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Abstract
Recently, direct non-oxidative conversion of methane (NOCM) into hydrogen and light 
hydrocarbons has garnered considerable attention. In our work, we employed a dielectric 
barrier discharge (DBD) plasma over a GaN/SBA15 catalyst for NOCM. Adding catalyst 
to plasma remarkably promotes the conversion of CH4, resulting in a significant improve-
ment, for instance, from 27.8 to 39.2%. A systematic investigation of plasma performance 
at different discharge powers with and without catalyst was conducted. In the case of 
plasma + 15wt% GaN/SBA15, CH4 conversion reaches an impressive 79.4%. However, it 
exhibits the lowest selectivity of 14.4% for C2+, while achieving the highest selectivity for 
hydrogen at 48.9%. Several characterization methods, including XRD, SEM, BET, XPS, 
and TPO-MS, were used to study the mechanism of the reaction. Plasma electrons and 
ions can effectively interact with activated CH3 radicals, promoting their adsorption onto 
Ga sites on the catalyst surface. Simultaneously, hydrogen atoms adsorb onto neighboring 
N atoms, rapidly delocalizing to produce H2, and the delocalization of hydrogen atoms in 
C species leads to the formation of species like CxHy. This study highlights the potential 
of plasma catalysis in significantly improving CH4 conversion at lower temperatures and 
atmospheric pressure.

Keywords  Non-oxidative methane conversion · Dielectric barrier discharge · Gallium 
nitride catalyst · Hydrogen · Light hydrocarbons
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Introduction

Climate change and energy depletion are the most serious challenges facing us today [1]. 
Due to the price fluctuations, and significant greenhouse gas emissions, natural gas is being 
increasingly recognized as a sustainable fossil fuel alternative and a valuable resource. 
There have been discovered to be substantial reserves of shale gas and methane hydrate 
[2]. Along with vast amounts of natural gas and waste/flamed methane, methane (CH4) is a 
prolific source of hydrocarbons globally [3]. CH4 is utilized to produce hydrogen and high-
value light hydrocarbons, which helps to lower CO2 emissions and improve the business 
by using cleaner resources throughout manufacturing. This viewpoint suggests that using 
methane is definitely one of the strategies that has to be implemented in order to achieve net 
zero emissions by 2050 [4]. 

Much research has been conducted on the conversion of CH4 into useful chemicals, 
including syngas, methanol, light olefins, and aromatic compounds [5]. Syngas is a major 
feedstock for the chemical industry, since it is utilized to make a wide range of chemicals 
[6]. Converting methane directly to hydrocarbons may be more efficient and eco-friendly 
than producing syngas. Methane can be directly converted by oxidative coupling (OCM) 
[7, 8], non-oxidative dehydrogenation and aromatization (MDA) [9, 10], and non-oxidative 
conversion to oils, aromatics, and hydrogen (MTOAH) [11, 12]. The MTOAH route shows 
promise for CH4 conversion to value-added light hydrocarbons and hydrogen with zero 
carbon dioxide emissions [13] However, the MTOAH process encounters two challenges. 
Firstly, the activity of the process is considerably low due to thermodynamic constraints. 
Secondly, the C-H bond (434 kJ mol− 1) is highly stable and poses difficulties in activation 
without the involvement of oxidation and catalytic processes [14]. 

Today, the majority of NOCM catalysts are based on Mo-zeolite systems, which mostly 
yield benzene and very little olefin [15–17]. With benzene as the main product (50–75%), 
zeolites containing molybdenum demonstrated the greatest CH4 conversion (3–16%) [18]. 
Recently, Dumesic et al. [19]. developed PtSn-zeolite catalysts that achieve high C2H4 
selectivity of 70–90% at 700 °C. Xiao and Varm [20] achieved a high ethane selectivity 
of 90% using bimetallic PtBi-zeolite catalysts, with a methane conversion of 1–5% at 700 
℃. In the work of Bajec et al. [21]. , CH4 conversion, C2H4 selectivity, and then coke of 
1–6%, 50%, and 11–35 wt%, respectively were achieved by using Fe-Zeolite catalysts. At 
high temperatures (about 1000 °C), the active metal species, however, have a tendency to 
cluster into bigger nanoparticles and deactivate. Also, the methane conversion is only very 
limited (e.g., < 10%). Recent studies have shown that GaN can efficiently convert methane 
into light hydrocarbons with low coke yield. For example, Kopyscinski et al. [22–25]. found 
that GaN and GaN/SBA-15 convert methane to ethylene at above 650 °C, achieving around 
5% methane conversion and 71% ethylene selectivity with low coke yield. Zhang et al. 
[26]. demonstrated GaN’s high activity in the oxidative dehydrogenation of propane in CO2. 
Thus, GaN is effective in C-H activation of light alkanes.

Non-thermal plasma (NTP) technology offers a viable substitute for the traditional cata-
lytic process in converting CH4 into chemicals and fuels with additional value [27]. Since 
plasma needs electricity to function, it may be powered by renewable energy sources like 
solar and wind. This would allow for safe, simple, lightweight, and flexible on/off switching. 
To effectively start chemical reactions, high-energy electrons and chemically reactive sub-
stances (like free radicals, ions) can be produced in NTP. NTP can have 1–10 eV electronic 
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energy and gas temperatures that are close to room temperature due to their strong non-
equilibrium properties [28]. Because of this, NTPs are able to readily break most chemical 
bonds, including C-H bonds, and create environmentally favorable conditions for the occur-
rence of thermodynamically unfavorable chemical processes. Furthermore, the merging of 
plasma and catalysis has generated significant interest in ammonia synthesis, carbon nano-
material development, environmental purification, greenhouse gas reformation, and catalyst 
treatment [28–34]. The combined action of plasma and catalysts can activate the catalyst 
at lower temperatures, increase its stability and activity, and eventually improve the target 
product’s conversion, selectivity, and yield. Additionally, this integration may increase the 
plasma process’s energy efficiency [28]. To date, the NOCM through various NTPs (with or 
without catalysts) has been the subject of extensive research, including dielectric barrier dis-
charges (DBD) [35, 36], pulse discharges [37, 38], spark discharges [39], radio-frequency 
discharges [40], corona discharges [41], microwave discharges [42], and nanosecond pulse 
discharges (NPD). [43] After conducting a techno-economic analysis that considers various 
factors, including the electricity supply, it was found that using plasma pyrolysis of meth-
ane to produce hydrogen with renewable energy sources results in much lower CO2 emis-
sions compared to other methods [44]. However, the efficient conversion of CH4 and high 
selectivity towards hydrogen and high-value-added light hydrocarbons still pose significant 
challenges, thereby necessitating the integration of both catalyst and plasma to explore a 
promising pathway.

DBD is created by applying an electric potential between two electrodes, where at least 
one is covered by a dielectric barrier. Methane conversions of between 1% [45] and 47% 
[46] were reported at room temperature, with a specific energy input (SEI) ranging from 0.1 
to 300 kJ L− 1. Ethane (C2H6) typically is formed as the main product, followed by other 
C2 hydrocarbons, C3-C5 compounds, and soot with varying selectivity [47]. Scapinello 
et al. [48]. found that Xu and Tu [35] achieved the best results about CH4 conversion in a 
DBD. They found that the CH4 conversion rate was 11%, the C2H6 selectivity was 34%, the 
selectivity for other C2 hydrocarbons was 19%, and the remaining components were soot 
and C3–C4 hydrocarbons. However, Lower conversion and selectivity, as well as uncertain 
processes of plasma-catalyst interactions, remain problems for the DBD. More specifically, 
to optimize light hydrocarbon formation, we need to understand more about the key chemi-
cal pathways.

In this work, we investigated GaN-SBA15 with varying Ga loading for converting CH4 
into light hydrocarbons and H2 using DBD under normal pressure and low temperature 
conditions. We observed significant improvement in CH4 conversion with plasma catalysis 
compared to plasma only. The introduction of plasma lowers the catalyst’s active tempera-
ture by electrically impacting its surface. The study proposed a possible reaction mecha-
nism for CH4 conversion with plasma and a catalyst, which helps to understand the synergy 
between plasma and catalysts. The mechanism was determined through catalyst character-
ization and product analysis.
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Experimental

Experimental Setup

The experimental setup for the plasma-catalytic methane conversion is shown in Fig. 1. A 
coaxial DBD reactor with a discharge zone length of 40 mm and a discharge gap of 2.5 mm 
was used for the experiment. The reactor operates at atmospheric pressure. A 20 kV peak 
voltage and 10 kHz frequency high-voltage AC power supply are connected to the DBD 
reactor. A soap film flow meter was used to calibrate the reactant gas, which was CH4 in 
Ar at a molar ratio of 1:19. The overall flow rate was 100 mL/min. A catalysis weighing 
0.5 g is placed inside the discharge region. During the plasma-catalytic methane conversion 
experiment using GaN/SBA15 as a catalyst, gas products were sampled every 20 min over 
1 h to evaluate the performance of catalysts under various working conditions. The voltage 
and current of the DBD were measured using a high-voltage probe (TESTEC, HVP-15HF) 
and a current monitoring loop (Bergoz, CT-E0.5), respectively. The electrical signals were 
captured and recorded using a four-channel digital oscilloscope (RTM3000,R&S). The Q-U 
Lissajous method was used to compute the discharge power. The reaction products were 
examined using a gas chromatographic system (GC9790 PLUS, FULI INSTRUMENTS) 
fitted with FID and TCD detectors. After three iterations of the experiment, the uncertainty 
was found to be within 4%.

Catalyst Preparation and Characterization

The detailed process of catalysis synthesis was carried out as follows, hydrochloric acid 
(36–38% HCl, Fisher Chemical) and deionized water were used to dissolve P-123 copo-
lymer. To make sure the copolymer was well dissolved, the mixture was agitated for sev-
eral hours at normal atmospheric temperature. After that, tetraethoxysilane (TEOS, 98%, 
ACROS) was added and stirred for a full day at 600 rpm. In closed polypropylene Digi-

Fig. 1  Schematic of the plasma-catalysis experimental system
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TUBEs (SCP SCIENCE), the opaque white solution was hydrothermally treated for 48 h 
at 100 °C. The precipitate was then recovered after filtering. Deionized water was used to 
wash the precipitate multiple times. To produce SBA15, the precipitate was dried overnight 
at 60 °C, transferred to a ceramic boat and then calcined at 550 °C for 6 h (1 °C min− 1) The 
initial impregnation approach was used to prepare the supported catalyst. The precursor of 
Ga was dry gallium (III) nitrate hydrate powder (Ga (NO3)3 6·H2O, Aladdin). The amount 
of precursor required to reach the 16 wt% goal load Stoichiometry was utilized to calculate 
Ga. The first impregnation in deionized water is done using the aqueous nitric acid solu-
tion. 1 g of SBA15 required roughly 4.5 ml of the solution. The wet solid was impregnated, 
allowed to stand at normal atmospheric temperature for the entire night, and dried for eight 
hours at 60 °C. Lastly, the dry solid was labeled with Ga2O3/SBA15 and calcined for 6 h at 
550 °C (1 °C min− 1). Ga2O3/SBA15 was nitrided for 6.5 h with ammonia (NH3, 99.99%, 
Meg’s special gas, 50 mL min− 1) in a fixed-bed reactor at 750 ℃, and then cooled to room 
temperature under continuous NH3 flow. The prepared GaN/SBA15 sample was yellow 
powder, and the experiment was carried out after granulation.

Nitrogen adsorption/desorption measurements were used to physically characterize the 
produced catalysts. Total surface area, pore size distribution, and pore volume were among 
the parameters examined. The Brunauer-Emmett-Teller (BET) method was used to calcu-
late the surface area, and the Barrett, Joyner, and Halenda (BJH) method was used to study 
the mesoporosity. A fully automated BET (Quantachrome Autosorb IQ3, USA) specialized 
surface and porosity analyzer was used for the measurements. The samples were degassed 
under vacuum for 12 h at 250 °C before analysis. Using Cu target radiation (X-ray genera-
tor power 3 KW, new 9 KW rotating target), powder X-ray diffraction (XRD) investigations 
were performed on a Rigaku SmartLab SE diffractometer. A rate of 1 °/min was used to 
record X-ray diffractograms between 2θ = 5–90°. A German-made ZEISS Sigma 300 field 
emission scanning electron microscope was used to analyze fresh and spent loaded gallium 
nitride samples using scanning electron microscopy (SEM). Additionally, mapping tests 
were carried out to examine the distribution of the elements (carbon, nitrogen, oxygen, and 
gallium) in the samples. Al Ka radiation was used for X-ray photoelectron spectroscopy 
(XPS) (Thermo Scientific K-Alpha, USA). A 284.8 eV C1s signal was used to calibrate the 
binding energies for all of the spectra. For each spent catalysis, high-resolution area scans 
and low-resolution surveys were carried out to determine the binding energies involved. 
Using inductively coupled plasma optical emission spectroscopy (ICP-OES, Agilent 5110, 
USA), the gallium concentration of the loaded catalysis GaN/SBA15 was ascertained. 
For both fresh and spent catalysis, temperature-programmed oxidation mass spectrometry 
(TPO-MS) analysis was used to measure the quantity of coke deposited (and carbon inher-
ent in the fresh catalyst, if any). A reaction tube containing 30–40 mg of sample was filled, 
weighed, and set to warm at a rate of 10 °C/min from room temperature to 110 °C for drying 
pretreatment. The tube was then cooled to 50 °C, purged by He air flow (50 mL/min) for one 
hour, and passed through a 10% O2/He mixture (50 mL/min) for one hour until saturation. 
Finally, the tube was warmed under a 10% O2/He mixture at a ramp-up rate of 10 °C/min. 
Ultimately, the gas was discovered by TCD when it was desorbed at 950 °C under a 10% 
O2/He mixture at a temperature increase rate of 10 °C/min.
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Calculation Method

The conversion of CH4 (XCH4) is defined as

	 XCH4 (%) = moles of CH4 converted
moles of initial of CH4

× 100� (1)

The selectivity of gaseous products (H2 and CmHn) is calculated according to Eqs. 2–3

	 SH2 (%) = moles of H2 produced
2∗ moles of CH4 converted × 100%� (2)

	 SCmHn (%) = m ∗ moles of CmHn produced
moles of CH4 converted × 100%� (3)

The energy efficiency is defined as Eq. 4, which is expressed as moles of gas per unit of 
plasma power converted

	
energy efficiency

(
mmol · kWh−1) =

converted product
(
mmol · h−1

)

discharge power (kW )
� (4)

The specific energy input is defined as

	 SEI
(
kJ L−1

)
= Ptatal

Qgas
� (5)

Where P(tatal) is the discharge power of the reactor as measured by an oscilloscope and Q(gas) 
is the gas flow rate into the reactor.

	 Cbalance = [moles of CH4]out+
∑

m∗ moles of CmHn produced
[moles of CH4]in

× 100%� (6)

Where [moles of CH4] in and [moles of CH4] out represent the moles of methane before and 
after reactions, respectively.

Result and Discussions

Reaction Performance

The CH4 conversion and product selectivity of the plasma-only, plasma + SBA15, and 
plasma + GaN/SBA15 cases under different discharge powers are presented in Fig. 2. The 
discharge power affects strongly the CH4 conversion. For instance, increasing power from 
28 W (SEI = 17.2 kJ/L) to 42 W (SEI = 25.7 kJ/L) improves the CH4 conversion from 27.8 
to 39.7% in the plasma-only case. Notably, the introduction of catalyst and plasma also 
enhances the CH4 conversion, especially at higher discharge powers. The introduction of 
SBA15 does not noticeably affect the CH4 conversion (from 21.5 to 20.5%) at a power 
of 20 W while employing GaN/SBA15 enhances slightly the CH4 conversion (from 21.5 
to 23.8%). However, the CH4 conversion at plasma + GaN/SBA15 case enhances remark-
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ably from 27.8 to 39.2% at a power of 28 W and from 39.7 to 49.4% at a power of 42 W 
respectively. Moreover, plasma-catalysis, for instance, improves energy efficiency from 4.3 
to 5.2% at 28 W. Catalysis and discharge power are responsible for the improvement in CH4 
conversion. The gas-phase reaction may have contributed to the discharge power, and the 
addition of the GaN/SBA15 catalyst played a significant part in the NOCM, underscoring 
the catalysis’s importance in optimizing the conversion process.

The amount of filler present in the discharge affects the strength of the electric field. 
GaN/SBA15, a material with a higher dielectric constant, has a greater impact on the electric 
field of the electric discharge [49]. A typical filamentary discharge occurs without any filler 
present. However, the gas void is considerably reduced when GaN/SBA15 is used to cover 
the entire discharge gap. The discharge zone experiences a decrease in filamentary discharge 
and an increase in surface discharge on the catalysis. Studies conducted on packed-bed 
DBD reactors, both through experiments and modeling, have demonstrated this [50, 51]. 
The difference in reactivity between plasma + GaN/SBA15 and plasma + SBA15 implies 
that the function of GaN/SBA15 may involve both gas-phase reactions and plasma-assisted 
surface reactions that facilitate the conversion of CH4 [52, 53]. When the discharge power 
was raised, the CH4 conversion of plasma-only was comparable to that of GaN/SBA15, sug-
gesting that the weak discharge was ineffective for methane conversion. The peak-to-peak 
charge rises in tandem with the discharge power. With increasing discharge power, more 
charges are produced and transmitted each half-cycle of applied voltage [49]. The packing 
elements introduced to the DBD reactor have a major effect on the charge parameters of the 
CH4 discharge. A prior investigation during plasma methane reforming shown an increase 
in charge parameters with discharge power [54]. 

The selectivity of each product for different conditions is shown in Fig. 2, which suggests 
that the catalyst was involved in homogeneous CH4 activation, activating CH4 to form CH3 
radicals and acting on subsequent reaction pathways [53]. This supported the experimen-

Fig. 2  (a) CH4 conversion and (b) product selectivity for the Plasma only, Plasma + SBA15, and Plas-
ma + GaN/SBA15 with different discharge power, (20 W, 28 W, 42 W respectively), Reaction conditions: 
WHSV 12,000 mlg− 1h− 1, CH4/Ar molar ratio of 1:19, discharge frequency of 10 kHz, and 1 h reaction 
time
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tal findings that carbon was deposited and high carbon hydrocarbons formed in the inner 
electrode and wall during the experiment, and it also showed the existence of high hydro-
carbons (C4+) as a result of additional chain growth and cyclization. According to these 
results, increased methane conversion without catalysis does not result in more carbon for-
mation. Moreover, at the same discharge power, plasma + GaN/SBA15 showed lower light 
hydrocarbon selectivity than plasma alone, while H2 selectivity remained unchanged. This 
phenomenon was attributed to the result of the filler on the discharge characteristics and the 
contribution of the catalysis on the reactant reaction path.

For the plasma catalysis reaction, more research was done on the impact of GaN loading 
on reaction performance. As displayed in Fig. 3, the performance in plasma-catalysis cases 
remarkedly increased with a 15 wt% loading, surpassing that of the plasma and catalysis by 
a significant margin (79.4%). This demonstrates that varying the loadings of gallium metal 
can significantly influence CH4 conversion. However, the plasma with 15 wt% GaN/SBA15 
catalyst has a lower selectivity of 14.4% for C2+, which is nearly half the reduction (up to 
32.5%) and the highest selectivity for hydrogen (up to 48.9%). Except at 15 wt% where it 
was 77.6%, the Carbon balance for the catalyst was around 90% at different metal loadings. 
This suggests that there was more carbon deposition and high carbon hydrocarbon in the 
plasma + GaN/SBA15 case.

The DBD plasma GaN/SBA15 catalyst demonstrated high conversion efficiency and low-
temperature (< 200℃) catalytic activity. Additionally, the plasma activation temperature for 
CH4 on GaN/SBA15 was lower than that of previously reported thermal catalysis [24]. Even 
though the selectivity of C2 + products is slightly lower compared to high temperatures, this 
work on the plasma GaN/SBA15 catalyst shows that it has a high CH4 conversion rate at 
lower temperatures, which is competitive with the rates reported in the literature [55]. This 
presents a potential approach toward the non-oxidative coupling of CH4.

Catalyst Characterization

The morphology and elemental mapping of fresh (GaN/SBA15-fresh) and used GaN/SBA15 
catalysis (GaN/SBA15-spent) with plasma were analyzed to interpret the mechanisms. Both 
GaN/SBA15-fresh and GaN/SBA15-spent had a 15% gallium metal loading. The homoge-

Fig. 3  (a) CH4 conversion, C balance and (b) product selectivity plots of plasma + GaN/SBA15 with dif-
ferent gallium metal loadings (10 wt%, 15 wt%, 20 wt%, 25 wt%, 30 wt%, 35 wt% respectively), Reac-
tion conditions: WHSV 12,000 mlg− 1h− 1, CH4/Ar molar ratio of 1:19, discharge frequency of 10 kHz, 
and 1 h reaction time

 

1 3



Plasma Chemistry and Plasma Processing

neous distribution of both Ga and N species was confirmed by the magnified SEM images 
and accompanying elemental mapping, despite the nonuniform particle shape. According 
to previous studies, it has been well-established that a substantial proportion of the GaN 
nanoparticle surfaces are predominantly constituted by the c-planes (0001) and m-planes 
(1100) [56]. GaN’s symmetrical structure, with equimolar Ga and N atoms organized in a 
tetrahedral coordination configuration, is responsible for the material’s intrinsic nonpolar 
nature in the m-plane. Conversely, the polar c-plane, which can only accommodate one kind 
of atom (Ga or N), is what causes piezoelectric polarization along the c-axis. (Fig. 4). [22] 
Significantly, it is worth mentioning that a minor quantity of carbon species was discerned, 
primarily arising from surface-adsorbed carbon [57]. The distribution of N and C elements 
is visible under plasma-catalyzed circumstances (Fig. 4b–d), in addition to the distribution 
of gallium (Ga) elements. This strongly suggests that gallium metal is actively involved in 
the methane conversion process.

Table 1 presents the findings of measuring the specific surface areas (SBET) of the pro-
duced samples using N2 adsorption-desorption isotherms. The SBET of 575 m2g− 1 was com-
paratively high for the SBA15 support. However, after the support was impregnated with 
gallium and underwent nitridation, over 50% of the overall surface area was lost, going 

Fig. 4  (a, c) SEM images and (c, d) the corresponding EDS mappings for the GaN/SBA15 catalyst; (a–b) 
the fresh catalyst; (c-d) the spent catalyst
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from 575 m2g− 1 to 232 m2g− 1. This significant decrease resulted from the pore structure 
collapsing and GaN crystallization beginning, which was triggered by the high temperatures 
encountered during the calcination procedure. The higher deposition of carbon and plasma 
treatment on the GaN/SBA15 Spent surface are the main reasons for the SBET value (287 
m2g− 1 ), which is clearly observed after the CH4 transformation and is significantly higher 
than the GaN/SBA15-fresh value [58]. Figure 5 shows the catalysis’s nitrogen adsorption-
desorption isotherms and pore diameter distribution. Typical type III isotherms are observed 
in GaN/SBA15, suggesting the presence of a large mesoporous or macroporous structure 
[59]. The porosities virtually inside the mesoporous domains are also shown by the match-
ing pore size distribution. (Fig. 5). It is evident that both fresh and spent catalysis have 
almost identical specific surface areas both before and after plasma. On the other hand, a 
slight variation in the distribution of pore diameter was observed, most likely due to the 
positioning of GaN nanoparticles within their pores [60]. 

The GaN/SBA15 catalyst’s gallium content was verified analytically using inductively 
coupled plasma optical emission spectroscopy (ICP-OES), a dependable method. The 
obtained analytical findings revealed an actual gallium content of 14.1%, which closely 
approximates the expected theoretical yield of 15.0 wt%. The small deviation from the 
expected value of about 1 wt% can be attributed to the inherent loss of mental that may 
occur during catalyst synthesis.

XRD patterns of the fresh and spent catalysts are illustrated in Fig. 6. The diffraction 
peaks of GaN were found at 2θ = 32.5°, 34.6°, 37.0°, 48.3°, 57.9°, 63.7°, and 69.1°. These 

Table 1  Physicochemical properties of the catalysis
Sample Carbon con-

tent (%)
Carbon amount 
(mmol/g)

Surface Area 
(m2g− 1)

Pore Diameter 
(nm)

Pore 
Vol-
ume 
(cm3/g)

SBA15 -- -- 575 7.9 0.89
GaN-SBA15-fresh 6.87 0.145 232 11.9 0.55
GaN-SBA15-spent 18.65 0.893 287 9.3 0.58

Fig. 5  N2 sorption isotherms and pore diameter distribution of GaN/SBA15-fresh (a) and GaN/SBA15-
spent (b)
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match to the planes of the wurtzite structure GaN (PDF#74–0243) and the (100), (002), 
(101), (102), (110), (103), and (201) [60]. GaN/SBA15-spent’s diffraction pattern showed 
strong similarities to that of GaN/SBA15-fresh, albeit with weaker amplitudes. This sug-
gests that there are smaller GaN crystallites and more amorphous phases present, which may 
be related to the contribution of plasma on the GaN particles during NOCM. While there 
were indications of crystalline GaN in the nitridated gallium-containing supported catalysts, 
there were no observable peaks corresponding to Ga2O3, suggesting that the latter was a 
noncrystalline particle. The amorphous Ga2O3 was transformed into crystalline GaN during 
the nitridation. This led to the appearance of distinct and well-defined peaks in the diffrac-
tion pattern, which matched the crystalline structure of GaN. [24]

The XPS spectra of C 1s and Ga 3d for the fresh and spent GaN/SBA15 samples are 
displayed in Fig. 7. The Ga 3d XPS photolines in the GaN/SBA15 (Fig. 7b) XPS spectra 
were positioned at around 20.0 eV and could be further divided into three peaks at 20.76 eV, 
20.12 eV, and 19.47 eV. The Ga-O bond was found to be the peak at 20.76 eV, and the Ga-N 
bond was found to be the highest at 20.12 eV. The remaining peak was linked to the N 1s 

Fig. 7  The XPS spectra of C 1s (a) and Ga 3d (b) of GaN/SBA15 catalysts before and after methane 
conversion

 

Fig. 6  XRD patterns of GaN/
SBA15 catalysts
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core level and was situated at 19.47 eV [61]. The imperfect conversion of gallium oxide to 
GaN during nitriding is responsible for the presence of the Ga-O bond, which was main-
tained in part in the final catalyst. Furthermore, the XPS spectra of Ga 3d reveal an intrigu-
ing finding: the Ga-N bond peak intensity in GaN/SBA15-spent was marginally weaker than 
in GaN/SBA15-fresh. This finding offers strong proof that gallium does, in fact, essential 
to the NOCM. These observations match the findings from the SEM and XRD analyses. 
Table 2 shows the surface compositions of both fresh and spent. The concentrations of Ga 
and N of each catalyst were lower than their respective bulk composition, while the concen-
trations of C and O were observed to be higher than the bulk composition, indicating that 
the GaN/SBA15-spent surface was enriched with C and O [56]. 

C 1s XPS spectra (Fig. 7a) was examined to determine the kind and generation of the 
carbon deposits. The graphitized carbon’s C-C bond is responsible for the peak at 284.8 eV 
in the fresh samples, whereas the C-O bond is linked to the peak at 286.5 eV. The adsorption 
of tainted carbon from the measurement apparatus or CO2 and H2O in the ambient air may 
create the C-O bond. Both GaN/SBA15-fresh and GaN/SBA15-spent exhibited identical 
carbon coordination structures. The peak strength associated with the C-C bond increases 
slightly in the GaN/SBA15 spent sample, confirming the deposition of carbonaceous mate-
rial during CH4 conversion. It is indicated that methane does not excessively build up car-
bon in plasma-only and plasma-catalytic conditions. The C-O bond remains, mainly due to 
the adsorption of carbonaceous material from the air.

The amount of carbon adsorbed during methane conversion was estimated using tem-
perature-programmed oxidation mass spectrometry (TPO-MS) analysis of both new and 
spent catalysts. As summarized in Table 1 and displayed in Fig. 8, in agreement with the 
SEM-EDS data, the TPO-MS results indicated that the total amount of fresh GaN/SBA15 
was 0.145 mmol/g. Concurrently, a higher carbon content (0.893 mmol/g) was found for 
the spent GaN/SBA15, but marginally lower than the 18.65% SEM-EDS values. This is 
because the catalyst has a large amount of carbon which is not evenly distributed but rather 
has a random distribution. The samples that were supported performed better because they 
had higher conversion for CH4 and adsorbed less carbon. In addition, the result of TPO-MS 
showed the types of deposited carbon. TPO-MS showed a single 350 °C CO2 peak for both 
fresh and spent catalysts; amorphous carbon was responsible for the weight loss between 
380 and 520 °C, whereas filamentary carbon was responsible for the weight loss between 
520 and 720 °C [62, 63]. It was challenging to gasify or remove the burned graphitic carbon, 
which was the cause of the weight loss at temperatures above 720 °C. [62] Based on the 
results, it was found that the majority of the carbon that was adsorbed existed in an amor-
phous state as opposed to a graphite state. Nevertheless, the specific type and stoichiometry 
of the adsorbed carbon (CxHy) remains unknown. It is expected that the deposition of these 
carbon species will lead to a decline in the catalytic activity of GaN/SBA15.

Sample Atomic percentage (%)
Ga N C Si O

GaN-SBA15-fresh 4.89 3.63 7.44 29.03 55
GaN-SBA15-spent 4.77 3.62 8.98 28.73 53.85

Table 2  Elements present on 
the surface as determined by the 
XPS spectroscopy
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Reaction Mechanisms

Two factors—the strong coupling between the plasma and the catalyst and the catalyst’s 
addition, which changed the discharge field strength—are responsible for the notable 
improvement in CH4 conversion in the plasma + catalysis example. As seen in Fig. 9, to 
better understand the characteristics of the discharges created in the various reactor designs, 
electrical diagnostics were carried out and different discharge parameters were estimated 
using electrical signals in conjunction with the U-I values.

The following plan for the CH4 activation to H2 and light hydrocarbons is offered based 
on the experimental results and the current density functional theory (DFT) analysis, as 
shown in Fig. 10. [58, 64] Gallium-nitrogen and gallium-oxygen atom pairs facilitate the 
dissociation of methane into an alkyl (CH3) and hydrogen (H) via the alkyl pathway [22]. 
The plentiful CH3, CH2, CH, and H radicals were produced by the cracking of CH4 mol-
ecules upon the injection of plasma. The radicals generated by plasma and CH4 undergo 
quick dissociative chemisorption on GaN. CH3* adsorbs onto Ga3+ while H* adsorbs onto 

Fig. 9  U-I figures of plasma only (a), packed with GaN/SBA15 (b)

 

Fig. 8  TPO-MS for fresh GaN/
SBA15 and spent GaN/SBA15 cat-
alysts for methane non-oxidative 
conversion at DBD
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neighboring N3−. When hydrogen atoms get adsorbed by nitrogen atoms, they easily disso-
ciate and desorb to generate hydrogen (Step 1). When compared to desorption, the ensuing 
dehydrogenation of the adsorbed CH3* on the catalyst surface is far more advantageous. 
The majority of the adsorbed CH4 on the Ga-site happened in successive dehydrogenation 
stages, nitrogen atoms that desorb hydrogen atoms will further adsorb hydrogen atoms from 
free radicals such as CH3, which will cause the C-H bonds in the free radicals to stretch and 
break (Step 2). The cleavage of CH3* into CH2* and H* on the Ga-site is the rate-deter-
mining step, although the coupling of two CH2* species to C2H4 occurs relatively quickly. 
Along with less reactive carbon species like CxHy*, the CH2* intermediate can also gener-
ate C3H6 and C3H8. (Step 3). The latter substance, which has an unknown stoichiometry, 
may contain polynuclear aromatic compounds. All excess hydrogen atoms are converted to 
hydrogen in the reactions.

Conclusions

This work produced a dielectric barrier discharge (DBD) plasma paired with a GaN catalyst 
loaded with SBA15 for the non-oxidative conversion of methane to hydrogen and value-
added light hydrocarbons (ethane, ethylene, etc.). Under various discharge powers, methane 
conversion increases in the plasma only case, while light hydrocarbon products selectivity 
decreases. In the comparison between plasma + catalysis and plasma-only cases, the findings 
show that the catalysis greatly accelerates the chemical process. For example, at a discharge 

Fig. 10  Reaction pathways for NOCM using plasma catalysis techniques proposed on the GaN/SBA15 
surface
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power of 28 W, the methane conversion rises from 27.8 to 39.2%. Moreover, the catalysis 
performance of different metal loadings was investigated, with 15 wt% catalysis exhibiting 
the highest methane conversion of 79.4%. However, the selectivity of the C2 + product was 
only 14.4% and the carbon balance was the lowest among the samples tested, suggesting 
that the catalyst promoted the production of high chain hydrocarbons such as C4+.

Further characterization of fresh and spent catalysis allowed for proposing the potential 
reaction mechanism. Gallium-nitrogen and gallium-oxygen atom pairs acted as Lewis acid-
base pairs to promote the decomposition of methane. After the introduction of plasma, the 
CH4 molecule produces large amounts of CH3 and H etc. radicals. The adsorbed C species 
occurs mainly in successive dehydrogenation steps on the Ga site, where the nitrogen atoms 
will further adsorb hydrogen atoms from radicals such as CH3, which results the C-H bonds 
being stretched and broken. The dehydrogenation produces C2H4, etc. as well as less reac-
tive carbon species such as CxHy. For the purpose of converting methane into hydrogen and 
high-value light hydrocarbons, the activation temperature of CH4 can be lowered with the 
help of this catalyst and plasma combination.
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