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ARTICLE INFO ABSTRACT

Handling Editor: Dr M Mahdi Najafpour Low-carbon conversion of hydrocarbon fuels and feedstocks, as well as the macroscopic production of Hj, are

central focus in the advancement of high-value and efficient conversion of CHy. The effects of Ar addition ratio,

Keywords: discharge power and temperature on the results of plasma methane cracking were investigated on a dielectric

CH, cracking barrier discharge (DBD) plasma experimental system. The results show that the addition of Ar can improve the

;112 methane conversion, and the optimal ratio of CH4 conversion to Hy production after the effect is CH4: Ar = 1:1, at
asma

which the methane conversion reaches 49.62% and the Hj selectivity reaches 52.66%. The plasma at 25 °C can
make the methane conversion close to the effect of catalytic cracking at 600 °C, while the Hj selectivity is lower,
the H; generation is 32.59% lower than the latter, and the products have more C>-C4 hydrocarbon impurities.
The solid byproduct resulting from the DBD plasma cracking of methane primarily consisted of carbon black,
possessing an average particle size of 62.21 nm. The incorporation of Ar and the amplification of power augment
the CH* radical intensities, which suggests both conditions contribute positively to the dissociation of the CH4

Carbon black

molecule.

1. Introduction

Hydrogen energy has been integrated into the new energy storage
and utilization paradigm in the twenty-first century. Achieving low-
carbon energy planning and the efficient development and utilization
of hydrogen energy requires addressing the key challenges of clean and
efficient production of Hy, as well as high-density storage through
innovative technological means. The primary source of Hj is currently
fossil energy [1], with the most significant energy efficiency of 83%
achieved in the production of hydrogen from natural gas (CH4 as the
main component) [2]. Furthermore, the successful promotion of the
China-Russia East Natural Gas Pipeline [3] will annually introduce 38
billion m® of clean natural gas, presenting Heilongjiang with both the
task and opportunity of CH4 conversion and transportation as the
“bridgehead” of the East Pipeline.

Low-temperature plasma technology is an emerging method that
leverages reactants in a low-temperature plasma state, where high-
energy electrons are excited or ionized in an electric field, enabling
the occurrence of chemical reactions that are otherwise difficult under
normal conditions. This technology aims to facilitate the molecular
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reforming of reactants. Research has demonstrated that plasma tech-
nology has the capability to transform natural gas into high-value fuels,
including hydrogen, syngas, and Cy hydrocarbons. Plasma-catalyzed
methane conversion is particularly advantageous at 25 °C. The mecha-
nism governing low-temperature plasma-catalyzed methane conversion
is primarily influenced by the scavenging of ions or free radicals, rather
than ionic reactions [4]. This technology can directly excite, dissociate,
and ionize CH4 molecules at relatively low temperatures [5,6], leading
to the generation of numerous free radicals and other reactive species
[7-10], ultimately enabling highly efficient activation and conversion of
CH,4. Low-temperature plasma technology offers several advantages,
including high chemical activity, low energy consumption, and rapid
activation and deactivation. Various plasma discharge systems, such as
spark discharge [11,12], dielectric barrier discharge (DBD) [13], sliding
arc discharge (GAD) [14], radio frequency (RF) discharge [15], micro-
wave (MW) discharge [16], and corona discharge (CD) [17], have been
employed for the conversion of CH4. This technology presents a
low-energy method for converting natural gas into valuable fuels, such
as hydrogen, syngas, and Cy hydrocarbons.

The dielectric barrier discharge (DBD) method is a prevalent form of
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Fig. 1. Diagram of catalytic cracking reaction of methane.

low-temperature plasma used extensively in methane conversion
research. DBD is characterized by numerous micro-discharge filamen-
tary channels [18], with electron temperatures ranging from 1 to 10 eV
[19,20]. This electron temperature is adequate for the activation of
stable gas molecules such as CHy, CO3, O3, and H2O [21-24]. Despite the
high electron density in the micro-discharge channels, approximately
102 to 10% ecm™3 [25,26], the average electron density in the gaps
between the discharge channels is low. The CHy4 conversion using this
method is relatively low, resulting in primarily hydrocarbons with car-
bon numbers ranging from 2 to 4, and also some with carbon numbers
up to 5 [27]. Among the products, CoHg exhibits the highest selectivity,
reaching close to 50%; however, the selectivity decreases significantly as
the carbon number increases. Furthermore, an increase in the residence
time of methane molecules in the discharge region leads to a gradual rise
in CHy4 conversion and Hj selectivity, reaching a maximum value and
then stabilizing [28]. The prevailing understanding in the current
literature regarding the mechanism of methane activation by
dielectric-blocked discharge plasma suggests that the methane molecule
undergoes dissociation of the C-H bond in the presence of electrons
[29], leading to the formation of three radicals, namely CHs*, CHo*, and
CH*. Simulations indicate that the relative quantitative relationships of
these three radicals are 79%, 15%, and 5% [30]. CHs* is regarded as the
most critical species due to its absolute numerical dominance.

Despite considerable strides, numerous challenges remain in the
comprehension of electron activation pathways. Most prevailing tran-
sient detection methods are inept at functioning under discharge con-
ditions, limited by the small number of in-situ plasma diagnostic tools
available, such as emission spectroscopy. These tools demonstrate a
potential to detect CH* radicals, but their capability does not extend to
CHs* and CHy*. Subsequently, the irrefutable experimental evidence for
an electron activation pathway continues to pose a challenge. Moreover,
the process of methane activation whether it takes place in a singular
step or via the intermediate CHs* and CHy* remains ambiguous. Un-
doubtedly, the instrumental role of electrons in dielectric barrier dis-
charges for methane activation is emphasized by the incapacity of the
cold plasma, generated by these discharges, to activate methane
thermally.

This research investigates the conversion of CHy into Hy induced by
DBD low-temperature plasma. Discharge experiments were conducted at

285

constant and variable temperatures in quartz and corundum reactors
under ambient and controlled temperature conditions. The study aims to
analyze how the plasma discharge power, CH4/Ar concentration ratio,
flow rate, and discharge temperature affect the reaction under standard
atmospheric pressure. Spectral analysis is utilized to examine the dis-
tribution characteristics of intermediate free radicals generated from
methane cracking reactions under plasma conditions. By combining
macroscopic and microscopic viewpoints, we elucidate the evolving
pathway of the methane cracking reaction under different reaction
conditions. This approach leads to the identification of an optimal
operational configuration for methane cracking employing medium-
blocking discharge plasma. Furthermore, a comprehensive analysis
was conducted on the structure and properties of the reacted solid-phase
products, taking into full account the economic aspect of plasma-
induced methane technology, which carries crucial implications for its
further application.

2. Experimental and characterization methods
2.1. Experimental system

Methane cracking experiments were carried out using dielectric
blocking discharge plasma, and the experimental system is shown in
Fig. 1, which consists of three parts: the discharge and detection system,
the gas distribution system and the measurement system.

Discharge system: The experimental setup includes a CTP-2000K
low-temperature plasma power supply, a voltage regulator, a coaxial
DBD reactor, and a TBS1102C oscilloscope. The plasma power supply
generates high-voltage alternating current with one high-voltage output
terminal and two low-voltage output terminals (having 0.47 pF capac-
itance and 50 Q resistor sampling, respectively), which are connected to
the corresponding electrodes of the reactor through wiring. The reactor
is comprised of a stainless-steel high-voltage electrode with a body
diameter of 10 mm and a sawtooth diameter of 14 mm. It also includes a
quartz/corundum tube with an outer diameter of 25 mm and an inner
diameter of 20 mm, and an external ground electrode (wire mesh) with a
discharge gap of 3 mm. The discharge area has a length of approximately
15 cm, and the heater’s heated area spans about 20 cm, encompassing
the discharge area.
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Measurement systems: The measurement system is comprised of a
gas chromatograph (GC7900) for analyzing gaseous products and a
spectrometer (PG2000-Pro-EX) for assessing intermediate state prod-
ucts. The reactor’s outlet gas is routed to the GC7900 gas inlet via a
pipeline. Equipped with a hydrogen flame detector (FID) and a thermal
conductivity detector (TCD), the GC7900 enables online detection of
C1—C4 hydrocarbon products by the FID and Hj in the products by the
TCD. The fiber optic measurement system comprises an optical fiber and
a spectrometer. The fiber optic probe is aligned with the measuring point
on the reactor, transmitting signals to the spectrometer. This spec-
trometer features a 10 pm slit, a detection wavelength range of 195
nm-1115 nm, and a resolution of 1.18 nm, enabling the detection of
luminescent signals from free radicals within this range.

2.2. Experimental operations and test methods

Operation method: Prior to the experiment, the gas chromatograph
was activated after being filled with carrier gas and left to allow the
detector baseline to stabilize. Following the connection of electrodes and
the gas circuit, methane and argon were passed through, with the total
flow rate of the two being maintained at 30 sccm. The reactor is purged
of air as the gas is continuously expelled for a duration of 30 min.
Following this, the gas composition is rigorously monitored at two
separate 5-min intervals to ensure equilibrium; achieving a stable and
homogeneous state prior to energizing the reaction. The post-reaction
gas is analyzed 10 min after the start of the reaction, followed by a
subsequent analysis 20 min later. The reaction is deemed to have
reached a stable state if no differences are observed between the two
analyses, and data from the oscilloscope and spectrometer are recorded.
In the case of the heating reaction, the heating rate is maintained at
10 °C/min, and the discharge reaction commences when the furnace
temperature increases to 25 °C above the set temperature.

Power supply discharge power calculation method: Experiments
reveal that the frequency of discharges required to achieve the same
current varies when the gas composition is altered, indicating that the
three discharge parameters do not remain entirely consistent across
different operating conditions. Consequently, it becomes imperative to
maintain consistent voltage and current levels to ensure uniform input
power supply. Thus, the generation of Lissajous graphs, each encom-
passing 2.5 discharge cycles, becomes essential. The area of the Lissajous
graphs can be utilized to compute the power output and efficiency using
the following formulas:

S
Py =f x C xk x kg xky X

75 (@]
0= 1;"_”‘ x 100% 2)
P,=UI 3

Where, f is the discharge frequency, C is the sampling capacitance, k is
the voltage sampling attenuation multiplier, ky, and k, are the total
attenuation multiplier of CH1 and CH2 channels, respectively, U is the
power input power, and I is the discharge current.
Methane and each gas product selectivity is calculated as follows:
Methane conversion is defined as the amount of methane converted
as a percentage of the initial amount:

NCH,,in~7ICH, out
X, (%) === =42 X 100%
CHy ,in

4

Hydrocarbon product selectivity is defined as the percentage of
carbon atoms in the hydrocarbon to the carbon atoms of the converted
methane:

Xan Hy

x 100% 6

SC Hy —
xHy
NcH,,in~MCHy out
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Hydrogen selectivity is defined as the number of H atoms in
hydrogen as a percentage of the H in the CH4 undergoing conversion:

ny,

=2 _x100%
2 x (nCH4,in'nCH4,0ul)

S, )

Where, ncy, in denotes the amount of imported methane, ncy, o denotes
the amount of exported methane, nc,u, denotes the amount of a defined
hydrocarbon product, and ny, denotes the amount of hydrogen
produced.

Solid-phase product testing method-SEM: The solid products’
particle size and structural morphology are observed using SEM,
providing a two-dimensional surface distribution of carbon deposits and
semi-quantitative information on the distribution of various elements
within a specific range. The experiments are conducted with a Hitachi
Regulus 8100 SEM, with the samples being ultrasonicated before the
tests. An accelerating voltage of 20 kV is chosen to observe the sample
morphology at varying magnifications.

Solid-phase product testing method-Raman: Raman spectroscopy
is utilized to analyze the level of graphitization of solid-phase carbon
products following cracking, as well as to examine the role of plasma in
controlling the structural growth of methane-cracked carbon products.
The experiment employs the HORIBA LabRAM HR Evolution, and the
Raman spectra are analyzed using the DXR laser confocal micro-Raman
spectrometer, employing a laser with a wavelength of 532.15 nm and a
spectral range of 800-2000 cm L.

Spectral Intensity Calculation: In atomic emission spectroscopy
theory, it is posited that in thermodynamic equilibrium or localized
thermodynamic equilibrium, particles emit light of a specific wave-
length as they transition from a higher to a lower energy state. In an
examination of atomic or ionic spectra, it is essential to select two
spectral lines from the same entity that fall within a comparable
wavelength range. The radiation intensity of these chosen spectral lines
should conform to formula (7), while their relative intensity needs to
satisfy formula (8). By taking the logarithm of formula (8), the resulting
equation is (9):

1 he g E;

I=g 74N <_kTe) @
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KT, = (E,-E,) |In( 212282 9
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Where, k represents the Boltzmann constant with a value of 1.38 x
1023 J K1, Te stands for the electronic excitation temperature; h de-
notes Planck’s constant; c signifies the speed of light in a vacuum; N
denotes the total atomic number density; I and I are the relative
spectral intensities of two spectral lines; A; and A, indicate the jump
probabilities of particles; g and g» stand for the statistical weights; 1;
and A, represent the wavelengths of the spectral lines; and E; and E;
correspond to the excited state energies of each spectral line. Where, the
values of Ey, g, and A can be obtained from the National Institute of
Standards and Technology (NIST) Table of Leap Probabilities. Subse-
quently, the electronic excitation temperature can be computed by
incorporating the pertinent parameters.

3. Results and discussion
3.1. Effect of Ar addition ratio on the reaction

To examine the impact of gas ratio changes on the reaction out-
comes, the gas residence time and discharge parameters for every
working condition are held constant. The total gas flow rate is stabilized
at 30 sccm, and the reaction is conducted under conditions that doesn’t
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Fig. 2. Gas product results for different gas ratios: (a) Lissajous graphs; (b) Hydrocarbon product selectivity; (c) Methane conversion and hydrogen selectivity.

provide an additional heat source, maintaining at room temperature
(25 °C). Furthermore, the plasma discharge power is set at 120W. The
power supply efficiency can indicate the percentage of energy use for
discharge and the rest of the energy is dissipated in the form of heat.
Fig. 2(a) displays the Lissajous graphs representing the discharge with
varying gas ratios. By analyzing each Lissajous graph, it is apparent that
the power efficiency ranges from 34.6% to 40% in the order from the
least to the highest proportion of Ar added for a specific power input.
This suggests that the inclusion of Ar diminishes the power supply ef-
ficiency, with the lowest power supply efficiency occurring when the
ratio of CHy: Ar = 1:1, resulting in a 5.43% decrease compared to the
pure methane condition. Fig. 2(b) shows the selectivity of hydrocarbon
products under different Ar ratios, and it can be seen that the hydro-
carbon products of CH4 and CH4/Ar under dielectric blocking discharge

are mainly CaHg, C3Hg, C4Hj0, C2Ha, C2Hy, and CsHg, and the cracking
of CH,4 under the discharge conditions can be viewed as a process where
CH4 molecules are cleaved into molecular fragments and radicals, and
then later radicals undergo recombination to the final process of
generating a variety of hydrocarbon substances, while the free radical
reaction course of generating ethane and propane is the shortest, and the
energy required is lower, so its generation is more. At this time, the
residence time of the gas in the plasma region is about 60 s, which can be
regarded as the maximum reaction, and it is difficult to extend the
residence time to make it completely cracked. The selectivity of CoHg
increases by 4.68% at CH4: Ar = 1:0.5, and the selectivity of the rest of
the hydrocarbon products did not change significantly. At CH4: Ar of
1:1, 1:1.5 and 1:2, respectively, the selectivity of each hydrocarbon
fluctuates little, indicating that Ar does not affect the ratio of reactions
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occurring between carbon-containing radicals. Fig. 2(c) shows the
methane conversion and hydrogen selectivity under different gas ratios.
The conversion of CHy4 increases when Ar is added at four different ra-
tios, and the Hj selectivity is improved by the addition of Ar compared
with that of pure methane [31]. In the pure methane state, the CHy
conversion rate is 32.17%, and the H; selectivity is 46.91%; with the
increase of Ar concentration, the CH4 conversion rate shows a pattern of
increasing and then decreasing, and the conversion rate reaches the
highest 49.62% when the molar ratio is 1:1. The H; selectivity of the four
Ar-containing cases are concentrated in the range of 52.66%-56.65%,
and did not change drastically with the change of the ratio of Ar [32],
indicating that Ar has less influence on the various pathways of Hy
generation and does not reflect the selectivity of Ha.

Combining the aforementioned results regarding CH4 discharge
cracking for various Ar doping ratios, the introduction of Ar enhances
methane conversion, primarily attributed to the Penning effect [33],
leading to increased activation of CH4. The power supply efficiency
experiences the most significant decrease [34], and the overall selec-
tivity of Co—C4 hydrocarbons is lower for CHy: Ar = 1:1, despite the peak
CH4 conversion occurring at this ratio. This can be attributed to the
limited discharge energy input in the reactor, whereby a higher CH4
ratio does not contribute the required energy for methane cracking [35].
Conversely, the proportion of Ar exceeding 50% results in diminished
CH4 conversion [36], potentially due to an increased concentration of Ar
atoms and ions in the system, leading to reduced collisional scattering
between electrons and methane molecules.

The grating spectrometer detects the intermediate products of
plasma discharge. Fig. 3(a) displays the Ar plasma emission spectra,
within which several prominent Ar I spectral lines are visible in the
690-920 nm range. These lines are produced by the 4p—4s transition of
Ar atoms. Fig. 3(b) &(c) showcase the CH4 and CH*+Ar spectra,
respectively. In the CHy4 discharge [37,38], there are three significant
spectral lines. Additionally, upon introducing Ar to the discharge, one
can observe four notable spectral lines within the span of 300-400 nm.
However, the intensity of the Ar lines significantly diminishes to the
point of being challenging to discern. Fig. 3(d) shows the spectra when
the input power is increased to more than 400 W. It can be seen that
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there are four obvious spectral lines at 314.80 nm, 335.96 nm, 356.60
nm, and 379.53 nm, which correspond to the CH radical bands, and their
spacings are basically equal [39]. H, and Hy are observed at 655.99 nm
and 485.83 nm, corresponding to the n = 3 — 2 and n = 4 — 2 processes
of electrons, respectively, and their intensities are very low. This is due
to the extremely short lifetime of the H radical, which can generate H,
within 1 x 107%°s. 603.02 nm corresponds to the Hp molecule, although
its intensity is also low, which is due to the fact that Hy is a generator in
the system, with a small relative content and a relatively high dissoci-
ation energy, which is not easy to decompose.

Fig. 3 (e) compares the intensity of the spectral lines in the range of
200~1000 nm for pure CHy4, CHy4: Ar of 1:0.5, 1:1, 1:1.5, and 1:2. The
spectral peak positions in the distributions of the five distinct gas ratios
exhibit a significant degree of similarity. Furthermore, only in the case
of CH,4 does it present a relatively larger intensity of four spectral lines
making it a challenge to distinguish the signal response of the Ar I band
from the noise. This suggests that both the addition and the proportion
of Ar do not substantially alter the intermediate active species. This
further reinforces the conclusion that Ar proportional influence on the
product selectivity is minimal [40]. Fig. 3(f) shows the intensity of CH*
radicals with gas ratio. The solid line in the figure shows the actual
detected intensity values, which show a trend of increasing and then
decreasing with increasing Ar ratio, reaching a peak at CH4/Ar = 1:1,
and the CH* intensity decreases after the Ar ratio exceeds 50%. The
dashed line in the figure shows the CH* spectral intensity corresponding
to converting the CH, in the gas mixture to the same content, which
gradually increases with the increase in the proportion of Ar. This trend
provides evidence that the addition of Ar effectively increases the
number of free radicals dissociated from CH4 molecules. Notably,
weaker dissociation of CHy is observed when there is a lower proportion
of Ar, resulting in a lower conversion rate. Conversely, a significant
increase in the proportion of dissociated CH, is observed when there is
an excess of Ar. However, due to the low proportion of free radicals, the
dissociation occurs with Ar, leading to a decrease in CH* intensity when
the proportion of free radicals is lower [41]. When there is an excessive
amount of Ar, the proportion of CHy dissociation significantly increases.
However, this leads to a higher probability of collision with Ar after
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dissociation, as there is a low proportion of radicals overall. This im-
pedes the continuation of the reaction and results in a decrease in CHy
conversion.

3.2. Effect of discharge power on the reaction

To examine the influence of the plasma power supply’s discharge
power, the CH4: Ar ratio is maintained at 1:1. Moreover, the reaction
temperature remains consistent without the addition of any external
heat sources. Fig. 4(a) shows the graph of Lissajous for input power of
100 W, 120 W, and 150 W. The output power is 33.68 W, 41.49 W, and
71.78 W. The power supply efficiency is 33.68%, 34.57%, and 47.85%,
and the power supply efficiency increases with the increase in power
supply. This is due to the fact that an electron avalanche is triggered
after the voltage exceeds the Paxing voltage [42], which leads to an
exponential increase in the electron number density [43]. Therefore, the
current increases rapidly with the voltage, which in turn leads to an
increase in the power supply efficiency. The selectivity of Hy products at
different powers is shown in Fig. 4(b), and the highest selectivity of
hydrocarbon products is observed for CoHg, CsHg and C4H1g, which are
24.65%, 14.13% and 7.83%, respectively, under 100 W conditions. The
overall selectivity of Co—C4 hydrocarbon products gradually decreased
with increasing discharge power. The corresponding methane conver-
sion and hydrogen selectivity are shown in Fig. 4(c). The methane

conversion rate increases with increasing discharge power, indicating
that high power is more advantageous to the process of CH4 dissociation
reaction, which is consistent with the theoretical prediction [44]. The
hydrogen selectivity, on the other hand, did not change significantly
with the power source, indicating that the increase in discharge power
has basically the same degree of effect on the Hy generation pathway
within the reaction system [45], and does not reflect a specific selec-
tivity for Ha. The hydrogen-carbon ratios of the six hydrocarbon prod-
ucts determined at different powers ranged from 2.64:1 to 2.67:1, which
did not change significantly. The average hydrogen-carbon ratio of the
remaining products ranged from 1.11 to 1.39 as shown by the analysis of
methane conversion and atomic conservation of the known products.
The yield of CyHs is very low and included in the measured products,
while the aromatization reaction of methane had a very low yield in the
absence of a catalyst [46], and it is assumed that the decrease in hy-
drocarbon conversion when the power is increased is due to the increase
in solid-phase carbon products after the conversion of CHy.

Fig. 4(d) compares the conversion and hydrogen selectivity of
plasma-cracked methane with those of thermally cracked methane
under identical flow conditions. The thermal cracking reaction is con-
ducted utilizing a 25% Ni/Al,O3 catalyst [47] at a volumetric gas flow
rate of 18000-gﬁil-h’1 for CHy4, and CH4 conversion and H; generation
rates are selected as the comparative metrics since no gaseous byprod-
ucts other than Hj are identified by chromatographic analysis. In the
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Fig. 7. (a) SEM characterization of solid-phase products in the presence of plasma; (b) Raman peak splitting and characterization results.

experimental study, it is observed that raising the temperature from
450 °C to 600 °C resulted in a significant increase in both methane
conversion and hydrogen generation flow rate. Specifically, the methane
conversion increases from 8.42% to 51.24%, while the hydrogen gen-
eration flow rate rose from 2.25 mL/min to 11.63 mL/min. These
findings highlight the crucial influence of temperature on the efficiency
of methane cracking reaction. When the temperature reaches 25 °C, with
only the plasma contributing at a discharge intensity of 120 W, methane
conversion rates reaches 54.59%, and the hydrogen generation flow rate
reaches 7.84 mL/min, nearly equivalent to that of cracking at 600 °C.
This underscores the pivotal role of plasma in catalyzing the reaction,
demonstrating the promising economic viability of utilizing
low-temperature plasma for methane cracking to produce Hj.

Fig. 5(a) presents the intensity of spectral lines within the range of
200-1000 nm for input powers of 100 W, 120 W, 140 W, and 160 W.
Notably, the spectral peaks for CH* and Ar I occur in the same range,
albeit at different discharge powers. While the positions of these spectral
peaks remain similar across various discharge powers, it should be noted
that the four spectral lines of CH* are markedly more intense, making
the Ar I band relatively challenging to observe. Fig. 5(b) shows the
variation of the intensity of CH- radicals with the discharge power. The
intensity of each band of the CH* spectrum generally tends to increase as
the power of the power supply rises [48]. The increase in power has a
greater facilitating effect on the dissociation of methane molecules,
which leads to more conversion of methane to radicals, but it affects the
individual radical reactions to a similar extent, so there is no significant
change in the selectivity of the products. From the point of view of Hy
generation, the highest yield at 120 W, the lowest energy consumption
for converting unit of CH4 and the lowest energy consumption for
generating unit of Hy in this study, which has the best techno-economy.

3.3. Effect of discharge temperature on the reaction

Fig. 6(a) shows the Lissajous-Figure of quartz and corundum tube
discharges. It can be seen that the quartz tube needs a higher voltage to
breakdown, which may be caused by the higher microscopic lattice
ordering degree of corundum than that of quartz, and it can be seen that
the power supply efficiency of the corundum tube is about 9% higher
than that of the quartz tube after calculation. Fig. 6(b) shows the Lis-
sajous-Figure for discharges at 25 °C, 250 °C and 450 °C. The power
supply efficiencies are 43.67%, 39.91% and 40.32%, respectively, and
the warming conditions cause a slight decrease in the power supply
efficiency.

To quantify the influence of temperature on the plasma-induced
cracking of methane, the discharge power of the power supply is
maintained at 120 W, and since spectroscopic monitoring is not possible,
the gas is fed into pure CHy4. Fig. 6(c) shows the selectivity of each hy-
drocarbon product after CH4 conversion at 25 °C, 250 °C and 450 °C. It
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can be seen that the main hydrocarbon products are CoHg, CsHg, and
C4H19, with selectivity of 28.42%, 14.83%, and 12.99% at 25 °C. After
increasing the temperature to 250 °C, the selectivity of Co—C4 hydro-
carbons are reduced, among which the selectivity of CoHpg is reduced by
6.01%, and the selectivity of C4Hi( is reduced by 3.78%, which proved
that the increase of temperature could make the double CH3* radical
binding reaction weakened; continuing to increase the temperature to
450 °C, the selectivity of the hydrocarbons is found to be slightly
increased, but the overall change is not significant, which indicates that
in the presence of plasma, elevated temperatures resulted in a decrease
in the selectivity of hydrocarbons in the products compared to ambient
temperatures [49], but the difference between 250 °C and 450 °C is not
significant. The hydrogen-carbon ratios of the remaining products
ranged from 1.08 to 1.39, and the coverage of carbon products on the
surface of the electrode at the end of the warming reaction is enhanced
compared with that at 25 °C. Fig. 6(d) shows the methane conversion
and hydrogen selectivity during discharge at three temperatures, and
the methane conversion is 24.63%, 38.55% and 33.26% at 25 °C, 250 °C
and 450 °C, respectively, which shows that the temperature has a large
influence on the reaction activity, and when the temperature is raised
from 25 °C to 250 °C, the cleavage reaction is obviously promoted, and
the methane conversion rate is significantly increased. However, when
the temperature is raised to 450 °C, the methane conversion rate
decreased. The hydrogen selectivity is 56.63%, 48.89% and 51.97% at
the three temperatures, respectively, which decreases with increasing
temperature, indicating that the temperature did not reflect the selec-
tivity for the H radical combination to generate Hy [50]. It is also
possible that this is due to the energy limitation of the conversion pro-
cess, where the conversion of methane to H, requires more C-H bonds to
be broken, resulting in a slight decrease in Hy selectivity when the
methane conversion rate is increased [51]. Combining the methane
conversion efficiency, energy consumption, and the yield of the product,
250 °C is the optimal reaction temperature among the three tempera-
tures for the conversion of CH4 to Ho.

3.4. Characterization of solid-phase carbon products

In the experimental conditions conducted, it is observed that only
under plasma conditions, a thin layer of black solid forms on the high-
pressure stainless-steel electrode after methane cracking, resulting in a
very low yield. This layer is subsequently collected and characterized
using scanning electron microscopy (SEM) and Raman spectroscopy.
Fig. 7(a) illustrates that the solid-phase product is primarily composed
of a carbon black structure, exhibiting morphology in both aggregated
and dispersed states. The dispersed carbon black is uniformly distributed
on the dispersant’s surface in the form of irregular “carbon spheres.” The
average particle size of the dispersant, as determined from measure-
ments, is 62.21 nm, indicating that plasma-induced electron
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Table 1
Parameters of Raman spectral splitting [55].
Peak Position Description of Raman Spectral Peaks Hybridization
Type (em™) Type
G 1580 Ordered graphite C-C, CNTs and sp?
aromatic hydrocarbons with benzene
rings
D 1350 Amorphous carbon atoms C—C sp°
2D 2670 Edge structure, number of sheet layers  sp>

bombardment typically results in a finer-grained distribution of the
solid-phase product. Carbon black with fine particles holds significant
application value, thus highlighting its importance for the high-value
utilization of solid-phase products from methane plasma reforming re-
actions. Raman spectra of the solid products under examination are
presented in Fig. 7(b). It is evident from the spectra that the prominent
peaks occur at 1350 cm™! and 1580 cm ™, corresponding to the disor-
dered structure of carbon (D peak) and the graphitized structure of
carbon (G peak) [52]. The intensity of the G peak is smaller than that of
the D peak, indicating the generation of more inert carbon during the
process, confirming its composition as carbon black. This finding aligns
well with the SEM results described above. The value of the Ip/Ig ratio is
determined by the area of specific Raman peaks in the sample, which
hold significant meaning in representing the disordered structure of the
carbon black [53]. Some studies have indicated that an increase in the
disordered structure of the carbon corresponds to an increase in its
active structure [54]. The Ip/I; ratio of the current material is 1.83,
indicating a high level of disorder, and the sample exhibits a diverse
structure with inert functional groups. Furthermore, the ratio of the
second-order Raman characteristic 2D peak (2670 em ™Y, Lp/lg is
determined to be 0.55, suggesting the presence of graphene flakes with
fewer layers (see Table 1). This indicates that the degree of graphitiza-
tion in carbon black products can be modulated by altering the plasma
voltage alongside other processes. Concurrently, with carbon black
derived from plasma-induced solid-phase products lacking issues con-
cerning the catalyst’s separation, it showcases heightened purity. This
aspect holds promising potential for applications in the rubber, plastic,
and oil industries, warranting further investigation to tailor and
streamline its specific functions.

10°
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4. Plasma-induced CH4 cracking pathway analysis

The molecular structure of methane, renowned for its stability and
difficult cracking process, has its thermodynamic equilibrium compo-
nents calculated using a zero-dimensional reaction kinetic model in the
Chemkin software. Within the temperature range of 800-2000 K, the
thermodynamic equilibrium of methane’s single-phase system, as
determined by the GRIMech3.0 mechanism, is illustrated in Fig. 8(a).
The typical temperature range employed for methane’s catalytic
cracking is approximately 800 K-1100 K. At 1000 K, the rate of methane
cracking is only about 8%, while the production of Hy, CoHg, CoHy,
CoHy, and C3Hg among the by-products is significantly low. Beyond
1600 K, the primary products in the equilibrium system are Hy and CoHo,
with CHz* and H* being the main radicals. Based on the findings of the
literature review, it is reasonable to propose that the plasma enhances
the electronic reactions, thereby boosting the generation of free radicals.
These radicals then combine to form each product molecule, as depicted
in Fig. 8(b)&(c).

The application of plasma enables high-energy reactions at low
temperatures, significantly enhancing the cracking efficacy of CHy
through plasma induction. This process operates by facilitating the
systematic fracture of the C-H bond, exciting it into CH* and H* radi-
cals. Subsequently, these radicals reassemble into hydrocarbon mole-
cules. Plasma induction can optimize the production of Hy molecules
and solid-phase carbon black without the need for additional heat
sources. A discharge power of 120 W and a CH4/Ar ratio of 1:1 generate
optimal pathways for hydrogen production via methane cracking.
However, in an atmosphere of pure CHy4, the judicious addition of an
external heat source can supplant Ar for radical excitation. Under these
conditions, the most energy-efficient reaction parameters involve 120 W
and a temperature of 250 °C.

5. Conclusion

(1) At a molar ratio of 1:1 between CH4 and Ar, the methane CHy4
reaches its peak at 49.62%, with a Hj selectivity of 52.66%. The
selectivity towards primary hydrocarbon products, namely CoHg,
CsHg, and C4Hjg, is 22.94%, 14.31%, and 6.62%, respectively.
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Fig. 8. (a) the equilibrium of a single-phase system for methane cracking at temperatures ranging from 800 to 2000 K; (b) the reaction mechanism for plasma-
induced methane vapor deposition; (c) a schematic diagram illustrating the mechanism of plasma methane cracking.
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(2)

3

The solid products have been characterized as carbon black,
exhibiting an average particle size of around 62.21 nm.

An escalation in discharge power and temperature can enhance
methane conversion, as evidenced by the increased CH* radical
signals observed during the reaction. Operating at 250 °C and
120 W, this discharge exhibits significant practical value, leading
to elevated methane conversion and hydrogen selectivity levels of
38.55% and 48.89%, respectively.

Temperature shows no significant influence on the selectivity of
H radical binding to produce Hj. As the rate of methane con-
version increases, a greater number of C-H bonds need to be
broken to generate H, consequently leading to a slight decrease in
H, selectivity.
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