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Abstract
Hydrogen obtained from decomposition of natural gas with direct sequestration of carbon in solid form could be an 
attractive and cost-effective alternative for large-scale hydrogen production. We report here the use of a carbon-
based catalyst to achieve the catalytic decomposition of methane (CMD) at medium temperature, 800 °C, under 
induction heating (IH). Analyses of the catalytic results and characterizations of the spent catalyst have shown that 
the carbon deposited during the reaction acts as the active phase for the reaction and can, therefore, be recycled 
infinitely. This autocatalytic effect can only be observed when the carbon catalyst operates under IH because the 
same catalyst operating under Joule heating (JH) deactivates rapidly in the same way as that already reported in 
the literature and no autocatalytic effect has been observed. The carbon formed is in the form of a graphene layer 
with a high degree of graphitization and is completely different from the carbon black powder obtained in other 
processes. These promising results could lay the groundwork for the development of an industrially and 
economically viable way to convert natural gas into turquoise hydrogen, using renewable energy and low-cost 
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catalysts, with better resistance to poisoning by impurities present in the processing load. The combination of a 
carbon-based catalyst and non-contact IH could also lead to combined catalytic processes for many challenging 
reactions.

Keywords: Catalytic methane decomposition, carbon catalyst, induction heating, turquoise hydrogen, 
electrification process

INTRODUCTION
Hydrogen is used in numerous chemical processes and also as an energy carrier to help the decarbonization 
of different sectors to mitigate the greenhouse gas emissions. It is mostly produced from methane, the main 
component of natural gas, through different processes such as steam reforming, autothermal reforming, and 
partial oxidation[1-4]. Hydrogen production from natural gas offers numerous advantages such as low cost, 
mature technology, flexibility, and well-developed infrastructure. However, most of these technologies 
involve significant CO2 emissions due to the huge amount of fuel gas required to heat the catalyst. 
Hydrogen production is estimated to account for 3% of global CO2 emissions, of which 17%-41% is the 
direct product of hydrocarbon combustion[5-7]. Methane steam reforming, also known as SMR, is an 
endothermic reaction, and the use of a low thermal catalyst in the reaction leads to a temperature gradient 
across the catalyst bed. To ensure a uniform temperature within the reactor, combustion must be 
maintained at extremely high levels to guarantee the transfer of heat flow to the catalyst. The requirement 
for such high operation temperature is a consequence of the poor thermal efficiency of conventional 
reactors, typically below 50%[8]. Therefore, hydrogen production with direct carbon capture and storage 
operated with a higher energy-efficient mode represents an alternative to these existing processes.

Natural gas-based hydrogen production is anticipated to remain the primary method of global hydrogen 
production in the foreseeable future[9]. The catalytic decomposition of methane (CMD) has been developed 
over the last decades and has recently attracted increasing interest from academia and industry as a simple 
way to produce hydrogen in a decentralized manner, i.e., on-site and on-demand, without concomitant CO2 
release typical of traditional production processes, including those from transportation[10-16].

In the CMD process, methane from large natural reserves or shale gas is directly decomposed on a catalyst 
to produce hydrogen and solid carbon, avoiding costly CO2 capture after treatment. Additionally, it should 
be noted that CMD processes operate under near-atmospheric pressure conditions, which may offer an 
advantage over other hydrogen production methods such as steam reforming that require higher pressures. 
CMD technology can be used for on-site CO-free hydrogen production, which can be part of combined 
heat/power and mobile applications. This approach helps avoid the need for long-distance hydrogen 
transport, addressing safety and cost investment concerns due to scarce hydrogen transport infrastructure. 
Furthermore, integrating electricity and hydrogen generation, i.e., CMD, could also represent a smart form 
of clean chemical energy storage if the energy used to power the process comes from renewable sources. 
When using biomethane, the CMD process makes it possible to use a renewable hydrogen source and 
convert carbon, the biomethane of biomass, into solid carbon that can be used in several applications such 
as soil amendment, transport, construction or energy storage, i.e., supercapacitors and batteries[17,18].

During the endothermic dissociation of methane (CH4) (cracking reaction), the methane molecule is broken 
down into elemental carbon (C) and hydrogen (H2) by an external heating source, which is expressed as
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overcoming the kinetic limitations, particularly the high activation energy needed to break stable C–H 
bonds of methane. Non-catalytic methane cracking generally does not achieve reasonable yields at 
temperatures below 1,200-1,400 °C[19]. Such a high operating temperature makes the non-catalytic process 
unlikely to be viable due to its poor energy cost-effectiveness. Besides the high energy demand, consecutive 
byproducts, including soot, are rapidly formed in gas-phase reactions during methane pyrolysis at these 
temperatures that require post-reaction separation and purification processes. It should be noted that CMD, 
which runs on electrical energy, is an economically and environmentally reasonable compromise compared 
to coal gasification or steam reforming processes. The economic cost also depends on CO2 emissions and 
the value of carbon byproducts.

For energy efficiency, the CMD process is generally operated with metal or non-metal carbon-based 
catalysts supported for these subsequent catalysts, mainly activated carbon or carbon black[20-23]. The use of 
catalysts significantly reduces the operating temperature, i.e., from > 1,200 °C for non-catalytic processes 
down to < 900 °C[24], but the low stability due to rapid deactivation by solid carbon deposition at high 
temperatures has hindered industrial interest[25]. Indeed, during the reaction, the solid carbon generated 
from the CMD process directly deposited in nodular carbon form on the catalyst surface, inducing the 
blocking of the active sites, or in the form of carbon filaments, leading to alteration of catalyst integrity over 
time[26,27]. It should be noted that such deactivation is more pronounced for carbon-based catalysts due to 
the encapsulation of the virgin catalyst by a carbon deposit that blocks access to the catalyst pores and that, 
therefore, periodic regeneration using steam, air or CO2 is required[10]. However, despite the generally higher 
activation energy required by carbon-based catalysts compared to metal-based catalysts, carbonaceous 
materials remain less expensive and more resistant to poisoning, especially with sulfur compounds that 
avoid pre-purification of the process feed, compared to metal-based catalysts, and could be a reasonable 
alternative catalyst for the CMD process[28,29]. The composition of natural gas is presented in Supplementary 
Table 1.

Induction heating (IH) has been widely developed in the manufacture of industrial metal parts (bonding, 
welding, sintering) in several industries[30-32]. This approach allows heat generation directly inside the 
targeted materials and thus significantly reduces energy loss caused by thermal conduction and/or radiation 
usually seen in conventional heating mode[33,34]. With this technology, heat can be directed to the predefined 
region without overheating the entire large area and the gas-phase reactant, and thus, it can avoid thermal 
decomposition of reactants or intermediate compounds, in a gas-phase medium, caused by overheating of 
the entire reactor[35,36]. Induction can also rapidly heat the catalyst, achieving temperature increases of several 
hundred degrees per minute, which could help maintain the reaction temperature under highly 
endothermic or exothermic reactions. Recently, IH has been reported as an efficient heating mode for the 
operation of catalytic processes with significantly improved performance compared to traditional indirect 
Joule heating (JH) which is mainly based on the use of industrial-scale gas burners[37-48]. In addition to the 
advantages mentioned above, IH also represents a green heating means, among others such as microwaves 
or plasma[49,50], for the electrification of catalytic processes because it can be exploited using excessive 
renewable electricity rather than a traditional fuel burner to supply heat to the reactor, which contributes to 
the CO2 reduction[51-54]. The electrically driven process, assuming CO2-free electricity is used, could easily be 
decentralized, i.e., a plug-and-play process, which could provide a smart way to reduce the use of large 

CH4 → C + 2H2 (∆H 0
298K = +74.9 kJ/mol)                                                         (1)

The energy required for the thermodynamic dissociation of the methane molecule per mole of produced H2

(∆Hf
0
298K = 37.45 kJ/mol H2) is approximately 87% lower than that needed for water molecule dissociation by

electrolysis (∆Hf
0

298K = 285.1 kJ/mol H2). One main challenge in scaling this process to the industrial level is

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202409/cs4050-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202409/cs4050-SupplementaryMaterials.pdf


Page 4 of Truong-Phuoc et al. Chem Synth 2024;4:56 https://dx.doi.org/10.20517/cs.2024.5027

chemical plants with a strong energy incentive for construction and operation.

This work investigates the influence of heating mode on CMD performance using a metal-free carbon-
based catalyst: non-contact IH vs. indirect JH[55]. IH not only allows heat to be targeted directly at the 
catalyst[39,56] without relying on convection/conduction as is usually encountered with traditional indirect 
heating[57], but could also alter the reactivity of intermediate species leading to a novel catalytic process in 
which carbon deposition acts as the active site for the reaction[58]. Such an autocatalytic process, with high 
methane conversion at medium temperatures, has not been reported in the CMD literature and could 
contribute to a step forward in the development of a new CO2-free hydrogen production pathway. The 
combination of various characterization techniques, such as scanning and transmission electron microscopy 
(SEM and TEM), X-ray computed tomography (CT), and Raman spectroscopy, provides insights into the 
morphology and microstructure and the defect density of the deposited carbon. Additionally, the potential 
for re-using the spent catalyst will be studied to highlight the autocatalytic nature of the deposited carbon.

EXPERIMENTAL
Carbon catalyst
The catalyst used is a porous carbon in the form of extruded carbon (MESOC+ produced by SICAT SAS, 
www.sicatcatalyst.com), produced on an industrial scale of 50 tons per year, with the following dimension: 
diameter of 1 mm and length of up to 2 mm. The carbon-based catalyst was used as such without any pre-
treatment steps. The elemental analysis [inductively coupled plasma optical emission spectroscopy (ICP-
IES)] performed on the MESOC+-1 catalyst confirms the high purity of the material. The most important 
impurities detected are Ca, K, Na, S and Si, with each concentration at about 60 ± 10 ppm in the sample.

Characterization techniques
The morphology of distinct carbon-based catalysts, as a function of reaction time and recycling processes, 
was analyzed using a combination of characterization techniques, such as SEM and TEM, X-ray CT, 
thermal gravimetric analysis (TGA), and Raman spectroscopy. The results obtained allow one to build a 
schematic representation of the carbon growth mode and the generation of active sites for the CMD 
process, i.e., defects decorated with graphene-like edge planes. The growth mechanism will be discussed in 
light of the results from the literature on carbon-based catalysts. A detailed description of the 
characterization techniques is presented in the Supplementary Materials.

Methane catalytic decomposition process
The IH experiment was conducted on an EasyHeat 8310 IH system (10 kW, Ambrell Ltd) equipped with a 
6-turn spiral induction coil (L = 1.05 m, pure resistance = 2.066 × 10-3 Ω) and an external cooling cooler with 
a recirculated water/glycerol mixture (×10 vol.%) as a coolant. In a typical experiment, a quartz reactor 
containing the catalyst, similar to the one used for the JH, was placed inside the IH coils. Real-time 
temperature control/regulation was provided by a PID system (Proportional Integral Derivative controller, 
Eurotherm model 3504) connected to a laser pyrometer (Optris®, power < 1 mW, located 15 cm from the 
catalyst) focused on the middle of the catalyst bed and with the ability to work in the range of 150-1,000 °C. 
The allowable heating/cooling rate for the system is approximately 300 °C·min-1 in the temperature range of 
150 to 1,000 °C. The inductor is operated at a frequency of 263 kHz which generated a much weaker 
surrounding magnetic field compared to those operating at low frequencies, i.e., < 10 kHz[59], which can 
penetrate deeper into the surrounding material. However, in order to reduce the worker’s exposure to the 
magnetic field, the facility was located inside a Faraday cage surrounded by wire mesh.

http://www.sicatcatalyst.com
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202409/cs4050-SupplementaryMaterials.pdf
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The catalyst was flushed with an argon flow for 30 min before introducing a pure methane stream with a 
flow rate of 60 mL·min-1 [standard temperature and pressure (STP)] or 0.9 L·g-1·h-1. It was then heated from 
room temperature to 200 °C in one minute and maintained at this temperature for an additional 15 min to 
ensure moisture desorption on the surface or inside the porosity. The reaction temperature was increased 
from 200 to 500 °C (50 °C every 5 min to avoid thermal shock to the reactor). Subsequently, the temperature 
was raised by 50 °C increments from 500 to 800 °C. The CMD process was monitored using gas 
chromatography (GC) at each temperature for 60 min (6 analyses). The induction power input was 
monitored throughout the experiment. Additionally, the temperature within the catalyst bed was tracked 
with a thermal imaging camera (Optris® PI 1M, operating from 450 to 1,800 °C).

For conventional JH, the catalyst was loaded into a quartz reactor housed in an electric furnace [ERALY 
Co., outer diameter (OD) = 200 mm, inner diameter (ID) = 55 mm, length = 300 mm, maximum current (I 
max) = 8.6 A, maximum temperature (T max) = 1,100 °C]. The catalyst was evaluated under dynamic 
temperature and reaction conditions similar to those used in direct IH mode. The reactor was housed inside 
a tubular electric furnace and both ends were insulated with quartz wool caps. Temperature was measured 
by two thermocouples: one inserted inside the furnace wall and the other attached to the outer wall of the 
reactor. The reaction temperature (heating rate of 20 °C·min-1) was controlled by the thermocouple inserted 
inside the oven.

The outflow gas flow was passed through two atmospheric traps maintained at 0 °C (ice and water mixture) 
to condense the heavy hydrocarbons formed during the process. The gas stream was analyzed by two GC 
setups (μGC SRA R3000 and Varian 3800) equipped with four columns for the analysis of H2, N2, O2, CH4 
and CO (MS5A and Poraplot U), CO2, C1 to C4 alkanes and olefins (CP Sil-5-CB), saturated, olefinic and 
isomers hydrocarbons from C6 to C30 (RTX-1). The detailed characterization of the different products by GC 
techniques is summarized in the Supplementary Materials for conciseness. All lines, after the traps, were 
kept at 80 °C. CH4 conversion (XCH4) and hydrogen production were calculated using:

RESULTS AND DISCUSSION
Carbon catalyst characteristics
Representative SEM and TEM images of the virgin carbon catalyst (MESOC+-1) are shown in Figure 1A-F. 
The SEM analysis at low magnification clearly shows a rough morphology without any particular structure 
[Figure 1A and B] with some carbon microparticles present on the material surface [Figure 1C]. TEM 
analysis confirms the presence of regular carbon nanoparticles, with an average size of 50 nm, as the main 
carbon constituent of the material [Figure 1D]. High-resolution TEM micrograph reveals an onion-like 
structure of the carbon nanoparticle with concentric layers of graphene [Figure 1E and F]. This analysis also 
identifies certain structural defects on the outer layer of the graphene of the onion-shaped nanocarbon 
[Figure 1F].

(2)

(3)

(4)

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202409/cs4050-SupplementaryMaterials.pdf
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Figure 1. (A-C) SEM and (D-F) TEM micrographs of the pristine MESOC+-1 carbon catalyst with different magnifications; (G) TGA 
spectra of the fresh (i) and spent catalysts after CMD test under direct IH (ii) and indirect JH (iii) mode; (H) CT micrographs of the fresh 
catalyst bed showing the loosely packed bed (37 vol.% apparent porosity determined by AutoCAD software) with point contact 
between the different catalyst extrudates. SEM: Scanning electron microscopy; TEM: transmission electron microscopy; TGA: thermal 
gravimetric analysis; CMD: catalytic decomposition of methane; IH: induction heating; JH: Joule heating; CT: computed tomography.

The MESOC+-1 displays a single relatively high oxidation peak localized at about 640 °C according to the 
TGA result [Figure 1G(i)]. TGA spectra of the spent catalysts operated under IH and JH are presented in 
Figure 1G(ii) and (iii) and will be discussed in detail further. The specific surface area (SSA) of the pristine 
MESOC+-1 (sample R0) measured by the Brunauer-Emmett-Teller (BET) method is presented in Table 1. 
The SSA is not very high compared to that generally observed with activated charcoal which could be 
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Table 1. Characteristics of the pristine MESOC+-1 (noted R0) and the different recycled samples: R0 spent (Cycle#1) → R1 spent 
(Cylce#2) → R2 spent (Cycle#3)

Catalyst R0a R0 spent R1b spent R2c spent

SSA (m2·g-1) 297 14 5 < 1

C deposit (g) 0 6.2 (∑C = 10.2)d 5.0 (∑C = 9.0)d 5.1 (∑C = 9.1)d

R0 (wt.%) 100 39 17 8

ID/IG ratioe 1.01 1.04 1.36 1.38

D-peak (FWHM) (cm-1) 140 122 82 71

aPristine MESOC+-1 (mR0 = 4 g). bRe-use catalyst taken from a mixture of R0 and carbon deposit (mR1 = 4 g). cRe-use catalyst taken from a 
mixture of R1 and carbon deposit (mR2 = 4 g). dTotal amount of carbon recovered at the end of the test around 17 ± 2 h started with 4 g of carbon 
catalyst. eRatio of ID vs. IG determined from the Raman spectroscopy analysis. SSA: Specific surface area; FWHM: full-width at half-maximum.

attributed to the presence of large mesopores instead of micropores in the sample. The CT results, cross-
sections and 3D images, recorded on the fresh R0 sample in a section and volume mode, clearly evidence 
the classic stacking bed configuration with a relatively high porosity, about 40% (calculated using AutoCAD 
software), between the different carbon extrudates [Figure 1H].

CMD catalytic performance
Figure 2A illustrates the catalytic performance, expressed in terms of CH4 conversion, as a function of 
activation temperature and time-on-stream (TOS), on the MESOC+-1 mm carbon-based catalyst (denoted 
R0). Methane conversion increases slightly as the reaction temperature rises from 700 to 800 °C, followed by 
a deactivation trend [Figure 2A]. This deactivation is similar to general observations reported for carbon-
based catalysts[14,62]. At 800 °C, the deactivation seems to plateau, and after a few hours of commissioning, 
methane conversion begins to rise again, eventually reaching a pseudo-stable state at about 40%-50% 
conversion. It should be noted that the new steady state is much higher than that observed at the beginning 
of the test at 800 °C, i.e., 45% vs. 10%. The hydrogen selectivity obtained on the R0 sample is presented in 
Supplementary Figure 1. The CMD process yields not only hydrogen and solid carbon but also some other 
gaseous hydrocarbons, especially C2 fraction [Figure 2B]. During the activation period, a significant change 
is observed within the C2 fraction where C2H2 steadily increases at the expense of C2H4. The observed results 
suggest that the virgin MESOC+-1 mm catalyst was barely active for the CMD process because the initial 
activity cannot be maintained. The initial decrease in CMD activity aligns with the literature data on carbon 
in the CMD process where continuous deactivation occurs as a function of TOS[10,55]. However, the increase 
in CMD activity after an activation period, before reaching a steady state, has not been previously reported. 
The observed activation period at 800 °C suggests that the carbon deposited during the CMD process at this 
temperature may have a different microstructure compared to the virgin catalyst and could act as active sites 
for the CMD reaction, i.e., autocatalytic process. Such phenomenon could be attributed to the 
reorganization within the carbon layer upon deposited on the pristine MESOC+ catalyst surface leading to a 
new and much active carbon phase for the CMD process, i.e., layer graphene-like structure as observed by 
SEM. It is expected that such a graphene-like structure could be more effective to accommodate the 
incorporation of the C2H2 to generate solid carbon on the carbon vacancy sites (see later discussion about 
the carbon incorporation mechanism with C2H2 fraction). Such activated carbon sites have also been 
previously reported during direct dehydrogenation (DDH) of ethylbenzene (EB) to styrene (ST) using 
coked alumina catalysts[63]. The observed DDH activity could unambiguously attributed to the generation of 
a coke “coating” layer that formed on the surface of the alumina during the reaction and acted as an 
activated carbon catalyst. This result was consistent with the fact that carbon deposited in situ was expected 
to act as a dehydrogenation catalyst for EB-to-ST conversion. It should be noted that other forms of carbon, 
i.e., nanodiamonds or doped carbon, also exhibit relevant catalytic activity due to the presence of defects on 
their surface[64,65].

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202409/cs4050-SupplementaryMaterials.pdf
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Figure 2. (A) CH4 conversion (XCH4), H2 productivity (H2pro), supplied power (P) and (B) C2H 2, C2H4 and C2H6 selectivity as a function of 
reaction temperature and TOS on the MESOC+-1 (R0) catalyst as a function of temperature and TOS under direct IH; (C) CH4 
conversion (XCH4), H2 productivity (H2pro), supplied power (P) and (D) C2H 2, C2H4 and C2H6 selectivity on the same carbon catalyst as a 
function of temperature and TOS under indirect JH. The methane flow rate is set at 60 mL/min corresponding to a WHSV of 
900 mLCH4/gcatalyst/h for the experiments presented in (A) and (B); (E) Zoom of the CMD catalytic performance, expressed in terms of 
methane conversion, under indirect JH mode at 1,000 °C showing the continuous deactivation slope; (F) Arrhenius plots and activation 
energy (Ea) recorded on the carbon catalysts operated under IH and JH mode and some representative results taken from the 
literature[60,61]. This calculation is based on the initial rate of CMD; (G) Digital photo showing the MESOC+ catalyst at work and the 
heavy hydrocarbons condensed (yellow, indicated by arrow) at the exit of the reactor operated under IH mode. TOS: Time-on-stream; 
IH: induction heating; JH: Joule heating; WHSV: Weight hourly space velocity; CMD: catalytic decomposition of methane.

For comparison, the same catalyst was also evaluated for CMD under indirect JH, and the results, as a 
function of the reaction temperature and TOS, are presented in Figure 2C. Unlike the IH mode, CMD 
activity, expressed in terms of methane conversion, remains extremely low under JH conditions, with the 
maximum methane conversion of 16% only achieved at the reaction temperature of 1,000 °C. Similarly, 
some trace amount of C2 compounds were also detected in the exit stream, although their internal 
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distribution radically differs from that obtained under IH [Figure 2D]. The CMD performance further 
gradually decreases to about 10%, followed by a slower deactivation slope as a function of TOS [Figure 2E]. 
Similar results have already been reported by other research groups who have pointed out that carbon 
catalyst faces two main deactivation regimes: rapid deactivation during the first regime followed by slow 
and irreversible deactivation in the second regime[55,66]. In addition, no activation period, where the catalytic 
performance increases after a certain time of reaction, was observed in JH mode as that occurred during the 
IH heating process [Figure 2A vs. C]. These results highlighted a radical difference in terms of carbon 
catalyst reactivity for CMD between the two heating modes. In the case of CMD operated under JH mode, 
the carbon formed during the reaction seems to display even lower catalytic performance than the pristine 
one and deactivation occurs as a function of carbon deposit which could be attributed to the gradual pore 
plugging. It should also be noted that during the reaction, the total gaseous volume grows significantly as a 
result of hydrogen formation, which reduces the apparent contact time and surface temperature of the 
catalyst, due to higher gas-solid heat exchange, which could have a significant impact on temperature 
maintenance, especially in the case of indirect JH with high temperature regulation inertia. It is expected 
that these phenomena may lead to irreversible deactivation of the catalyst in JH mode, as observed by the 
experimental results. On the contrary, such changes in reaction conditions do not appear to significantly 
affect the carbon catalyst operating under direct IH. Such a phenomenon has already been investigated by 
other research groups under microwave heating which is very similar to the IH. According to the recent 
report by Malhotra et al., the change in reagent flow rate had little influence on the surface temperature of 
the catalyst under direct microwave heating where the heat is directly targeted to the catalyst bed[67]. Indeed, 
the high rate of heat input of the microwave allows the precise maintenance of the surface temperature of 
the catalyst in a wide range of reagent flow and reduces the negative influence of the flow rate in the 
reaction.

During the CMD process, under IH, some of the methane was also converted to higher hydrocarbons, i.e., 
C2 fraction comprising C2H6, C2H4 and C2H2 [Figure 2B vs. D] and some very small trace amount of 
aromatic compounds (benzene, toluene, xylenes and naphthalene). These products are expected to be 
formed through the combination of CHx fragments in a manner similar to the non-oxidative methane 
coupling process to produce C2H6 which could be rapidly dehydrogenated to yield C2H4. According to the 
results reported in Figure 2B, the amount of C2H2 detected in the exit stream continuously increases as a 
function of TOS in close relationship with the activation period where the CMD activity increases. The C2H2 
concentration remains stable when the catalyst reaches the steady state. These results are similar to those 
reported by Hsieh et al. during the CMD reaction using radiofrequency plasma, but differ regarding 
concentration of C2 fraction, i.e., 2-3 mol% in this work vs. 10-30 mol% reported under radiofrequency 
plasma[68]. It should be noted that the change in methane conversion at 800 °C under IH mode is also 
accompanied by a significant decrease in C2H4 while C2H2 increases steadily before reaching a pseudo-steady 
state [Figure 2B]. It should be noted that no C2H2 was detected in the output stream at a temperature below 
800 °C for the fresh catalyst, which seems to confirm that the formation of C2H2 is closely related to the 
increase in CMD activity at high reaction temperature. In an indirect JH mode, a marginal amount of C2H2 
was also observed, but only at a much higher temperature, i.e., 1,000 °C [Figure 2D]. Such results could be 
explained by the ability of the IH mode to generate CH3

• fragments followed by successive dehydrogenation 
steps to generate C2H4 and C2H2 due to the high reaction temperature. The high temperature could induce 
the formation of highly dehydrogenated products such as C2H2 and C2H4. Such highly dehydrogenated C2 
fraction could participate directly in the production of carbon during the process as will be discussed 
further. Such an explanation is supported by the fact that C2H2 fragment could be easier incorporated into 
carbon defect sites to generate solid carbon compared to methane or ethylene (see discussion of the 
mechanism below). As noted above, the C2H2 compound could also combine to generate aromatic 
compounds, i.e., benzene and trace amount of toluene, followed by a condensation reaction between 
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benzene to produce heavy aromatics, i.e., naphthalene, similar to the methane dehydroaromatization 
(MDA) process[69,70].

The Arrhenius diagrams calculated from the two heating modes are shown in Figure 2F. The Ea (IH) was 
about 120 kJ·mol-1 for the IH mode, about 1.8 times smaller than that determined for the JH mode, i.e., 
200 kJ·mol-1. The latter is within the range of Ea reported on carbon-based catalysts in the literature, i.e., 140 
to 230 kJ·mol-1. The lower Ea obtained in IH mode could be attributed, in part, to the existence of hotspots 
located inside the catalytic bed that could contribute to an improved reaction (see detailed discussion 
below) or to the influence of the electromagnetic field on the stabilization of some radical species[71,72]. It has 
been hypothesized that the magnetic field could influence certain radical reaction rate constants leading to 
an off-equilibrium chemical process[73]. Indeed, the formation of radicals could be affected by the magnetic 
field[74] by the radical pair mechanism (RPM) on the exchange between the singlet and triplet states[75].

Spent catalyst characterization
The graphitization nature of the pristine carbon and the spent catalysts, operated under IH and JH, which 
contain both pristine and deposited carbon, is analyzed by Raman spectroscopy [Figure 3A]. Raman spectra 
show two typical D and G bands at 1,345 and 1,590 cm-1, respectively. G bands (~1,580 cm-1) were assigned 
to symmetric and crystalline sp2 carbon, while D bands (~1,350 cm-1) were associated with the defects/edges 
in the in-plane of graphene layers and irregular graphitic lattice on the surface[76]. The positions, widths, and 
ratio of the intensities of the peaks can be indicative of sp3 content of materials, degree of disorder and 
crystallite size. Specifically, the parameters most extensively investigated are full width at half maximum 
(FWHM) and the ratio of the intensities of the D and G bands [I(D)/I(G)]. The spent IH and JH catalysts 
(denoted as R0 and R0’ spent) display a similar Raman spectrum with, however, a slightly narrow D peak 
compared to that of the fresh catalyst. This result could be attributed to the formation of carbon with a 
higher degree of graphitization that contains a relatively low number of defects on the catalyst (see TEM 
analysis in the next section). The D peak in the spent JH catalyst (R0’) displays a narrow shape which could 
be attributed to the high reaction temperature, i.e., 1,000 °C, which could induce some local reorganization 
within the as-produced carbon during the process.

The activation period during which CMD activity increases before reaching a steady state was also 
accompanied by a significant reduction in the power absorbed by the induction coil [Figure 2A]. Such 
results could be attributed to the connection of the catalyst bed by carbon deposition and will be discussed 
in detail in the next section in light of the CT analysis.

The amount of carbon deposition during the IH test was approximately 6.2 g for the 4 g of virgin catalyst 
charged into the reactor, resulting in a total carbon weight inside the reactor of 10.2 g (155 wt.%). The final 
SSA of the spent R0 catalyst is significantly reduced compared to that of the virgin MESOC+-1 catalyst, i.e., 
14 vs. 297 m2/g [Table 1]. The decrease in SSA inversely follows the amount of carbon deposited on the 
catalyst during the reaction [Table 1] and could be explained by the fact that the deposited carbon is 
relatively graphitized with a low SSA, which induces the pore plugging of the pristine catalyst (see CT 
analysis below).

It should also be noted that the spent R0 catalyst after reaction under an IH process is mainly bonded 
together forming a macroscopic solid block [Figure 4A] while the one tested under JH remains separate 
[Figure 4B], confirming the difference in carbon deposition, i.e., graphene-like sheets with a connected 
structure under IH vs. nodular particles under JH. The SEM analysis was also performed on spent catalysts 
after CMD reaction under direct IH and indirect JH mode [Figure 4C and D vs. E and F]. SEM micrographs 
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Figure 3. (A) Raman spectra of the pristine MESOC+-1 and the spent ones after CMD test under IH (noted R0) and JH mode (noted 
R0’); (B) Raman spectra of the spent MESOC+-1 after IH test (noted spent R0) and the spent ones after CMD test under IH (noted R1) 
and the same R1 after test under JH mode (noted R1’). CMD: Catalytic decomposition of methane; IH: induction heating; JH: Joule 
heating.

with different magnifications clearly show a significant difference in terms of carbon deposition under JH 
mode compared to that observed under IH conditions. The carbon deposit under JH consists mainly of 
spherical carbon with micrometric size, and no platelet-like structure can be observed [Figure 4E and F]. On 
the other hand, the carbon generated under IH is in the form of graphene-like sheets coated on the surface 
of the virgin carbon catalyst which creates a strong bond between the different carbon particles [Figure 4C 
and D], as indicated by the arrow of Figure 4C. Such connected bridges generated by the solid carbon 
deposit under IH could create an easy path for electromagnetic field flow and, thus, improve heat recovery 
from the coil. It is, therefore, expected that such bridging will cause the input power to decrease under IH 
mode as a function of reaction time to maintain the reaction temperature at the set one due to improved 
coupling between the catalyst and the induction coil. Such a hypothesis is verified by analyzing the spent R0 
sample by CT techniques, which is more suitable for the analysis of a large macroscopic sample with high 
contrast details.

The difference regarding carbon microstructure deposit between IH and JH modes could also be explained 
by the fact that under IH, a large temperature gradient occurs between the solid and the gas-phase medium, 
as IH only heats the solid[77], whereas under JH, the secondary reaction occurring in the gas phase becomes 
predominant, leading to the formation of soot nanoparticles, which are deposit on the surface of the catalyst 
without any connection. The graphene-like carbon with layered structure produced during the CMD 
process under IH represents an interesting alternative compared to amorphous carbon produced under JH 
mode. Indeed, such structured carbon sheets could serve as precursors for the production of synthetic 
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Figure 4. Digital photos of the carbon-based catalysts, R0 and R1, after reaction under (A) IH and (B) JH mode showing the difference 
in morphology: highly connected and loosely connected shape; (C and D) SEM micrographs of the spent IH catalyst showing the 
presence of graphene-like sheets within the deposited layer which acts as a solid glue for connecting the different extrudates together 
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(indicated by arrows in C and D); (E and F) SEM micrographs of the spent JH catalyst showing a nodular carbon deposit on the catalyst 
surface with loose structure; (G) CT micrograph of the spent IH catalyst with stacked macroscopic shape; (H) Low magnification CT 
along YZ cross-section view showing the deposited graphene-like layer (with bright contrast) on the surface of the carbon catalyst; (I 
and J) High-magnification CT micrographs showing the homogeneous and connected structure between the deposited graphene-like 
layers on the surface of the carbon particles; (K and L) Corresponding TEM micrographs of the spent IH catalyst with loosely oriented 
graphitic planes. IH: Induction heating; JH: Joule heating; SEM: scanning electron microscopy; CT: computed tomography; TEM: 
transmission electron microscopy.

graphite through thermal conversion, which may help meet future demands for graphite in batteries or be 
used as a low-cost and high-mechanical-strength filler in composites.

The detailed characterization of the resulting carbon block after IH operation by the CT technique is 
presented in Figure 4G-J. The low-magnification CT images obtained on the spent R0 catalyst clearly show 
the formation of a homogeneous carbon structure within the spent catalyst [Figure 4G], and a YZ cross-
sectional view shows a graphitized carbon layer, which appears with brighter contrast, around the pristine 
extrudates. This layer is attributed to the carbon deposition during the reaction at 800 °C [Figure 4H and I]. 
Such a graphitized carbon layer enveloping the virgin carbon surface should be responsible for the sharp 
decrease in the SSA of the spent catalyst. Careful observation of Figure 4I and J also indicates that the solid 
carbon deposits are interconnected, forming carbon bridges that link the different MESOC+ extrudates 
inside the sample in good agreement with the SEM results discussed earlier. Two remarks can be made from 
the CT results on spent catalysts: (i) the decrease in total void fraction will induce an increase in the average 
thermal conduction among the catalyst particles; and (ii) the connection between the different extrudates 
(as shown by CT) allows rapid heat transfer throughout the entire catalyst bed thanks to the thermal 
conductivity of the carbon catalyst. This, in turn, contributes to the reduction of the induction power input 
as a function of TOS. The advantage of using a thermal conductor to carry on endothermic catalytic 
processes has been previously reported for other supports such as silicon carbide[78] and highly entangled 
carbon nanotubes[79].

The CT micrographs also clearly show the complete coating of the mesoporous carbon by a dense 
graphitized carbon layer [Figure 4I and J], which again confirms the fact that the pristine mesoporous 
carbon is not in contact after the activation period with the reactive gas phase and that only the deposited 
graphene-like structure is exposed to the reagent. These results confirm the intrinsic catalytic performance 
of the graphene-like structure deposited during the CMD process. The high-resolution CT micrograph 
[Figure 4J] also clearly indicates that the structure of the carbon deposit is radically different from that of 
the virgin MESOC+-1 catalyst that contained mesoporosity. Indeed, the phase contrast clearly confirms that 
the carbon deposit has a more compact structure, displaying bright contrast, without porosity and arranged 
in a layered structure similar to stacking graphite-sheet. Such results further reinforce the fact that the 
catalytic sites for the CMD process in this study are mainly located on the edge, i.e., the dangling bonds or 
defect sites, of the graphene sheets formed during the reaction.

The TGA results presented in Figure 1G, both for the primitive and after about 15 h of test, confirm the 
formation of more graphitized carbon on the sample, as the two oxidation peaks are shifted at a higher 
temperature compared to those recorded on the pristine catalyst. Indeed, on the spent IH R0 catalyst, two 
oxidation peaks are observed at 700 and 800 °C compared to the peak at 650 °C for the fresh catalyst 
[Figure 1G(ii) vs. (i)], indicating that the as-deposited carbon is more graphitic with higher oxidative 
resistance than the pristine MESOC+-1 catalyst. Such results agree well with those obtained by CT where 
two carbon phases with a significant graphitization degree were observed. Raman spectra also confirm the 
formation of a carbon structure with a high defect density during the CMD experiment [Figure 3A]. Such a 
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correlation confirms the direct relationship between graphitization (following carbon deposition of the 
reaction under IH) and the CMD performance of the catalyst. The TGA results of exhausted MESOC+-1 
exploited in JH mode indicate that the carbon formed is less graphitized in nature because lower oxidation 
peaks have been observed [Figure 1G(iii)] and agree well with the results reported in the literature[80].

The microstructure of the carbon deposition on the spent IH catalyst was also characterized by the TEM 
technique and the results are presented in Figure 4K and L. The graphitic deposit is in the form of highly 
oriented structure where multilayer graphene sheets can be observed. However, graphene planes are less 
oriented, which could be attributed to the low degree of graphitization and orientation of the material, i.e., 
turbostratic graphene with low long-range order, due to the relatively short reaction time.

Influence of the electromagnetic field on the structure of carbon deposition
The formation of a carbon block by bonding the different carbon extrudates by a graphitic structural layer 
in an IH mode could be explained by the presence of an electromagnetic field inside the catalytic bed. In 
this mode, the electromagnetic field is higher at the point of contact between the two particles[80] which 
could generate a carbon deposit at this point followed by spreading of such carbon nodules to form a 
continuous layer contact as schematized in Figure 5A. Indeed, due to the concentration of the electric field 
at the contact points, the temperature of the regions at the points of contact was higher than that of the 
catalyst body, which could increase the rate of carbon deposition on these regions at the start of the CMD 
process. Such a continuous carbon structure would have to be randomly generated in the catalyst bed, 
which would lead to the connection of the different catalyst particles after the reaction to form a 
macroscopic block, as shown in digital photos and CT micrographs [Figure 5B and C]. Recent studies of 
microwave-heated catalytic systems have indicated that at the points of contact between two silicon carbide 
spheres, the temperature could have a maximum difference of up to 240 °C from the reaction set 
temperature[80,81]. Such an increase in temperature at junction points, microscopic region, could contribute 
significantly to improved catalytic performance without changing the overall macroscopic temperature in 
the catalytic bed[80]. Similar results have also been reported by Kuhwald et al. during the oxygen evolution 
reaction and hydrodeoxygenation processes[31]. In fact, the authors attributed the high catalytic performance 
to an overheating of the surface of the nanocatalyst, i.e., the FeNi nanoparticle, which induces local high 
temperatures well above the boiling point of the solvent in which the reaction takes place. The heat 
generated at this high local temperature was rapidly dissipated throughout the catalytic matrix and the 
reactions were completed despite the relatively mild reaction operation conditions, from a macroscopic 
point of view. In the case of JH mode, such a phenomenon is unlikely to occur because the entire system has 
been heated by thermal convection and conduction and no electromagnetic field is present. In addition, 
since CMD is an endothermic reaction, the formation of local hot spots, as expected in the case of the JH 
mode, is simply impossible. Such results agree well with those reported in the literature where deposited 
carbon is mostly in the form of nanocarbon spheres with loose connection and amorphous structure, i.e., 
carbon black.

In IH mode, the temperature gradient of the catalyst between the center of the bed and the edge, near the 
reactor wall, could also play a role in the localization of carbon deposition. According to the report by 
Haneishi et al., under the microwave irradiation process, the catalyst temperature in the center of the bed 
was higher than that near the reactor wall due to heat dissipation at the edge of the catalyst bed[82]. In our 
case, the reactor was operated without insulation; therefore, heat dissipation is expected to be high near the 
“cold” wall of the reactor. This gradient temperature is verified by analyzing the spent catalyst: the solid 
block of the spent catalyst was observed inside and in the middle of the bed where a high regional 
temperature was expected due to a higher homogeneous magnetic field in the center of the coil and also the 
local high temperature at the contact points as discussed above [Figure 5D]. On the other parts of the bed, 
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Figure 5. (A) Schematic scheme of the hot spot formation at the contact point between two carbon particles leading to the formation of 
a continuous graphitic structure between the two particles; (B) Digital photo of the carbon block formed within the reactor after CMD 
process under IH mode; (C) Cross-section of a TomoX micrograph showing the connection between different MESOC+-1 extrudates 
through a graphitic-like carbon layer (in bright color); (D) Simulation of the magnetic field concentration in the middle of the induction 
coil; (E) Digital and (F) thermal photos of the reactor under reaction where a bright zone can be observed in the middle of the induction 
coil; (G) Digital photo showing the high mechanical resistance of the C-C composite generated during the CMD process with a wt/wt 
ratio of ca. 2,800 times. CMD: Catalytic decomposition of methane; IH: induction heating.

i.e., the upper part located at the entrance, some carbon deposition can be observed, but it was not high 
enough to connect the different catalyst particles together as that was observed in the middle of the catalyst 
bed. Such a temperature gradient could also be clearly visualized by digital and thermal photos of Figure 5E 
and F. This carbon deposit is expected to propagate upwards with TOS to connect the other parts of the 
catalytic bed to form a macroscopic block. It is worth noting that such a C-C block displays exceptionally 
high mechanical strength due to the presence of layered graphene-sheet bonding structure. This block 
(32 g) can withstand a load of more than 80 kg, ca. 3,000 times its own weight, without breaking, as 
illustrated by the digital photos in Figure 5G. It is expected that such C-C composites could find use as heat 
exchangers in harsh conditions where both high mechanical and thermal properties are required, i.e., small 
modular reactors with melted salt as heat fluid exchangers.
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However, the large difference in catalytic performance cannot be attributed solely to the reaction 
temperature inside the catalyst bed; the presence of an external oscillating magnetic field in the IH may also 
play a role. Recent works by other research groups suggest that the improvement in catalytic performance 
under IH, compared to JH, is not only related to heat management but could also be directly influenced by 
the magnetic field in the catalyst bed. Adogwa et al. have attributed the improvement in catalytic 
performance under IH to the direct influence of an oscillating magnetic field on the adsorption and 
desorption rates of the reactant and intermediate species, which enhances the utilization of active sites[83]. 
These findings remain very similar to those of Kiatphuengporn et al., who linked the improved catalytic 
performance to the influence of a magnetic field[84]. In the present work, it is expected that the large 
improvement in catalytic performance of the CMD process, compared to that under indirect JH, may be 
primarily due to the influence of the magnetic field. Additionally, the presence of this magnetic field could 
also modify the microstructure and shape of the deposited solid carbon compared to that formed under 
indirect JH mode.

Influence of the catalyst-specific surface area
According to literature reports, the CMD performance on carbon catalysts, operating under conventional 
indirect heating, is proportional to the SSA of the catalysts, and progressive deactivation occurs due to the 
progressive coverage of the carbon catalyst surface by carbon deposition, mainly in amorphous carbon soot 
form[85-89]. In order to verify this hypothesis, the spent catalyst, obtained under IH mode, with a relatively 
low SSA of 14 m2/g, was tested again with IH and JH modes. For this cycling test, the spent IH catalyst, 
denoted as R0, was broken down into small pieces (3 to 5 mm) and re-loaded in the reactor maintaining the 
same weight (4 g) as that of the fresh catalyst.

In direct IH mode, the methane conversion on the spent R0-IH catalyst increases rapidly to a steady state, 
even slightly higher compared to that of the fresh catalyst and remains stable for several hours [Figure 6A] 
while a reverse trend was observed for the same spent R0-IH catalyst operating under indirect JH 
[Figure 6B]. Indeed, under JH mode, the spent R0-IH catalyst displays much lower methane conversion, 
indicating that the CMD performance in indirect JH conditions is directly related to the SSA of the catalyst, 
i.e., 16% methane conversion on MESOC+-1 with 297 m2/g and only 3% on used MESOC+-1 with 14 m2/g. 
Such results agree well with those reported in the literature where the most active carbon catalysts for CMD 
required a high SSA[15,23,24,27]; however, this requirement does not appear to apply to the same catalyst when 
operating in direct IH mode.

The CMD performance of the spent catalyst, operating under direct IH mode, seems to confirm that under 
non-contact electromagnetic heating, the catalytic activity is not directly related to the SSA of the catalyst, 
and that the graphene-like layer deposited on the catalyst surface during the reaction could play a catalytic 
role for the CMD process. The residual amount of virgin R0 carbon contributes only about 39% by weight 
in the R1 catalyst, although methane conversion remains high in the second cycle test (denoted as R1) 
which confirms that the CMD performance is directly proportional to the defective surface graphitic 
deposition material and not to the SSA of the carbon catalyst. The high CMD performance in IH mode 
could also be due to the presence of a localized heating zone, at the point of contact of the particles, which 
could generate small regions of high temperature outside equilibrium that contribute to the improvement of 
the reaction, as discussed above. The influence of the surrounding magnetic field could also play a role 
despite such influence being not well understood and additional investigation is needed to make a clear 
assessment.
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Figure 6. (A) CH4 conversion (XCH4), H2 productivity (H2pro), supplied power (P) on the spent IH (R0) catalyst as a function of 
temperature and TOS for a second cycling test under direct IH; (B) CH4 conversion (XCH4), H2 productivity (H2pro), supplied power (P) 
on the same spent IH carbon catalyst as a function of temperature and TOS under indirect JH; (C) TGA spectra of the spent IH catalyst 
(R0) and the one after a second cycling test under IH (R1) and JH (R1’); (D and E) C2H 2, C2H4 and C2H6 distribution as a function of TOS 
under IH and JH mode, respectively; (F-H) Medium to high-resolution TEM micrographs of the spent IH catalyst after a second cycling 
test under IH mode showing highly oriented graphene planes with several defects [indicated by arrows in (H)]. IH: Induction heating; 
TOS: time-on-stream; JH: Joule heating; TGA: thermal gravimetric analysis; TEM: transmission electron microscopy.

The TGA spectra of R0 and R1 (spent R0 after IH test) and R1’ (spent R0 after JH test), catalysts after CMD 
test under IH and JH modes, confirm the higher graphitization behavior of the two spent catalysts 
[Figure 6C]. The R1’ has the highest TGA temperature peak, i.e., 860 °C, which could be attributed to the 
high reaction temperature, i.e., 900 °C, for several hours. The C2 fraction on both catalysts exhibits a 
behavior similar to that obtained on the fresh catalyst which confirms that the reaction is carried out with 
the same mechanism on both fresh and spent catalysts under these two heating modes [Figure 6D and E]. 
The microstructure of the graphitic material deposited on the recycled catalyst after IH test (R1) was also 
studied by TEM. On the recycled catalyst, graphitic is more visible with a high orientation along the growth 
axis [Figure 6F and G]. A detailed analysis indicates that the graphitic planes remain very defective with the 
presence of many defects inside the plane, as shown in Figure 6H (indicated by arrows). These defective 
graphitic sites are expected to act as active sites for the CMD process, as discussed above and in detail in the 
reaction mechanism proposed below. The defective structure of the carbon deposition is also confirmed by 
Raman spectroscopy where the D band has a higher contribution than the G band [Figure 3B]. Such a faulty 
turbostratic structure aligns well with the above TEM analysis where a high density of defects is observed in 
the carbon plane. It is noteworthy that D bands are associated with the presence of graphitic domain 
boundary density which is consistent with the SEM analysis.
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Influence of cycling tests and temperature
In this section, the spent IH catalyst, after a second cycling test and denoted spent R1, was re-tested for the 
CMD reaction in IH mode at different temperatures and durations. First, the CMD performance was 
evaluated at a lower reaction temperature of 780 °C for two consecutive cycling tests, denoted as R2 and R3 
[Figure 7A]. The spent R3 catalyst was re-tested as a function of the reaction temperature, and the results 
again confirm the lack of deactivation on such carbon catalyst [Figure 7B]. After each cycle, the resulting 
catalyst was broken into small pieces and the same catalyst weight, 4 g, was tested again. For tests R2 and 
R3, methane conversion increases rapidly to a steady state of about 40%, which is attributed to the low 
reaction temperature of 780 instead of 800 °C [Figure 7A]. The most striking finding is the high stability of 
the recycled catalyst, which seems to indicate that deactivation is lacking and that the deposition coke has 
become increasingly active for the CMD process, i.e., 5% methane conversion at 750 °C on R0 [Figure 2A] 
against 45% at 780 °C on R2 and R3 [Figure 7A]. Another interesting fact is that as a function of the cycling 
tests, the SSA of the cycled catalyst continuously decreased from 5 to 1 m2·g-1 for spent R2 and from 1 to 
0.4 m2·g-1 for spent R3, although the methane conversion remains similar [Figure 7A]. The representative 
SEM micrographs of the R2 catalyst are shown in Figure 7C and D, which confirm the presence on the 
surface of the catalyst of a graphene sheet similar to that observed on the spent R1 catalyst. The difference in 
catalytic and SSA behavior between the two heating modes is also shown in Figure 7E by reporting the 
methane productivity rate per SSA on spent catalysts. Under IH mode, the methane conversion rate 
(catalyst XCH4·m-2) of carbon catalysts, virgin and recycled, increases significantly with recycled catalysts due 
to the significant decrease of the catalyst SSA, while on the same catalyst operating in JH mode, a reverse 
relationship is clearly visible as the lower is the catalyst SSA the lower is the methane conversion rate. 
According to the results, the catalyst operating in IH mode has no direct relationship between SSA and 
methane conversion, while for the same catalyst, operating under JH mode, SSA has a strong influence on 
CMD performance, which is consistent with literature reports where methane conversion is strongly linked 
with the carbon catalyst SSA[15,23,24,27].

The influence of the reaction temperature on the stabilized R3 catalyst was studied: reducing the reaction 
temperature up to 750 °C seems to induce a slow and continuous decrease in methane conversion, while at 
700 °C, an equilibrium state was reached, but at a lower methane conversion [Figure 7B]. The activation 
energy was calculated from the results obtained on the R3 catalyst and compared to that of the virgin 
catalyst operating under indirect JH mode [Figure 7F]. It should also be noted that the activation energy of 
the R3 catalyst is higher than that observed on the first spent IH catalyst (R0), i.e., 132 vs. 86 kJ·mol-1, and 
could be explained by the sharp reduction in the SSA between the two catalysts, i.e., 0.5 m2·g-1 for the R3 vs. 
250 m2·g-1 for the pristine catalyst. However, this activation energy remains lower than that obtained on the 
spent catalyst after the first test in JH mode, i.e., 132 vs. 192 kJ·mol-1, which confirms again the high 
efficiency of IH vs. JH mode for operating the CMD process.

Proposed reaction mechanism
A tentative mechanism on carbon formation and its participation in the adsorption and decomposition of 
methane to produce hydrogen and active solid carbon, based on the morphology analysis of the different 
spent catalysts as a function of TOS and cycling tests, will be proposed below.

A low-magnification SEM micrograph reveals the presence of micrometric particles decorating the entire 
surface of the spent R1 catalyst [Figure 8A]. Upon closer inspection, the carbon layer is observed to consist 
of protruding micrometric particles (with a diameter of about 8 μm) with different flattening shapes. 
Additionally, smaller nanoparticles are uniformly dispersed on their surface [Figure 8B(i) and (ii)]. A high-
magnification SEM micrograph shows that these carbon microspheres are converted into a graphitic sheet 
stacked on top of each other, which could be attributed to the carbon diffusion from the microsphere to 
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Figure 7. (A) CMD performance [CH4 conversion (XCH4), H2 productivity (H2pro), supplied power (P)] on the spent MESOC+ catalyst 
after two additional recycling tests (noted R1), at reaction temperature of 780 °C and for two consecutive cycling tests [spent catalyst 
labeled R2 (third cycling test) and R3 (fourth cycling test)]; (B) CMD performance [CH4 conversion (XCH4), H2 productivity (H2pro), 
supplied power (P)] on the spent R3 catalyst operated as a function of the reaction temperature ranged from 800 to 700 °C; (C and D) 
SEM micrographs of the R2 spent catalyst with bubbled carbon microspheres and graphene-like sheets deposited on the surface 
(indicated by arrows); (E) CMD performance, expressed in terms of CH4converted(%)/m2 (XCH4/m2) with respect to the SSA of the spent 
catalysts, operated under direct IH (blue) and indirect JH mode (black), showing the reverse relationship between the catalytic 
performance and the SSA values; (F) Comparison of the activation energy of the R3 catalyst calculated from the catalytic results 
obtained as a function of the reaction temperature under direct IH, i.e., 700, 750, and 800 °C, and that obtained on the pristine 
MESOC+ catalyst operated under indirect JH mode. CMD: Catalytic decomposition of methane; SEM: scanning electron microscopy; 
SSA: specific surface area; IH: induction heating; JH: Joule heating.

generate a flat carbon surface at the reaction temperature [Figure 8B(i)]. Further examination of a high-
resolution SEM micrograph of the carbon hemisphere sitting on top of the catalyst surface [Figure 8B] 
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Figure 8. (A-C) SEM micrographs of the spent IH sample (R1) showing the microstructure modification of deposited graphitic
compounds: low magnification imaging of deposited graphitic layer, medium resolution imaging of the graphitic nodules and flat
graphene sheets structure. [B(i)] Detail imaging of the graphitic nodule flattening. [B(ii)] High-resolution SEM micrograph of the carbon
nanoparticles (100 nm) that constitute the graphitic nodules. [B(iii) and (iv)] SEM micrographs showing the inner section of the as-
deposited carbon with similar structure as that deposited on the top surface of the spent catalyst; (D) The schematic representation 
of the growth of the carbon layer by adsorption, coagulation and flattening of gaseous reactants to generate a coating carbon layer; 
[E(i)-(iii)] SEM micrographs with different magnifications showing the detailed microstructure of the graphene-like layer with 
bubbling shape deposited on the spent catalyst surface; (F) Schematic representation of the C2H2 incorporation on the armchair 
according to the CAHA mechanism. SEM: Scanning electron microscopy; IH: induction heating; CAHA: hydrogen extraction addition 
(or adsorption) mechanism.
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reveals that this phase is formed from the assembly of many carbon nano-nodules, i.e., about 100 nm
[Figure 8B(ii)]. These carbon nanonodules are expected to likely contain a high density of surface defects
and therefore remain relatively reactive for gas adsorption for subsequent carbon growth. The surface
roughness and defective structure of the carbon deposit could also explain the high ID/IG ratio observed in
Raman spectra recorded on spent samples [Figure 3B].

The SEM analysis was again performed on the recycled R1 catalyst (denoted as R2) and the same growth
mechanism, i.e., carbon nano-nodules → carbon microparticles → merging and flattening processes to
generate graphene-like structure [Figure 8C] leading to structural collapse to generate a bubbling carbon
layer, was observed again on the surface of the recycled catalyst and the exposed inner surface of the sample
R0 [Figure 8B(iii) and (iv)]. Such a “fractal” growth mechanism helps explain the maintenance of the CMD
catalytic performance of the spent catalyst, because each freshly exposed carbon surface represents a new
surface for carbon deposition, regardless of the origin of the “fresh” exposed carbon surface, whether virgin
or spent catalysts. The new exposed surface is quickly covered with carbon microspheres similar to what is
observed on the virgin R0 catalyst. The flattening of the bubbling morphology into a layered morphology
could be explained by the loosening of the carbon structure in the layer by the surface diffusion process in
order to reduce surface energy. This relaxation process should be facilitated by the relatively high reaction
temperature of the process, i.e., ≥ 800 °C. Indeed, under IH, the heat is generated mainly on the surface of
the carbon catalyst, i.e., the skin effect, and the combination of the IH mode and the graphitic carbon layer
on the outer surface of the sample could induce a rearrangement of the carbon structure to generate such a
layer that cannot be generated with indirect JH mode. The large defect sites present on these graphitic
planes, as observed by TEM and Raman spectroscopy, could act as active sites for converting acetylene, or
even ethylene, into carbon with concomitant hydrogen release. Recent work by Neubi et al. on the CMD
process operated on edge-decorated nanocarbons (EDNC) showed that these edge sites located on a
graphene sheet have excellent CMD performance[90]. Such high activity was attributed, by the authors, to the
self-generation of active sites during the CMD process by acetylene formation. In our case, graphitic carbon
was deposited continuously as graphitic-like nano-nodules with high defect densities [Figure 8B(i) and (ii)]
that could contribute to the generation of new active sites for methane adsorption or intermediates. The
schematic representation of the growth of the carbon layer by adsorption, coagulation and flattening of
gaseous reactants to generate a coating carbon layer is shown in Figure 8D. In order to confirm this growth
mechanism hypothesis, the R0 catalyst, during the activation period at 800 °C when methane conversion
was relatively low, at about 10% [Figure 2A], was analyzed and the corresponding SEM micrographs are
presented in Figure 8E. On such an early formed sample, one can clearly see the single layer of graphitic
sheet forming from the process of flattening carbon bubbles, as discussed above [Figure 8E(i)-(iii)].

According to data reported by Lee et al., the defect sites located on the graphene-like edges could act as
active sites to adsorb acetylene on the carbon chair to generate a new carbon structure with a concomitant
release of hydrogen providing an autocatalytic process (see schematic representation of the addition process
in Figure 8F)[91]. Such a reaction also depends on the reaction temperature, and at 500 °C and below, the
hydrogen atoms contained in the chemisorbed C2Hx cannot be extracted and, therefore, prevent subsequent
chemisorption of C2Hx on previously chemisorbed species[92]. At a temperature ≥ 600 °C, the hydrogen
atoms of the C2H2 (or C2H4) chemisorbed species can be easily extracted, leading to the formation of a new
carbon ring on the face of the chair that could again act as a host site for the chemisorption of other
molecules to trigger the CMD reaction. This process is called the “hydrogen extraction addition (or
adsorption) mechanism (CAHA) in C2H2” according to the reports of Frenklach et al.[93]. It has been
reported that defects present on the edges of graphene could be the active sites for the execution of the
CMD process by the CAHA mechanism[94].
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The direct involvement of C2H2 in the insertion of carbon on the defective turbostratic defect could thus be 
put forward to explain our results. However, at the elevated reaction temperature of 800 °C, it is expected 
that a large amount of C2H2 has formed and that some of the C2H2 has not been adsorbed and converted to 
carbonaceous species, probably due to the saturation of the defective sites, and, thus, the leakage in the 
output stream. For all catalysts tested, a significant amount of C2H2 was detected in the output stream, 
which could indicate that the spent catalyst produces more C2H2 compared to the fresh catalyst and, 
therefore, some of the C2H2 exits the catalytic bed without being converted. Such non-oxidative coupling of 
methane on the carbon catalyst could be explained by the influence of the electromagnetic field, generated 
by induction, which could induce the formation and combination of radicals according to some recent 
reports[72].

The observed results clearly indicate that the graphene-like carbon structure generated during the CMD 
process is responsible for the CMD catalytic performance by the layer-by-layer accumulation of turbostratic 
with highly defective edge planes acting as adsorption sites for the methane decomposition process. The 
formation of such a basal plane also contributes to the directional improvement of the thermal conductivity 
of the sample by improving the conduction of phonons and electrons along the basal planes (direction a) 
than by the stacked plane (direction c) of the anisotropic pyrolytic carbon layers. The combination of the 
greater amount of carbon deposited inside the induction coil, the interconnection of the different carbon 
extrudates from each other and the improvement in thermal conductivity significantly reduces the overall 
power input for system operation, as observed in our results. In addition, the carbon deposit occurred in the 
presence of hydrogen atmosphere at a relatively high temperature which could also facilitate some direct 
hydrogen titration of the carbon site. Carbon in graphene plane that is bonded with hydrogen shifts to a 
different configuration which then becomes active under a magnetic field[95]. It could be thus argued that 
during this process, part of the carbon formed is bonded with hydrogen to generate a graphane structure 
which can be activated by the presence of a magnetic field and participate in the adsorption of methane or 
acetylene to push up the CMD reaction. Additionally, the presence of adatoms, defects or zig-zag structure 
inside the graphene plane could also induce magnetism within the material[96-98].

CONCLUSION
In summary, CMD can be efficiently performed on metal-free carbon-based carbon, i.e., industrial carbon 
MESOC+, under contactless IH at a reaction temperature of 800 ± 100 °C. The results obtained from 
different cycling tests clearly demonstrated that the defective graphitic material deposited during the process 
can act as a new metal-free active phase for the realization of CMD leading to an autocatalytic process. On 
the other hand, the same catalyst operating under indirect JH showed a similar catalytic tendency to that 
reported in the literature where a low CMD performance was obtained at a reaction temperature ≤ 1,000 °C 
alongside deactivation. The CMD performance under indirect JH was also significantly influenced by the 
SSA of the catalyst, while for direct IH, no such relationship was observed, which also highlighted a different 
catalytic activity. It is expected that defects in the graphitic edge plane of the deposited carbon can act as 
anchor sites for the reaction intermediate, acetylene, to produce a new layer of carbon and hydrogen.

The high and stable CMD catalytic performance obtained on the MESOC+ catalyst under IH was attributed 
to the efficient temperature regulation thanks to the high and targeted heating properties of the inductor. In 
addition, this catalytic performance could also be due to the presence of an oscillating magnetic field inside 
the catalyst bed which could induce modification on the adsorption and desorption rates of the reactant and 
the intermediates according to recent reports. The magnetic field could also influence the formation of a 
solid carbon with graphene-like layered structure compared to carbon nodules formed under the contactless 
JH.
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Such a discovery opens a new avenue for the industrial development of CMD on carbon-based catalysts 
with significant cost-effectiveness and a process with low environmental impact where the carbon formed 
from the process can be directly re-used as an active phase. In such a process, no additional need for 
periodic regeneration is required, as they are usually encountered with existing processes, which also 
significantly reduces the complexity of the process and its operational environment and operating cost. It is 
worth noting that although carbon-based catalysts required a higher operating temperature than metal-
based catalysts, the use of carbon-based catalysts results in the formation of a carbon composite, which can 
be directly used in many applications without any post-processing steps, which contributes to the reduction 
of the overall cost of the process. Such a hydrogen production process could be expected to be industrially 
viable and possibly competitive with the SMR process coupled with CO2 capture and storage (from process 
and flue gases). In addition, when using biomethane as a source of hydrogen, the CMD process makes it 
possible to produce hydrogen from renewable sources and convert the carbon contained in the former 
biomass back into solid carbon that can be used as a soil amendment or in other processes. Work is 
underway to further elucidate the reaction mechanism operated under induction electromagnetic heating 
regarding future optimization of the process.
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