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A B S T R A C T

Methane pyrolysis is emerging as a promising carbon-negative hydrogen production technique, offering an 
energy-efficient alternative to conventional methane steam reforming. A novel microwave discharge plasma 
(MDP) system is introduced to enhance methane pyrolysis, enabling the simultaneous production of carbon- 
negative hydrogen and high-quality carbon materials. Key operational parameters, including microwave 
power, flow rate, gas composition, and reactor geometry, have been systematically investigated for their sig
nificant effects on methane pyrolysis. Optimal system performance is achieved at 300 W microwave power and a 
flow rate of 0.07 m/s, yielding a methane conversion rate of 99.8 % and a specific energy requirement (SER) of 
180 kJ/mol, with few-layer graphene produced as a valuable byproduct. The critical role of energetic electrons, 
argon species, and methane interactions in C–H bond cleavage and carbon nanostructure formation is elucidated 
through optical emission spectroscopy (OES) analysis. Additionally, density functional theory (DFT) calculations 
reveal the influence of microwave fields on methane adsorption energy over tungsten surfaces, shedding light on 
the mechanisms of methane cracking product formation. This study provides fundamental insights into MDP 
methane pyrolysis, advancing sustainable methane conversion and utilization strategies.

1. Introduction

When renewable electricity or green power is coupled to chemical 
processes, it exhibits a striking duality. On the one hand, its zero- 
marginal-carbon attribute and steadily declining generation cost make 
it the only scalable energy vector for deep decarbonization of the 
chemical industry [1–3]. On the other, its intrinsic variability and 
anti-load profile generate a cost trilemma—curtailment, hydrogen 
storage, and equipment redundancy—that drives a wedge between en
ergy utilization efficiency and economic optimality [4,5]. The “zer
o-carbon dividend” is real, yet so is the “variability tax”: in China, 

inflexible chemical loads shift the abatement burden back to the grid 
[5]; in Europe, refusing to accept an “optimal curtailment” immediately 
derails green-ammonia economics [4]. Techno-economically, green 
power at high penetration is characterized by low marginal value, high 
storage dependence, and pronounced spatiotemporal coupling. The 
feasibility of its large-scale uptake in chemicals hinges on a calibrated 
trade-off between flexibility investment and curtailment tolerance. 
Hence, a Green Flexible Chemical Electrification (GFCE) tech
nology—capable of millisecond-scale start-up/shut-down and distrib
uted deployment—has emerged as the decisive enabler for overcoming 
green-power integration bottlenecks and achieving deep 
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decarbonization [1,4,5].
Hydrogen is considered a clean energy source and a promising 

alternative to fossil fuels [6,7]. There are several routes for producing 
hydrogen, including mainly methane steam reforming, partial oxidation 
of hydrocarbons, methane pyrolysis, gasification of solid fuels, and 
electrolysis of water. However, COx production and emissions accom
pany these processes, except for renewable methane pyrolysis or elec
trolysis of water that utilizes renewable energy for power supply, which 
has no COx emissions [8–11].

Common methane pyrolysis technologies include thermal pyrolysis 
[12], catalytic decomposition [3], molten media pyrolysis [13], and 
plasma pyrolysis [14]. A detailed discussion of the pros and cons of those 
technologies is provided in Table S1. Plasma pyrolysis technology stands 
out due to its high conversion efficiency, low-temperature operation, 
high product purity, flexibility and scalability, environmental benefits, 
rapid reaction rates, and versatility in product applications [14]. The 
rapid on-off capability of plasma technology enables prompt utilization 
of fluctuating excess green electricity, converting otherwise curtailed 
electrical energy from the grid into storable chemical energy with high 
efficiency. It has attracted considerable attention because of its low 
energy consumption and high energy efficiency for its application in the 
direct decomposition of CH4 [14–17]. The common plasma technologies 
include the dielectric barrier discharge (DBD), the gliding arc plasma 
(GAP), the glow discharge (GD), and the microwave plasma torch 
(MPT). Among the various plasma technologies [18–21], the MPT is a 
low-temperature nonequilibrium plasma with excellent characteristics 
such as higher electron density, higher ionization degree, higher particle 
activity, lower macroscopic temperature, and a wide range of reactor 
operating pressure. Therefore, it has gained the increasing attention and 
has been applied for such as fuel preparation [22], biomass pyrolysis 
[23], hazardous gas treatment [24], water treatment [25]. At the same 
time, microwave has been widely used in the gasification of waste 
plastics for value-added purposes, such as gasifying polypropylene (PP) 
to produce syngas and metal carbides [26], and in the decomposition of 
methane [14]. These applications highlight the versatility and potential 
of microwave plasma technology in addressing environmental and en
ergy challenges. That non-equilibrium nature of the microwave plasma 
can overcome thermodynamic barriers in chemical reactions (e.g., 
methane pyrolysis), facilitating the reaction process and contributing to 
the efficient conversion of CH4 to H2, C, and C2 products [18,27]. Our 
group [28] found that it is possible to induce the generation of dis
charges with sharp edges, tips or sub-microscopic irregular structures in 
conventional microwave devices, which in turn generates discharge 
plasma. Researchers have utilized SiC with tip structure [29], activated 
carbon [22], striped metal [24,30–32] and even metal powder particles 
[33,34] and fluidized metal particles [35] to induce discharge in mi
crowave field, and achieved better reaction results compared to tradi
tional thermal conversion process. The microwave discharge generates 
high-energy electrons and plasma, reducing reaction activation and 
increasing reaction speed. Unlike MPT, this discharge excites at lower 
flow rates cutting costs. The microwave discharge plasma (MDP) fea
tures high electron density and energy efficiency, enabling low-energy 
C-H bond breaking in methane for efficient and productive cracking. 
In methane pyrolysis, hydrogen is the main gas product, with solid 
carbon as a valuable byproduct.

By retrofitting microwave sources for green-electricity operation, 
MDP can seamlessly satisfy the dual imperatives of millisecond-scale on/ 
off cycling and distributed deployment demanded by renewable power, 
enabling the efficient valorization of otherwise curtailed electricity. 
Typically, microwave plasma excitation takes the form of a single-mode 
cavity [24,36–38]. Single-mode microwave, as a non-thermal treatment 
method, uses high-energy electrons to initiate methane decomposition, 
which reduces the required temperature and associated energy input. 
Single-mode microwave plasma offers the advantages of energy effi
ciency, fast and uniform heating, and high conversion rates [37]. At the 
same time, microwave devices provide fast, non-contact heating and 

volumetric heating that can be started up and shut down quickly, which 
is an advantage over conventional heating methods. However, 
single-mode microwave plasma devices are not cost-effective due to its 
dedicated design. Also for plasma torch generation, there is often a 
trade-off between high-power and small waveguides [22]. 
High-capacity microwave plasma torch generation devices are still in 
the research stage [39]. However, microwave plasma excitation in 
multimode cavities is more suitable for industrial applications because 
of its low cost, flexibility, and independence from cavity size [40].

This study introduces a novel MDP technique to convert methane 
into hydrogen and carbon materials via pyrolysis. The discharge char
acteristics of microwave-absorbing fillers were explored in an atmo
spheric pressure multimode MDP reactor. The effects of key 
parameters—input power, gas flow rate, gas composition, and reactor 
geometry—on product distribution were examined. Using OES, high- 
speed imaging, real-time visualization, and DFT calculations, the study 
elucidated reaction intermediates and plasma properties. This work 
identifies optimal conditions for enhancing reaction efficiency and 
selectivity, providing insights into methane pyrolysis mechanisms and 
advancing sustainable energy solutions.

2. Results and discussion

2.1. Discharge characteristics of SiC and CAC

The microwave field caused many hot spots in the filler bed, which 
was a microwave discharge phenomenon triggered by the microwave 
electromagnetic field. Driven by the microwave field, electrons are free 
to move and accumulate at places of high curvature such as tips, burrs, 
crack edges, and pore edges on the material surface. The charge density 
on the curved surface of the material can be thousands of times greater 
than the rest of the material [22]. Studies by others have shown that [22, 
24,28,29], the greater the surface curvature, the higher the surface 
charge density and the greater the potential difference between the 
fillers.

The very high potential difference creates a high-voltage electric 
field that increases the kinetic energy of some free electrons, driving 
them to hit gas molecules at high speeds in inelastic collisions. This leads 
to the formation of positive ions and more secondary electrons and an 
“avalanche effect” that produces a large amount of plasma [28]. Excited 
states of matter in a plasma, such as Ar in the excited state, and positive 
and negative ions with an electrical charge. When collisions and 
recombination occur, excess energy is released in the form of photons 
and heat, which manifests itself on the macroscopic scale as visible 
electrical sparks [22,29].

The discharge characteristics are related to the material used for the 
discharge. Under the same operating conditions, the discharge charac
teristics of different materials can vary greatly. Better wave-absorbing 
properties will make it easier to generate a discharge. Three 
microwave-absorbing materials (foam SiC, CAC, and tungsten needle) 
were chose to study MDP phenomena and their characteristics. Through 
the investigation of two parameters, namely the filler and bed height, 
the tungsten needle has been selected for further optimization based on 
performance criteria such as methane conversion rate. The corre
sponding results are presented in Fig. S2.

2.2. Characteristics of MDP induced by tungsten needle

Preliminary tests found the tungsten needle could generate a strong 
plasma in the microwave field. Therefore, a comprehensive study of 
effects of key parameters on the MDP was conducted.

The effect of power on the MDP characteristics of tungsten needles 
was firstly investigated, as shown in Fig. 1(a), (c), and (e). When the 
microwave output power was 200 W, there was basically no arc through 
the screen plate. As the power increased from 200 W to 300 W, the 
observation was changed from no arc to intermittent arc through the 
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screen plate. When the power reached more than 400 W, the arc was 
long enough to penetrate the screen plate. That is because with 
increasing of power, the enhanced energy input intensifies the 
discharge, leading to a more robust arc and a progressively expanding 
discharge area.

As shown in Fig. 1(b), (d), and (f), the influence of Ar flow rate pa
rameters on the MDP characteristics of tungsten needles was examined. 
At 300 W and 100 ml/min, the penetration of the screen plate occurred 
only sporadically. However, when the Ar flow rate increased to 200 ml/ 
min, this penetration became a consistent phenomenon, indicating that 
the enhanced gas flow facilitates the transport of the arc through the 
screen plate. Notably, while a higher flow rate generates a larger arc, it 
simultaneously suppresses the vertical extension of the arc, resulting in a 

reduction in the height of the discharge region. Another potential reason 
for the reduced height of the discharge region is reactor design issues. 
The current direction of the airflow is top-down, which results in the arc 
being carried by the airflow, providing a guiding direction for future 
reactor optimization.

The microwave Ar discharge plasma was further characterized using 
the optical emission spectroscopy (OES) [41], as depicted in Fig. 1(c)-(f). 
Fig. 1(c) and (e) present the full spectra of Ar plasma under different 
conditions. The characteristic emission lines of Ar are distinctly visible, 
further validating the excitation of Ar in the plasma [42]. Fig. 1(d) and 
(f) display the emission intensities at characteristic wavelengths of Ar, 
including 750.2 nm, 763.5 nm, 800.6 nm, 811.5 nm, and 840.8 nm, 
under varying experimental conditions. The significantly high emission 

Fig. 1. Discharge characteristics of different fillers. (a) and (b) Discharge images of tungsten needles in pure Ar atmosphere under different conditions;(c) -(f) 
Spectral intensity of tungsten needles discharged under different conditions in pure Ar atmosphere.

Fig. 2. Images of pure Ar and 10 %methane discharge. (a) –(d) Ar discharge picture of 300 W, 100 ml/min pure Ar at 1 ms per image((a) and (b) at 4800FPS, (c) and 
(d) at 9000FPS); (e)Evolution of MDP states after methane pass-through; (f) Characterization of methane plasma flames at different powers. (g) and (h) 0–5 ms and 
6–11 ms discharge images at 9000 FPS with 300 W, 100 ml/min discharges, respectively.
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intensities at these wavelengths confirm the effective excitation of Ar. 
From Fig. 1(c), it is evident that increasing power initially suppresses Ar 
discharge. Fig. 1(f) reveals that the emission intensities at all wave
lengths are the highest at a flow rate of 50 ml/min Ar. The overall trend 
demonstrates that higher flow rates promote arc expansion while 
simultaneously restricting its vertical extension, which is consistent with 
the observations in Fig. 1(b).

The excitation process of Ar discharge plasma was also captured by a 
high-speed camera, as illustrated in Fig. 2(a)-(d). At frame rates of 4800 
and 9000 FPS, the discharge cycle was observed to be approximately 
10 ms, with an excitation time of 3.5–3.6 ms and a discharge duration of 
6.7–7 ms. Despite slight differences of frame rate and image resolution, 
the consistency in discharge cycle duration across both frame rates 
validates the temporal parameters of the discharge process.

2.3. Key parameters in microwave plasma discharge for methane 
pyrolysis using a Tungsten needle

The discharge feature of a tungsten needle is significantly different 
from that of the activated carbon. With presence of Ar, the tungsten 
needle, owing to its pronounced surface curvature at the tip, generates a 
potent tip discharge, leading to a distinct and intense arc discharge that 
manifests as a vivid blue-violet arc. However, when methane is intro
duced into the reaction zone, the arc dynamics shift due to methane’s 
inherent properties that inhibit gas discharge. Methane first produces a 
flame-like discharge at the tip of the needle. At the same time, a 
discharge occurs between the two sieve plates, but it quickly subsides. 
The flame-like discharge develops gradually with the continuous inflow 
of methane gas until it is completely stabilized. Contrary to the pro
nounced arc observed with Ar, methane induces a more subdued fila
mentary discharge. This results in the formation of a flame-like, high- 
energy region at the needle’s tip, which is pivotal for the ensuing 
reactions.

Fig. 2(e) illustrates the impact of methane introduction on the 
discharge characteristics. Initially, when methane is introduced, the 
original purple Ar arc transitions into a mixed discharge displaying both 
purple and red hues. As the methane inflow duration increases, the 
white methane discharge gradually becomes dominant. Upon stabili
zation of the methane discharge, a needle-tip flame is formed, exhibiting 
a distinct red color. Fig. 2(f) depicts the variation in methane flame 
volume with different powers. The flame volume follows a parabolic 
trend, initially decreasing and then increasing with rising power.

As shown in Fig. 2(g) and (h), the high-speed camera, operating at a 
frame rate of 9000 FPS, captures the evolution of tungsten needle- 
induced microwave discharge methane plasma. The introduction of 
methane significantly alters the discharge behavior. Unlike the inter
mittent discharge observed in pure Ar, the addition of methane results in 
a more continuous, flame-like filamentary discharge. In this case, the 
subsequent discharge cycle initiates before the previous one fully dis
sipates. The extremely high energy generated causes the tungsten tip to 
glow red, indicating an exceptionally high temperature at the tip. 
Similar to Ar, the methane discharge cycle spans approximately 90 
frames, equivalent to 10 ms. The discharge reaches its fullest form in 
about 4 ms, then gradually diminishes, with the flame-like production 
lasting approximately 6 ms.

Nevertheless, under identical conditions, the tungsten needle ex
hibits a pronounced enhancement in reactivity, which is attributed to 
the intense discharge. As shown in Fig. S2(a), this vigorous discharge has 
been instrumental in achieving a methane conversion rate as high as 
98 %. Due to space constraints, when the height of the tungsten needle 
tip is located above and below the height of the waveguide, the position 
of the arc spark exceeds the up and low limits of the microwave reactor 
cavity. Therefore, tungsten needles are not involved in the tip position 
discussion. This section focuses on the effects of power, flow rate, gas 
ratio, and reactor size on the methane conversion process.

2.3.1. Microwave power
The Fig. 3 shows the effect of microwave power on the methane 

pyrolysis reaction. With introduction of 100 ml/min of mixture of 10 vol 
% methane and 90 vol% Ar, the best conversion of methane reached 
more than 98 % at 200 W, the best H2 selectivity was more than 65 % at 
600 W, and the best C2 selectivity reached 48 % at 200 W. Due to the 
intensive of tungsten needle discharge, the plasma generated at multiple 
discharge points strongly promoted the methane pyrolysis reaction.

The experimental results revealed that as the microwave power 
increased from 200 W to 600 W, as shown in Fig. 3(a), the conversion 
rate of methane decreased from 98.04 % to 95.35 % and then increased 
to 97.56 %. This change was not significant, potentially attributed to the 
excessive ionization of the plasma caused by the higher power. The 
increased electron density resulting from excessive ionization may have 
caused the plasma to contract, thereby reducing the residence time of 
the reactants within the plasma region [43]. However, the higher power 
would bring more active particles and electrons, which in turn led to a 
higher reactivity at shorter residence time, realizing a rebound in the 
conversion rate. It is noted that, higher power can generate particles 
with elevated kinetic energy, inducing more violent and frequent colli
sions of particles. This enhanced collisional dynamics promotes complex 
reaction pathways, which are subsequently followed by electron 
collision-mediated dissociation processes [44]. Therefore, higher power 
results in more energy to achieve higher methane pyrolysis efficiencies, 
which ultimately results in higher hydrogen production rates at higher 
power. However, it is found that the hydrogen production is quite low at 
400 W. One of the reasons may be that the higher power will over-ionize 
the plasma and lead to a lower chance of H2 production, which is con
sisted with the lowest flame volume of 400 W shown in Fig. 2(f).

Based on reaction equations of methane pyrolysis, the generation of 
C2 products tends to be inversely proportional to hydrogen generation, 
namely the more hydrogen produced, the less C2 is produced. At the 
start of the reaction, the high-energy electron density is elevated, 
making it easier to break C–H bonds and form solid carbon and 
hydrogen. As the concentration of free radicals increases, they begin to 
influence the reaction alongside the high-energy electrons, affecting the 
production of solid carbon and hydrogen. Thus, under stabilized reac
tion conditions and in correlation with the reaction parameters, the 
selectivity of both solid carbon and C2H6 reaches approximately 50 %, 
respectively. As shown in Fig. 3(a) and (c), it is obvious that the higher 
energy leads to the preferential formation of solid C and hydrogen in the 
reactor, with very limited formation of C3 and C4. It is further found that 
C2H6 is the dominant one of C2 products as shown in Fig. 3(d). It has 
been reported C2H6 is often the most readily formed product in the C2 
products, followed by C2H4, and then C2H2 considering conversion of 
methane. The selectivity of C2H6 is not strongly dependent on micro
wave power, which is due to the fact that the reaction volume of 
methane in the current 18 mm diameter reactor is too large to be fully 
reacted at the current microwave energy. Also, the C-C bond is much 
easier to bind than the C-H bond to break, so the methyl radical prefers 
to couple to produce C2H6. C2H4 is produced mainly by ethane dehy
drogenation and radical collisions, and C2H2 is further dehydrogenated.

The ideal value of SER depends on the power and flow rate. Fig. 3(b) 
presents that the value of SER increases as the power increases from 
120 kJ/mol to 360 kJ/mol. Given that power augmentation exerts 
negligible influence on methane conversion efficiency, the SER of 
methane is in strict agreement with the ideal SER curve, rising from 
122 kJ/mol to 369 kJ/mol with parametric variation [24]. Since sub
stantial C2 by-products generation as shown in Fig. 3(c), the SER of 
hydrogen is far from the ideal curve, increasing from 231 kJ/mol to 
558 kJ/mol with increasing power.

2.3.2. Flow rate
Fig. 4(a) shows the total flow rate was increased from 50 ml/min to 

500 ml/ min, the conversion of methane decreased from 98.29 % to 
82.19 % and then rose to 89.68 %. It is attributed to the fact that the 
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increase in the flow rate had a negligible effect on the plasma volume, 
which merely reduced the residence time of CH4 [24]. However, the 
presence of the porous plate at the bottom of the reactor can potentially 

affect the flow rate of the gas. As the pass through the porous plate, gas 
might a higher flow velocity as it across the plate’s holes, leading the 
perturbation of the pinpoint flame. This caused disguise of the increase 

Fig. 3. Performance of the MDP system for methane conversion in diffirent power. (a) Methane conversion, hydrogen selectivity and C2 selectivity; (b) SER (Note: 
The term "idea" is considered to represent the scenario where methane undergoes complete reaction under the current conditions, such as power and flow rates.); (c) 
and (e) C product selectivity; (d) and (f) C2 product selectivity.

Fig. 4. Performance of the MDP system for methane conversion in diffirent gas flow rate. (a) Methane conversion, hydrogen selectivity and C2 selectivity; (b) SER; 
(c) and (e) C product selectivity; (d) and (f) C2 product selectivity.
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of the reaction area and made the conversion rate increase instead of 
decrease.

As shown in Fig. 4(a), the higher flow rate reduces the chance of 
energetic particle collisions. This observation is probably related to the 
hydrogen selectivity, which decreases first and then increases with the 
flow rate, consistent with methane conversion. Higher flow rates in
crease the probability of collision of free radicals (e.g., CH3⋅, etc.) and 
heavy particles (Ar), leading to higher C2 selectivity and a decrease in 
the selectivity of solid C, and also a near absence of C3 and C4 produc
tion, as shown in Fig. 4(c). This is the opposite of the conversion rate 
trend as shown in Fig. 4(a). Fig. 4(d) shows the dominance of C2H6 in the 
C2 products, which is similar as varying the power parameter. Higher 
flow rates result in less reaction time of the methane, which significantly 
limits collision reactions of free radicals. Less residence time can reduce 
collisions between radicals and electrons, making reactions such as C-H 
bond breaking more difficult to occur. One the other hand, this also 
leads to higher C2H6 selectivity. It is thought that the coupling of radi
cals is much easier. However, the higher flow rate carries a small amount 
of C out of the reactor and reduces the amount of C attached to the inner 
wall of the quartz tube used. This indicates that carbon from the reaction 
is deposited on the tube wall. When the flow rate is too high, the carbon 
does not have time to be deposited on the wall of the tube before it 
moves on to the next region with the gas flow.

Fig. 4(b) shows that the SER decreases with an increase of flow rate 
from 360 kJ/mol for 50 ml/min to 36 kJ/mol for 500 ml/min. The SER 
of methane decreases from 366 kJ/mol to 40 kJ/mol with increasing 
flow rate. Notably, while methane conversion exhibits a zigzag pattern, 
methane SER shows a monotonous decline. Hydrogen SER deviates 
significantly from the ideal curve, dropping from 558 kJ/mol to 75 kJ/ 
mol with flow acceleration, as direct conversion of 1 mol methane to 
2 mol hydrogen is not fully realized during the reaction.

2.3.3. Ratio of CH4 and Ar
During the MDP process, the composition of methane significantly 

affects the pyrolysis efficiency and product distribution [14]. The impact 

of different volumetric fractions of Ar on the reaction has mainly been 
discussed. Preliminary tests found that an excessively high molar frac
tion of methane in the mixture of methane and Ar resulted in plasma 
quenching. This observation underscored the pivotal role of Ar in 
plasma excitation. Consequently, discussions of reactions and conver
sion behaviors of the methane in this section focusing on these took 
place under conditions where the CH4:Ar molar ratio does not exceed 
5:5.

Fig. 5(a) shows that as the CH4:Ar ratio increased from 1:9–5:5, the 
methane conversion rate correspondingly rose from 97.32 % to 
98.66 %. Both Ar molecules and high-energy electrons critically affect 
conversion of methane. The energetic electrons induce direct cleavage of 
methane’s C-H bonds via electron impact, generating carbon deposits 
and hydrogen species. Increased methane concentration enhances 
electron-molecule collision frequency, thereby producing a proportional 
enhancement in conversion efficiency with rising CH4:Ar ratios [45].

As shown in Fig. 5(a), it is observed that as the CH4:Ar increases from 
1:9–3:7, the selectivity of hydrogen and solid carbon decreased. This can 
be attributed to the inhibition of pinpoint flame formation by the 
increased presence of methane. The additional methane was insufficient 
to compensate for the reduced flame volume, leading to a decrease in 
hydrogen selectivity and an increase in selectivity of C2. When the ratio 
reached 5:5, however, the increased amount of methane had a chance to 
interact with the pinpoint flame, compensating for the diminished flame 
volume and resulting in a rebound in hydrogen selectivity.

Fig. 5(c) and (d) show that the distribution C products and C2 
products, respectively. Fig. 5(c) shows that the products are still mainly 
solid carbon and C2, and the change in formation of solid carbon is in 
line with the change in hydrogen selectivity. Fig. 5(d) shows the 
dominance of C2H6 in the products, which are both greater than 93 %. 
More methane content brings more chances for radical collisions, but the 
weakening of the discharge strength by the reduction of argon molecules 
also leads to a reduction in the number of high-energy electrons, so that 
both the selectivity of the C2 product and the selectivity of ethane show 
a parabolic trend of increasing and then decreasing, and reach a 

Fig. 5. Performance of the MDP system for methane conversion in different mole ratio. (a) Methane conversion, hydrogen selectivity and C2 selectivity; (b) SER; (c) 
and (e) C product selectivity; (d) and (f) C2 product selectivity.
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maximum at 3:7. Fig. 5(b) shows that with no change to the flow and 
power, the ideal SER does not change and is equal to 180 kJ/mol. As the 
CH4:Ar molar ratio becomes larger, the SER of methane decreases from 
185 kJ/mol to 183 kJ/mol and finally to 182 kJ/mol. The trend in SER 

is related to the trend in the corresponding conversion rate. Since the 
hydrogen selectivity changes significantly, the SER changes significantly 
while deviating from the optimal curve, rising from 187 kJ/mol to 
215 kJ/mol before falling back to 189 kJ/mol as the CH4:Ar molar ratio 

Fig. 6. Condition-dependent carbon product structure evolution with 10 % methane and 90 % Ar mixture. (a) XRD and (b)-(d) Raman spectral images under 
different conditions; (e) selected area zoomed in, (f) Graphene layer spacing, (g) and (h) Few-layer graphene.
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becomes larger.

2.3.4. Needle diameter to reactor inner diameter ratio
To investigate the influence of the geometrical parameters of the 

reaction zone, especially the reactor diameter, on the reaction perfor
mance, one parameter is defined as the needle diameter to reactor inner 
diameter ratio. That is a dimensionless parameter to represent

the difference between the needle size and the reactor size. A larger 
diameter ratio means a smaller reaction area. In this study, the largest 
reactor diameter is 5 times of the smallest one. As shown in Fig. S3(a), a 
higher methane conversion rate, close to 100 %, can be achieved by 
using a smaller reactor. Whereas it was found that changes in diameter 
ratio had slight effects on the methane conversion, indicating the reactor 
used in this work designed well with a high methane conversion effi
ciency. At conditions of 300 W, the superficial gas velocity for all cases 
was 0.07 m/s. Methane was converted primarily to solid carbon (C) and 
hydrogen, with hydrogen selectivity approaching 100 % and negligible 
C2 production. This was attributed to the increased contact between 
methane and the pinpoint flame in a larger diameter ratio, which 
allowed the high-energy electrons to interact directly with the C-H 
bonds, thus facilitating direct pyrolysis.

Effect of the diameter ratio on the SER is shown in Fig. S2(b). The 
ideal SER will be higher for a larger diameter ratio because the reaction 
region with a larger diameter ratio requires a reduced volumetric flow 
rate to maintain the same apparent gas velocity. Therefore, larger re
actors may be less favorable in terms of energy efficiency. Due to the 
very high methane conversion and hydrogen selectivity, the experi
mental curves of SER almost coincidentally match with the ideal curve. 
As the diameter ratio becomes smaller from 0.25 to 0.056, the SERs of 
methane and hydrogen change from 3000 kJ/mol to 180 kJ/mol.

2.4. Carbon products

2.4.1. X-ray diffraction of plasma carbon
The composition of the five carbon products was analyzed by XRD, 

and the XRD spectra of all the samples are shown in Fig. 6(a). The XRD 
analysis of the carbon products at 300 W, 100 ml/min, 90 % Ar and 
10 % methane showed a sharp 002 peak accompanied by 101 and 004 
peaks. Meanwhile, with the constant power of 300 W, as the flow rate 
increases from 100 ml/min to 200 ml/min, the intensity of peak 002 
decreases, but the peak itself retains a sharp shape. The intensity of peak 
101 shows minor change, while peak 004 has almost disappeared. When 
the flow rate is increased to 300 ml/min, the intensity of peak 002 de
creases dramatically with increase of peak width and peaks 101 and 
004can not be identified. Meanwhile, with the flow rate kept constant at 
100 ml/min, the intensity of peak 002 decreased slightly as the power 
was increased from 300 W to 400 W, while the peak itself retained 
sharp. The intensity of peak 101 remained nearly unchanged, whereas 
peak 004 had almost disappeared. When the power was further 
increased from 400 W to 500 W, the intensity of peak 002 decreased 
dramatically. No peak 101 and 004 can be detected. Since XRD is a 
spatial averaging technique that probes milligram-scale sample vol
umes, the obtained spectra are representative of the bulk material when 
the sample is homogenously mixed. The crystallographic spacing (D- 
spacing) was calculated using Bragg’s law based on the full width at half 

maximum (FWHM) of the peak at 2θ = 26.5◦ as shown in Table 1. The 
determined graphite interlayer spacing of approximately 3.42 Å shows 
only minor deviation from the ideal graphite crystal value (3.35 Å). 
Notably, the D-spacing exhibits a gradual expansion from 3.420 Å to 
3.432 Å with increasing power, and a similar trend is observed with 
increasing flow rate (3.420 Å to 3.432 Å).

2.4.2. Raman of plasma carbon
The ID/IG peak ratios and plots of the Raman spectra for the five 

samples are depicted in Fig. 6(b)-(d) and Table 1. As shown in Fig. 6(b), 
the presence of D peaks in all five samples indicates the presence of 
amorphous carbon within the carbon material. Meanwhile, the broader 
2D peaks suggest the potential presence of multilayered graphene, albeit 
with a small number of layers. As shown in Table 1, the ID/IG peak ratios 
for all five samples are below 0.9, signifying a high degree of graphiti
zation in the carbon material. ID/IG decreases and then increases with 
increasing power and increases with increasing flow rate. Notably, the 
peak ID/IG ratio approaches 0.5 at 400 W and 100 ml/min, reaching 
0.528. Table 1 shows no clear trend in the IG/I2D ratio, except at a flow 
rate of 200 ml/min, where it slightly exceeds 1.40 (reaching 1.41). The 
other four values remain below 1.4. Notably, at 400 W, the ratio drops to 
0.996. A higher number of graphene layers induces a redshift in the 2D 
peak wavelength. Monolayer graphene exhibits a perfect Lorentzian 
single peak are shown in Fig. 6(c) and (d) [46]. The fitting quality aligns 
with XRD results but slightly degrades with increasing power and flow 
rate. However, the carbon product synthesized at 400 W and 
100 ml/min demonstrates the best peak fitting and quality, consistent 
with the optimal peak ratio. This also accounts for the fact that it has a 
few-layer graphene structure.

2.4.3. HRTEM of plasma carbon
The high-resolution transmission electron microscopy (HRTEM) 

images of the samples at different resolutions are presented in Fig. S6. 
Fig. S6(a) captures the morphological features of the carbon material at 
low resolution. From the Fig. S6(a) scanned sample with distinct struc
tural differences can be seen, which are related to presence of amor
phous carbon, graphite, and graphene. The scanned regions exhibit a 
disordered arrangement indicate presence of amorphous carbon, while 
the graphite domains display a more ordered, layered structure. In 
Fig. S6(b), a more detailed and well-defined multilayer graphene 
structure is visualized, facilitated by the relative offset of the layers, 
which enhances the contrast and clarity of the individual graphene 
sheets. The formation of graphene folds, a common feature in multilayer 
graphene systems, is also prominently observed. These folds arise due to 
the mechanical stress and strain during the synthesis process, leading to 
the bending and stacking of graphene layers [47,48]. The observations 
reveal that the majority of the graphene layers consist of 2–6 layers, 
indicating a controlled and relatively uniform growth process. The 
presence of few-layer graphene, particularly single and bilayer gra
phene, was further confirmed through these observations, as illustrated 
in Fig. 6(f) and (g). The few-layer graphene structure, highlighted within 
the red circle, aligns with the findings from Raman spectroscopy, which 
typically shows characteristic peaks such as the 2D band and G band that 
are sensitive to the number of layers. The consistency between HRTEM 
and Raman results underscores the reliability of the structural 
characterization.

To further analyze the properties of the samples and gain deeper 
insights into their

crystallographic features, Fast Fourier Transform (FFT) analysis was 
conducted, as shown in Fig. S7. Graphene boundaries with thicker layers 
were selected to determine the lattice spacing parameters of the scanned 
sample more accurately. By drawing a plumb line perpendicular to the 
graphene layer structure, the peak intensity and layer spacing for each 
layer were obtained, as shown in Fig. 6(e)and(f). The lattice spacing, 
calculated by averaging ten selected peaks, was determined to be 
3.457 Å, which is in well agreement with the 3.35 Å theoretical 

Table 1 
XRD FWHM, d002 and Raman peak ratio.

Sample (10 % methane and 90 % 
Ar)

FWHM/ 
degree

d002/ 
Å

ID/ 
IG

IG/ 
I2D

300 ml/min,300 W 0.682 3.432 0.823 1.303
200 ml/min,300 W 0.719 3.432 0.669 1.415
100 ml/min,300 W 0.687 3.420 0.586 1.285
100 ml/min,400 W 0.687 3.424 0.528 0.996
100 ml/min,500 W 0.761 3.432 0.781 1.134
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interlayer spacing of graphene. This slight deviation could be attributed 
to the presence of defects, functional groups, or residual strain within 
the graphene layers. In addition to HRTEM, SEM and conventional TEM 
were also provided, as shown in Fig. S4 and Fig. S5.

2.5. Mechanism of MDP reaction excited by tungsten needles

2.5.1. OES measurements
For the CH4-Ar plasma cases with a CH4 concentration of 10 %, the 

intensity of the spectral lines corresponding to CH4 and Ar transitions 
increases with rising microwave power, as shown in Fig. S8. This in
dicates that the microwave power can affect the ionization process 
within the plasma. In addition, the spectral peaks show different 
changes with the increase of microwave power. The intensities of the C II 
spectral line and the Swan band are significantly highest at 200 W, while 
the intensity of the C-H peak is also higher than that at 600 W. This is 
consistent to the conversion rate. The effect of the variation of flow rate 
on the spectra is also shown in Fig. S8. Unlike the power variation, the 

overall spectral intensity is slightly higher for 100 ml/min than for 
50 ml/min, but the trend is the same.

The detected atomic emission spectra and atomic lepton spectra 
confirm that MDP can achieve molecular decomposition of CH4 through 
high-energy electron collisions, with many electronically excited atoms 
playing a significant role in the CH4 transformation process. The mi
crowave discharge generates a substantial amount of excited CH4* 
involved in the reaction. Note that hereafter an asterisk (*) denotes an 
excited state (e.g., A* represents species A in an excited state). When the 
energy of electron collisions exceeds the bond energy of the C-H bond, 
CH4 undergoes electron collisional dissociation, leading to the formation 
of CHx⋅ (x = 1, 2, 3) and hydrogen atoms. As shown in Fig. S8 the peaks 
of C and C-H appear in the microwave discharge spectrum of the tung
sten needle. It indicates that the discharge excites CH4, which is then 
dissociated by electron collisions to produce CHx⋅ and promotes the 
reaction. Concurrently, Ar, as a heavy particle, also facilitates electron 
collisions into the Ar molecule, leading to the excited state Ar*, which 
carries the energy of the electrons. The collision of Ar* also transfers 

Fig. 7. Effect of microwave-induced electric fields on methane dissociation over a tungsten metal surface: (a) Influence of electric fields on adsorption energies 
during dissociation steps; (b) Evolution of methane adsorption distance under varying electric fields; (c) Detailed dissociation pathway of methane on the tungsten 
surface; (d) energy change of methane dissociation reactions on WC surface (W-termination); (e) T-ΔG (Free energy change) for methane dissociation reactions on 
tungsten (W) surface; (f) T-ΔG (Free energy change) for methane dissociation reactions on WC surface (W-termination);.
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energy, resulting in the breakage of the C-H bond. The Ar II peak is 
present in the microwave discharge spectrum of the tungsten needle. It 
indicates that the discharge excites Ar, and electron collision generates 
Ar*, which promotes the reaction [19,49]. Meanwhile, we observed that 
the characteristic spectra of CH2⋅ and CH3⋅ were absent in the spectral 
images of this experiment. It is possibly due to these reactive particles 
being produced in very small quantities and with very short lifetimes 
under the experimental conditions, hence their absence in the charac
teristic spectral images. Additionally, during the discharge process, the 
characteristic spectra revealed that atomic carbon and ionic carbon 
underwent complex reactions to produce C II, C III, C IV, and C MIX.

2.5.2. Density functional theory analysis
To further elucidate the influence of microwaves on methane 

cracking processes, density functional theory (DFT) was employed to 
investigate the effect of microwave-induced electric fields on methane 
dissociation over a tungsten (001) surface. The methane decomposition 
process involves two key stages: methane adsorption and dehydroge
nation. As shown in Fig. 7(a), these steps exhibit similarities to disso
ciation mechanisms observed on other catalysts [50,51]. As shown in 
Fig. 7(c), the optimal adsorption structure for methane dissociation 
aligns with those reported for Pd-based systems [52]. As illustrated in 
Fig. 7(a)-(c), the microwave-induced electric field significantly impacts 
the initial dissociation of methane. As a negative electric field perpen
dicular to the surface, the positive field direction is defined in Fig. 7(a), 
methane exhibits enhanced adsorption on the tungsten surface, thereby 
facilitating dissociation. Furthermore, as shown in Fig. 7(b), the electric 
field promotes the dissociation process by modulating bond lengths 
between adsorbates, the substrate, and within the adsorbate itself. When 
the electric field strength increased from − 0.6–0 V/Å, the adsorption 
energy rose from − 0.40 to − 0.21 eV, accompanied by an expansion of 
the adsorption distance from 2.27 to 2.38 Å. Conversely, reversing the 
electric field polarity (0 → − 0.6 V/Å) further weakened the adsorption 
energy to − 0.15 eV while extending the adsorption distance to 2.66 Å.

To further investigate whether W needles can still catalyze methane 
decomposition after forming WC at elevated temperatures, Fig. 7(d) 
presents the energy variations associated with the dissociation of 
different chemical species on the tungsten carbide (WC) surface. In 
contrast to the W surface, methane undergoes initial cleavage on WC to 
form CH3*, after which its subsequent dissociation becomes significantly 
more difficult. Nevertheless, compared with the direct cleavage of CH4 
the dissociation of CH3* on WC should still be considerably easier (see 
the dissociation energy barrier diagram in Fig. S9 of the Supporting 
Information). On the W surface, by comparison, the dissociation barrier 
increases markedly only after CH* formation. Fig. 7(e) and (f) further 
illustrate the temperature–free energy (T–ΔG) profiles of methane 
decomposition on W and WC surfaces, respectively, corroborating the 
above conclusion: at around 1500 K (see the temperature distribution 
diagram in Fig. S10 of the Supporting Information), CH* on the W sur
face tends not to dissociate further, and the WC surface exhibits similar 
behavior. This observation suggests that CH* species may undergo 
polymerization to produce C2 products.

Based on our experimental results, we have observed a high selec
tivity for C2 products as well as a certain degree of carbon selectivity. 
These findings provide crucial clues about the surface state of the 
tungsten needle. Specifically, we need to combine experimental data to 
infer whether the surface of the tungsten needle remains pure tungsten 
(W) or partially transforms into tungsten carbide (WC).

Experimental data indicates that under various power settings, the 
selectivity for C2 products is high, suggesting that there are effective 
mechanisms for the generation and transformation of intermediates in 
the reaction pathway. Additionally, we have noted a certain level of 
carbon selectivity, indicating that some methane may not be converted 
into C2 products but instead is cracked to produce elemental carbon. If 
the surface of the tungsten needle remains pure tungsten (W), the pri
mary intermediate generated would-be CH*. This singular intermediate 

generation pathway limits the formation of C2 products, leading to 
lower selectivity and yield for C2 products. In contrast, if the surface of 
the tungsten needle partially transforms into tungsten carbide (WC) 
during the reaction, a variety of intermediates, such as CH3*, CH2*, and 
CH*, may be generated. These intermediates are more likely to further 
react under high temperatures and plasma conditions to produce C2 
products, thereby enhancing the selectivity and yield of C2 products. 
Furthermore, the WC surface has higher catalytic activity, which can 
promote the generation and transformation of various intermediates, 
favoring the production of C2 products over carbon.

Based on the above analysis, we can reasonably infer that under the 
current microwave conditions, the surface of the tungsten needle has 
partially transformed into tungsten carbide (WC). This conclusion is 
drawn from the following points: first, a C2 selectivity of around 50 % 
suggests that there are multiple effective mechanisms for the generation 
and transformation of intermediates, which is consistent with the reac
tion characteristics of the WC surface. Second, the observed carbon 
selectivity in the experiments indicates that some methane undergoes 
complete cracking to form solid carbon and hydrogen gas, without fully 
participating in the formation of C2 products, which is more common on 
a W surface. Lastly, under high-temperature conditions, the surface of 
the tungsten needle may undergo dynamic changes, with some tungsten 
reacting with carbon to form WC. This change in surface state can 
explain the high C2 selectivity and certain degree of carbon selectivity 
observed in the experiments.

2.5.3. Reaction mechanism
A rational reaction mechanism for the MDP to achieve conversion of 

CH4 is proposed, as illustrated in Fig. 8. The CH4 decomposition process 
is categorized into three sequential stages: (a) plasma discharge exci
tation, (b) intermediate medium reaction, and (c) product generation. In 
the microwave field, free electrons in the tungsten needles accumulate at 
the tip of the needles, and when a certain density is reached, a break
down discharge occurs. The arc carries high-energy electrons to impact 
the reactants, causing the reactants to excite and ionize. At the same 
time, the high-energy electrons impact the C-H bond, causing the C-H 
bond to break and realizing the cracking of methane. When the free 
radicals collide, new products are produced.

Specifically, under the influence of the microwave field, high-energy 
electron aggregation occurs at the tip of the tungsten needle. When the 
electric field strength at the needle’s tip surpasses the dielectric break
down threshold of the working gas, it triggers the emission of electrons 
from the nucleus, thereby exciting the MDP. The excitation process 
primarily involves the excitation of Ar (See Table.S3(R2-R3)).

The intermediate reactions predominantly involve the activation of 
CH4 to induce dissociation and the generation of free radicals. The 
initiation step of these intermediate reactions is the electron collision 
with CH4(See Table.S3(R4-R9)). The activation of the C-H bond in CH4 is 
primarily due to the energetic electrons produced by the MDP, as 
referenced in studies [19,53–55]. Additionally, the excited state of Ar, 
being a heavier species, also collides with methane, leading to the initial 
dissociation of CH4 and the formation of CH3 radicals. Concurrently, the 
heavy particles and electrons impact the resulting radicals, leading to 
the production of CH2⋅, CH⋅, and free carbon (See Table.S3(R10-R22)). 
This is consistent with the results measured by the OES [54].The product 
generation stage is primarily the recombination of free radicals. The free 
radicals and particles generated during the intermediate reactions 
continue to collide, with CH3 radicals playing a predominant role in 
these collision reactions (See Table.S3(R23-R46)). The interaction of 
different free radicals (CH3⋅) and particles (Ar) results in the production 
of various products, culminating in the formation of new molecules [54, 
56].

Furthermore, we have observed the one-way reaction pathways of 
C2 hydrocarbons as reported in previous studies [54,56], which pro
vides a compelling explanation for the dominant selectivity of C2H6 in 
this study. The shorter residence time is a determining factor for the high 
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selectivity of C2H2.
Fig. 9 and Table 2 show a comparison of various methane pyrolysis 

methods, namely the microwave plasma torch (MPT) [57], the dielectric 
barrier discharges (DBD) [53], the gliding arch plasma (GAP) [57] and 
the MDP (this work). Compared to MPT, DBD, and GAP, results of the 
MDP on the methane conversion, the hydrogen selectivity and SER are 
superior than other techniques. The MDP is an avenue for converting 
high concentrations of methane with low energy consumption. In those 
cases, a leading position is achieved in terms of the balance between 
methane conversion and energy consumption via the MDP strategy.

The comparison of methane cracking performance with different 
methods is shown in Table 2. The results indicate that this work also 
possesses good performance compared with other technologies.

Our research indicates that the microwave plasma-driven pyrolysis 
of methane holds significant potential for the production of high-purity 
hydrogen and solid carbon without CO₂ emissions. The rapid startup and 
shutdown capabilities, high conversion efficiency, and scalability of 
microwave technology offer substantial advantages for modular pro
duction, effectively reducing costs and enhancing resource efficiency. 
However, the tungsten needle electrodes may be affected by carbon 
deposition, which can impact the plasma generation efficiency and 
equipment stability over time. Future research should focus on devel
oping technologies to prevent and remove carbon deposition. By 
continuously optimizing reaction parameters and improving operating 
conditions, the economic viability and practicality of this technology 

can be further enhanced to meet the demands of future energy markets. 
Thermal decomposition of methane achieves a conversion rate of 85 %, 
while catalytic decomposition of methane can reach a conversion rate of 
92 %. However, compared to the 97 % conversion rate that we have 
already achieved in our research, there is still a gap. In contrast, the 
conversion rate of pyrolysis in a molten media is the lowest, at only 6 %.

3. Conclusions

In this study, a new MDP technique was proposed to pyrolyze 
methane into carbon-negative hydrogen and high-quality carbon ma
terial. The effects of key factors on CH4 decomposition were compre
hensively investigated, and its mechanisms under MDP atmosphere was 
illustrated. Under 300 W and 100 ml/min of 10 % CH4 and 90 % Ar, 
methane conversion and hydrogen production for SiC and CAC initially 
increased then decreased with bed height, reaching 4 % and 15 % 
respectively. Tungsten needles achieved 97 % conversion with contin
uous discharge in methane, up from intermittent in pure Ar. Key MDP 
parameters include power, flow rate, gas ratio, and diameter ratio. With 
tungsten needles, methane conversion ranged from 80 % to 99 %, and 
hydrogen selectivity from 35 % to 99 %. Power, though not significantly 
affecting conversion, influenced product distribution, yielding more 
hydrogen and solid carbon at higher levels. The best carbon product 
quality was observed at 400 W and 100 ml/min. Minimum specific en
ergy requirements were 40 kJ/mol for methane conversion and 76 kJ/ 
mol for hydrogen generation. HRTEM and Raman spectroscopy 
confirmed the production of few-layer graphene, demonstrating the 
effectiveness of methane pyrolysis for graphene production. OES and 

Fig. 8. Mechanism of CH4 conversion by tungsten needle enhanced MDP.

Fig. 9. Radar chart comparing results of different forms of plasma methane 
pyrolysis technologies.

Table 2 
Comparison of different forms of methane pyrolysis technology.

Methodology Methane 
Conversion 
(%)

Hydrogen 
Selectivity 
(%)

Volume 
fraction of 
methane in 
the inlet 
stream 
(%)

SER 
(kJ/ 
mol)

Reference

MDP 97 % 100 % 50 % 180 This work
MPT1 65 % 75 % 1 % 4207 [57]

MPT2 18 % 87 % 34 % 198
GAP1 35 % 79 % 16 % 239
GAP2 31 % 79 % 24 % 164

DBD 21 % 66 % 50 % 429 [53]
Thermal 85 % / / / [12]
Catalytic 92 % / / / [3]
Molten 

Media
6 % / / / [58]
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DFT revealed that high-energy electrons and a strong electric field in the 
discharge region facilitate methane adsorption and C-H bond cleavage, 
enabling decomposition. Radical collisions in the reaction zone generate 
new products through recombination. Future research should conduct a 
more detailed composition analysis of multi-component natural gas and 
explore the application potential of solid carbon products in energy 
storage and environmental sustainability strategies. Despite the limita
tions, our study provides important insights for understanding and 
optimizing the process of producing hydrogen and solid carbon from 
natural gas, highlighting the key potential of microwave plasma tech
nology in the energy sector.
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