took 60 min). 
Sampling was performed using a 1 ml gas-tight syringe and subsequently every 60 min. The 

Fig. 1.	 Schematic of the experimental setup and process.
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total microwave time was 240 min. The collected gas samples were injected into a gas 
chromatography-thermal conductivity detector (GC/TCD) for the quantitative analyses of the 
products to determine the final products and their yields. The syngas yield was then calculated 
on the basis of the carbon mass to establish a mass balance.

2.3	 Analyses

	 Chemical composition analyses of organic intermediates and final products were performed 
with a GC-TCD (SHIMADZU GC-2014). A tail gas sample (1 μL) was taken every 30 min with 
three replicates for the measurements of CO, CO2, H2, and CH4. On the other hand, a carbon 
determinator (Eltra, CS 800) was used to analyze the coke content of the catalyst. The images 
produced by a scanning electron microscope (SEM) (Hitachi, SU8000) were used to observe the 
surface structure of the catalyst.

3.	 Results and Discussion

3.1	 Effects of Co–Mo and Ni–Mo catalysts on the production of syngas at different CH4/
air volume flow ratios

	 The partial oxidation reaction of methane is divided into two mechanisms: the direct 
mechanism, where methane reacts with oxygen on the catalyst surface to undergo partial 
oxidation and directly produce H2 and CO (CH4 + 0.5O2 → CO + 2H2), and the indirect 
mechanism, where methane first undergoes complete oxidation to produce H2O and CO2 
(CH4 + O2 → H2O + CO2), and the remaining methane reacts with water through steam 
reforming (CH4 + H2O → CO + 3H2) and with carbon dioxide through dry reforming 
(CH4 + CO2 → 2CO + 2H2).(16) The conditions that determine the two reaction pathways are 
primarily temperature and the effective contact time between the catalyst and the gas. Direct 
partial oxidation reactions require a reaction temperature above 750 ℃ and a contact time of less 
than 0.1 s on the catalyst surface.(17)

	 The methane partial oxidation reaction mechanism relies on the heat generated from complete 
oxidation reactions to proceed with subsequent reactions. Therefore, the feed ratio plays a crucial 
role in the production of synthesis gas. Co–Mo catalysts with added activity were used as the 
medium, and the CH4/air volume flow ratio was adjusted to 1:1, 1:2, and 2:1. A microwave power 
of 450 W was utilized, along with a total irradiation time of 240 min. The results depicted in Fig. 
2 demonstrate that the average hydrogen yields for CH4/air volume flow ratios of 1:1, 1:2, and 2:1 
are 64.6, 55.1, and 58.1%, respectively. Furthermore, Fig. 3 reveals that the average carbon 
monoxide yields are 29.9, 36.9, and 22.7%, respectively. When the air proportion in the feed is 
higher, an increase in oxygen content leads to decreases in the selectivities of hydrogen and 
carbon monoxide. The added activated carbon reacts with oxygen, resulting in an upward trend 
in carbon monoxide yield. On the other hand, under conditions where the methane proportion in 
the feed is higher, after methane undergoes complete oxidation and reacts with water and carbon 
dioxide through reforming reactions, a fraction of the remaining methane undergoes cracking 
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reactions to produce carbon and hydrogen. As a result, there is a decrease in carbon monoxide 
yield.
	 Owing to the high activity of the Ni–Mo catalyst, it is easier to shield the metal coated on the 
surface by coke deposition. As the reaction time proceeds, the activity of the Ni–Mo catalyst, as 
well as the yield of syngas, decreases. Under the same conditions (CH4/air volume flow ratios of 
1:1, 1:2, and 2:1, microwave power of 450 W, and total microwave time of 240 min), the results 
shown in Fig. 4 indicate that the average hydrogen yields are 38.3, 22.2, and 43.1%, respectively. 
When the CH4/air influent volumetric ratio is 1:2, a lower ratio of methane would decrease the 
rate of recombination reaction with H2O and CO2, resulting in a reduction of H2. Similarly, the 
results shown in Fig. 5 reveal that the average carbon monoxide yields are 26.8, 23.8, and 23.6%, 
respectively.

3.2	 Effects of Co–Mo and Ni–Mo catalysts on the production of syngas at different CH4/
CO2 volume flow ratios

	 The methane (CH3-H) bond dissociation energy is 435 kJ/mol, whereas the carbon dioxide 
(CO-O) bond dissociation energy is 526 kJ/mol. This indicates that the overall reaction requires 
high temperature to achieve the equilibrium conversion of syngas.(18) The dry reforming reaction 
mechanism involves a single-function mechanism, where methane and carbon dioxide are 
adsorbed and dissociated by active metals. Methane dissociation produces hydrogen and 
hydrocarbon compounds, whereas carbon dioxide dissociation produces oxygen and carbon 
monoxide. However, the dehydrogenated carbonaceous species deposit on the metal surface, 
hindering the adsorption and dissociation of carbon dioxide, leading to catalyst deactivation due 
to coke deposition. Another mechanism is the dual-function mechanism, where methane is 
adsorbed and reacts on the metal surface, whereas carbon dioxide is adsorbed and reacts on the 
catalyst support surface. The products of methane and carbon dioxide dissociation react at the 
metal-support interface, resulting in the formation of syngas.(19) The factors that affect both 
mechanisms include the active metal, catalyst support, and temperature. Regardless of the 
mechanism, the reforming reaction of methane and carbon dioxide tends to favor the low-energy 

Fig. 2.	 (Color online) H2 yields of the Co–Mo 
catalyst under different CH4/air volume flow ratios.

Fig. 3.	 (Color online) CO yields of the Co–Mo 
catalyst under different CH4/air volume flow ratios.
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decomposition pathways, such as methane cracking (CH4 → C(s) + 2H2) and carbon gasification 
(C(s) + CO2 → 2CO) reactions.
	 Under different feed ratios, a higher proportion of carbon dioxide in the feed will increase 
carbon monoxide production and decrease hydrogen production. On the other hand, a higher 
proportion of methane in the feed will increase hydrogen production and decrease carbon 
monoxide production owing to excess methane undergoing cracking reactions to produce carbon 
and hydrogen. With the Co–Mo catalyst and an active medium, a microwave power of 450 W, 
and a total irradiation time of 240 min, the results in Fig. 6 show that the average hydrogen 
yields were 24.6, 18.7, and 43.6% for CH4/CO2 volume flow ratios of 1:1, 1:2, and 2:1, respectively. 
Figure 7 shows that the average CO yields were 30.1, 26.4, and 30.4%, respectively.
	 Ni catalysts exhibit high activity for methane cracking reactions, leading to the formation of 
carbon, which can easily deposit on the catalyst surface and affect the reaction. Therefore, in dry 
reforming reactions for syngas production, Ni–Mo catalysts only show a slight improvement in 
yield. Under the same conditions (CH4/CO2 volume flow ratios of 1:1, 1:2, and 2:1, microwave 
power of 450 W, and total irradiation time of 240 min), the results in Fig. 8 show that the average 
hydrogen yields were 23.2, 20.6, and 51.8%, respectively. Figure 9 shows that the average CO 
yields were 24.1, 27.3, and 26.2%, respectively.

3.3	 Carbon content and surface structure analyses of Co–Mo and Ni–Mo catalysts after 
microwave reactions

	 Factors that affect the carbon deposition morphology on catalyst surfaces include temperature 
and the types of metals and support used. When the catalyst support is Al2O3, which has a high 
oxygen storage capacity, it interacts with the active metals to enhance the mobility of oxygen 
atoms through the lattice. This facilitates the generation of oxygen vacancies for CO2 adsorption, 
inhibits coke formation, and prevents metal particle sintering.(20) The acidity of the active metal, 
such as Ni, promotes coke formation, whereas the higher alkalinity of the active metal, such as 
Mo, favors CO2 adsorption and a better suppression of coke formation, leading to a higher 
utilization of surface oxygen.(18) As the reaction temperature increases, the carbon deposition 

Fig. 4.	 (Color online) H2 yields of the Ni–Mo 
catalyst under different CH4/air volume flow ratios.

Fig. 5.	 (Color online) CO yields of the Ni–Mo 
catalyst under different CH4/air volume flow ratios.
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morphology changes, with an accelerated rate of coke formation and an increase in filamentous 
carbon formation.(12)

	 Figures 10(a) and 10(b) show the surface structures of the Co–Mo catalyst obtained before 
and after microwave treatment. Figure 10(b) shows that the amount of coke formed on the Co–
Mo catalyst after microwave treatment increased (9.5 wt.%), resulting in a smoother catalyst 
surface appearance. Figures 11(a) and 11(b) show the surface structures of the Ni–Mo catalyst 
obtained before and after microwave treatment. Figure 11(b) shows that the amount of coke 
formed on the Ni–Mo catalyst increased after microwave treatment (9.9 wt.%), because the high 
activity of the Ni metal and the high reaction temperature increase the rate of coke formation. 
The coke forms on the catalyst surface in a filamentous form.

Fig. 6.	 (Color online) H2 yields of the Co–Mo 
catalyst under different CH4/CO2 volume flow ratios.

Fig. 7.	 (Color online) CO yields of the Co–Mo 
catalyst under different CH4/CO2 volume flow ratios.

Fig. 8.	 (Color online) H2 yields of the Ni–Mo 
catalyst under different CH4/CO2 volume flow ratios.

Fig. 9.	 (Color online) CO yields of the Ni–Mo 
catalyst under different CH4/CO2 volume flow ratios.
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4.	 Conclusions

	 In this study, Co–Mo and Ni–Mo were used as catalysts to produce syngas, with activated 
carbon added as the microwave medium. Activated carbon under microwave treatment absorbs 
and converts microwave energy into heat energy to provide the energy required for syngas 
production. Under the same microwave conditions (microwave power of 450 W, total microwave 
time of 240 min, and volume flow ratios of CH4/air = 1:2 and CH4/CO2 = 2:1), the results showed 
that, using the Co–Mo/C catalyst for the CH4/air volume flow ratio of 1:2, the average yields of 
H2 and CO were 50.7 and 35.9%, respectively. For the feed ratio of 2:1, the average yields of H2 
and CO were 62.6 and 40.6%, respectively. Using the Ni–Mo catalyst for the CH4/air volume 
flow ratio of 1:2, the average yields of H2 and CO were 43 and 35.7%, respectively. For the 
volume flow ratio of 2:1, the average yields of H2 and CO were 44.4 and 24.9%, respectively. 
Owing to the high activity of the Ni metal in the Ni–Mo catalyst, the high reaction temperature 
speeds up the formation of coke, reducing the contact area of ​​the metal and gradually reducing 
the activity of the Ni–Mo catalyst. Therefore, the yield of syngas decreases.

Fig. 10.	 SEM images obtained before and after Co–Mo catalyst reaction.

Fig. 11.	 SEM images obtained before and after Ni–Mo catalyst reaction.
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