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A B S T R A C T   

By combining dielectric barrier discharge plasma and external heating, we exploit a two-stage hybrid plasma- 
thermal system (HPTS), i.e., a plasma stage followed by a thermal stage, for direct non-oxidative coupling of 
CH4 to C2H4 and H2, yielding a CH4 conversion of ca. 17 %. In the two-stage HPTS, the plasma first converts CH4 
into C2H6 and C3H8, which in the thermal stage leads to a high C2H4 selectivity of ca. 63 % by pyrolysis, with H2 
selectivity of ca. 64 %.   

1. Introduction 

Methane conversion, a thermodynamically unfavorable process, re-
quires high temperature and catalysts. Usually, the direct conversion 
into C2 hydrocarbons has been investigated by oxidative coupling of 
methane (OCM) and nonoxidative coupling of methane (NOCM). 
Although OCM is a much better option in terms of C2 hydrocarbons yield 
[1–4], a large amount of COx and a low efficiency of methane utilization 
have been obtained. For the NOCM, the overoxidation of methane and 
C2 hydrocarbons can be prevented, and H2 can be produced as a desired 
product instead of H2O in OCM. Therefore, NOCM to ethylene (C2H4) is 
a promising route for CH4 conversion, which has been achieved by 
thermal pyrolysis [5], catalytic methods [5–8] and plasma-based ap-
proaches [9,10]. 

Due to the high stability of the C–H bond in CH4, thermal pyrolysis is 
typically operated at extremely high temperature, which leads to high 
selectivity of solid carbon (>90%), but low selectivity toward C2 hy-
drocarbons (<10 %) [5,11].Recently, Bao et al. presented a Fe©SiO2 
catalyst with single atomic iron sites confined in silica matrix, being 
promising for CH4 conversion to produce ethylene and aromatics. 48 % 
CH4 conversion was maintained in a 60 h stability test at 1100 ◦C [5]. 
Varma et al. described that ZSM-5 zeolite supported bimetallic Pt-Bi 
catalysts stably and selectively convert methane (<1 %) to C2 species 
with high selectivity (>90 %) at relatively moderate temperatures 
(600–700 ◦C) [11]. Dumesic et al, reported Pt and PtSn catalysts 

supported on SiO2 and H-ZSM-5 for methane conversion under non-
oxidative conditions at 1123 K [12]. Although the reaction temperature 
has been reduced by the catalytic approach, the methane non-oxidative 
coupling still needs to be operated at temperatures higher than 1000 ◦C 
to obtain reasonable CH4 conversion (Table S1). Plasma has been 
combined with catalysts for methane non-oxidative coupling at lower 
temperature to obtain high CH4 conversion, even at ambient tempera-
ture [13–15]. In plasma, the energetic electrons can effectively activate 
CH4 molecule to produce abundant chemically active species such as 
radicals and excited species through electron-molecule collisions (CH4 
+ e → CH3 + H + e; CH4 + e → CH2 + H2 + e). The generated active 
species can rapidly react with each other to produce hydrocarbons at 
atmospheric pressure. However, either C2H6 or C2H2 was obtained as the 
main product, and C2H4 can be obtained with satisfied selectivity only in 
the case of placing Pd-based hydrogenation catalysts in the post-plasma 
region of thermal plasma (C2H2 hydrogenation to C2H4) [16–18]. 
Thermodynamic calculation of CH4 pyrolysis (Fig. S1) indicates that 
C2H4 can be produced as the dominant product at a temperature around 
800 ◦C with CH4 conversion lower than 10 %. Therefore, the combina-
tion of plasma chemistry and thermal pyrolysis may be a promising 
approach for CH4 to C2H4 conversion with high selectivity and CH4 
conversion, but it has never been explored. 

Herein, by combining dielectric barrier discharge (DBD) plasma and 
external heating, we exploited a hybrid plasma-thermal system (HPTS) 
for direct non-oxidative coupling of CH4 to C2H4 (Fig. S2). Our results 
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demonstrate that one-stage HPTS shows C2H4 selectivity of 80 %, but 
CH4 conversion of only 2 %. However, two-stages HPTS (plasma stage 
followed by thermal stage) exhibits not only high C2H4 selectivity of ca. 
63 % but also a CH4 conversion of ca. 17 %, suggesting an excellent 
potential for practical conversion of CH4 to C2H4 and H2. 

2. Results and discussion 

Fig. 1a shows the schematic diagram of the one-stage HPTS. The DBD 
reactor was heated by a furnace, aiming to control the bulk reaction 
temperature, which was monitored by thermocouple for NOCM to C2H4 
from 200 ◦C to 880 ◦C. Furthremore, the temperature was also recorded 
by a thermal infrared imager (Figs. S3–S5), which demonstrate that the 
temperature measured by thermocouple was nearly consistent with that 
of thermal infrared imager within the detection limit. Fig. 1b illustrates 
that, in this one-stage HPTS, higher temperatures (heated by the 
furnace) lead to lower specific energy input (SEI), since the electric field 
of the DBD was weakened by the high temperature, resulting in 
extremely weak discharges. This can be demonstrated by the measured 
discharge currents (Fig. S6b) and discharge voltages (Fig. S6a), and the 
discharge power calculated by Lissajous figures (Fig. S6c). The most 
plausible reason for the weak discharge at high temperature (>400 ◦C) is 
that the resistance of methane gas decreases with increasing tempera-
ture, and most of energy is therefore consumed by power supply with a 
relative high resistance [19]. The results in Fig. 1b reveal that the SEI is 
inversely proportional to the reaction temperature in this one-stage 
HPTS, and elevated temperatures lead to low SEI. 

Fig. 1c depicts the CH4 conversion and C2H4 selectivity as a function 
of reaction temperature with a initial SEI without external heating (60 or 
75 kJ/L). The CH4 conversion gradually drops, while the C2H4 selec-
tivity gradually rises. Specifically, significant CH4 conversion (10–20 %) 
is achieved below 400 ◦C with extremely low C2H4 selectivity (<10 %), 
similar to the performance of “DBD only” (without external heating), 
with C2H6 as the main product (Fig. S7). In case of high temperature 
(especially higher than 800 ◦C), the one-stage HPTS shows high C2H4 
selectivity (50–80 %) but low CH4 conversion (ca. 2 %). The corre-
sponding results of H2 selectivity are shown in Fig. S8. The CH4 con-
version is now similar to the performance of thermal pyrolysis (Fig. S9), 

which means that the weak discharge at high temperature in the one- 
stage HPTS does not help for dissociation of the C–H bond and activa-
tion of CH4. However, the C2H4 selectivity is around 40 times higher 
than the performance of thermal pyrolysis at the same temperature 
(where coke is the dominant product, as shown in Fig. S9). This result 
suggests a complex interaction between DBD plasma and external 
heating in the one-stage HPTS, i.e., regulating radical species and re-
action pathways, which are likely responsible for the enhancement of 
C2H4 selectivity at high temperature. 

Fig. 1d illustrates the reaction performance at different SEI with fixed 
reaction temperature. Generally, upon increasing SEI, the CH4 conver-
sion rises but the C2H4 selectivity drops, and the highest C2H4 selectivity 
(ca. 82 %) is achieved at 880 ◦C with 35 kJ/L SEI (Fig. S10). Fig. 1e 
shows the correlation between CH4 conversion and C2H4 selectivity, 
which demonstrates a trade-off relationship. That is, we cannot achieve 
high CH4 conversion and high C2H4 selectivity simultaneously in one- 
stage HPTS. This trade-off also applies to one-stage HPTS at different 
flow rates, i.e., Figs. 1f and S11, in which the experimental uncertainty 
are shown as error bar. The intrinsic reason for this trade-off is that high 
SEI and high temperature cannot be realized simultaneously in this one- 
stage HPTS. 

Implementing both high SEI and high temperature is a potential 
strategy to overcome the trade-off between CH4 conversion and C2H4 
selectivity. Thus, we designed a two-stage HPTS, i.e, plasma stage (stage 
1) followed by thermal stage (stage 2), as depicted in Fig. 2a. Fig. 2b 
shows the performance of the two-stage HPTS with constant SEI in stage 
1 (60 kJ/L) but varying temperature in stage 2. Significant and stable 
CH4 conversion of ca. 17 % has been achieved at varying temperature. 
However, the C2H4 selectivity increases with rising temperature in stage 
2, especially at high temperature (700–880 ◦C). Fig. 2c illustrates the 
performance of the two-stage HPTS with constant temperature (880 ◦C) 
in stage 2 but varying SEI in stage 1, and the temperature in stage 1 was 
enhanced by increasing SEI (Fig. S12). In this case, significant and stable 
C2H4 selectivity of ca. 60 % has been achieved at varying SEI. However, 
the CH4 conversion increased with rising SEI in stage 1. These results 
indicate that CH4 conversion was mainly dominated by SEI in stage 1, 
while C2H4 selectivity was mainly managed by temperature in stage 2. 
The influence of flow rate on methane conversion and ethylene 

Fig. 1. Performance of the one-stage hybrid plasma-thermal system (HPTS) for methane to ethylene conversion. (a) schematic diagram of one-stage HPTS; (b) 
relationship of temperature and SEI; (c) CH4 conversion and C2H4 selectivity as a function of temperature; (d) CH4 conversion and C2H4 selectivity as a function of 
SEI; (e) CH4 conversion versus C2H4 selectivity; (f) effect of total flow rate on C2H4 selectivity. 
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selectivity in the two-stage HPTS is shown in Fig. S13, which further 
demonstrates that high temperature in stage 2 favors C2H4 production. 

Fig. 2d presents the performance of the two-stage HPTS during 12 h 
continuous operation (at 90 kJ/L, 880 ◦C). A slightly decline of CH4 
conversion (Fig. S14) and stable C2H4 selectivity (ca. 60 %) with time on 
stream suggest a good performance and stability of the two-stage HPTS 
for methane to ethylene conversion. Correspondingly, ca. 64 % H2 
selectivity (based on H balance) has been achieved. Fig. 2e summarizes 
the CH4 conversion and products distribution in case of “only stage 1” 
(60 kJ/L), “only stage 2” (880 ◦C) and “stage 1 + stage 2” (60 kJ/L, 
880 ◦C). The case of “only stage 1” shows C2H6, C3H8 and i-C4H10 as the 
main products with ca. 20 % CH4 conversion. The “only stage 2” case 
yields coke as the main product with extremely low conversion of CH4 
(ca. 3.2 %). However, the “stage 1 + stage 2” case shows a satisfying CH4 
conversion (ca. 17 %) and an excellent C2H4 selectivity (ca. 63 %). The 
effect of distance between stage 1 and stage 2 on reaction performance 
has been investigated, but no obvious effects were found when the 
distance varied from 1 cm to 20 cm (Fig. S15). In addition, compared 
with “only stage 1” and “only stage 2”, the “stage 1 + stage 2” shows a 
relatively low energy consumption (24.372 MJ/molC2H4) and a relative 
high energy efficiency (3.263 %), as indicated in Fig. 2f. Even so, they 
are not yet comparable to the state-of-the-art in plasma (1.2 MJ/ 
molC2H4

16 ) and catalytic routes (0.8 MJ/molC2H4
5 ). This may be caused by 

the low methane feed flow rate (20 ml/min) and absence of catalysts in 
the “stage 1 + stage 2” (Fig. S15). Therefore, with the increase of 
methane flow rate, the energy consumption has been reduced and the 
energy efficiency has been improved a lot (Fig. S16b). 

In terms of reactor design, separating the stage1 and stage 2 will 
increase the cost of setup and operations. However, the economic 
feasibility of the two-stage HPTS is not only dependant on the above- 
mentioned costs, but also on the level of scale-up and the performance 
indexes. Currently, the pilot scale experiment has not been carried out, 
and thus some commercial data are not available. Therefore, a more 

detail analysis of economic feasibility will be applied in our further 
study. 

Fig. 3 depicts the temporal profiles for various m/z signals obtained 
by mass spectrometry (MS), corresponding to different species, during 
“only stage 1”, “only stage 2” and “stage 1 + stage 2”. In order to 
accurately record the change of products, the three stages of reactions 
were operated without interruption. Firstly, CH4 conversion was oper-
ated in a DBD reactor from Plasma-on to Plasma-off, which belongs to 

Fig. 2. Performance of the two-stage hybrid plasma-thermal system (HPTS) for methane to ethylene conversion. (a) schematic diagram of the two-stage HPTS; (b) 
effect of temperature in stage 2 on product selectivity and CH4 conversion at constant SEI (60 kJ/L) in stage 1; (c) effect of SEI in stage 1 on product selectivity and 
CH4 conversion at constant temperature (880 ◦C) in stage 2; (d) reaction stability for the two-stage HPTS for methane to ethylene at constant SEI (60 kJ/L) in stage 1 
and constant temperature (880 ◦C) in stage 2; (e) comparison of CH4 conversion and product selectivity between “only stage 1”, “only stage 2” and “stage 1 + stage 
2”; (f) comparison of energy consumption and energy efficiency of main product between “only stage 1”, “only stage 2” and “stage 1 + stage 2”. 

Fig. 3. Temporal profiles of MS signals with different m/z values (corre-
sponding to different species), in case of “only stage 1”, “only stage 2” and 
“stage 1 + stage 2”. 
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Stage 1. After turning off the discharge for ca. 100 min, the heating of 
the furnace was then initiated until the temperature reached to 880 ◦C, 
which belongs to Stage 2. Finally, when the temperature of furnace 
remained at 880 ◦C, the discharge in the DBD reactor was turned on 
(plasma-on). Thus plasma activation and thermal pyrolysis were both 
turned on, and this belongs to “Stage 1 + Stage 2”. Clearly, with the 
transformation from “only stage 1” to “stage 1 + stage 2”, the intensity 
of m/z = 28 (which corresponds to C2H4 and C2H6) became higher, 
while the intensity of m/z = 30 (which only reflects C2H6) became much 
lower. This gives convincing evidence for the switch of the main product 
from C2H6 (only stage 1) to C2H4 (stage 1 + stage 2). Furthermore, 
compared with “only stage 1”, the MS profiles also demonstrate more 
C2H2 but less C3H8 and C4 in “stage 1 + stage 2”. Correspondingly, in 
“stage 1 + stage 2”, H2 has been detected by MS with high intensity, 
which confirms abundant co-production of H2. These results are 
consistent with the reaction performance in Fig. 2d and e. 

To reveal how the two-stage HPTS converts CH4 to C2H4 with high 
selectivity, we studied the thermal pyrolysis of C2H6, C3H8 and i-C4H10, 
which are the main products from stage 1. Fig. S17 shows the reaction 
performance for thermal pyrolysis of C2H6 at different temperatures. 
Obviously, significant C2H6 conversion was achieved only at tempera-
tures higher than 700 ◦C, and the main product is C2H4. Fig. S18 illus-
trates similar results, but for thermal pyrolysis of C3H8. Again, 
significant C3H8 conversion was achieved only at temperatures higher 
than 700 ◦C, and the main products consist of C2H4, CH4 and coke. 
Finally, the results for thermal pyrolysis of i-C4H10 at different temper-
ature, plotted in Fig. S19, also demonstrate that significant i-C4H10 
conversion was achieved only at temperatures higher than 600 ◦C, and 
the products consist of coke, C2H4, C3H6 and CH4, with coke being the 
main product. 

After analyzing the results in Figs. 2 and S16–S19, the temperature 
corresponding to high C2H4 selectivity in Fig. 2b is consistent with the 
temperature for efficient thermal pyrolysis of C2H6 and C3H8 to C2H4 in 
Figs. S17 and S18. These results indicate that C2H4 in the two-stage 
HPTS mainly comes from thermal pyrolysis of C2H6 and C3H8 in stage 
2, while C2H6 and C3H8 originate from plasma-triggered CH4 coupling in 
stage 1. However, the coke in the two-stage HPTS mainly arises from 
thermal pyrolysis of C3H8 and C4H10. Furthermore, a small drop of CH4 
conversion from “only stage 1” to “stage 1 + stage 2” in Fig. 2e is mainly 
caused by thermal pyrolysis of C3H8 and C4H10, which produces again 
CH4. 

A plausible reaction mechanism for CH4 conversion to C2H4 and H2 
in the two-stage HPTS is proposed, as shown in Fig. 4. In the plasma 
(Stage 1), the activation of C–H bond in CH4 is mainly attributed to the 
energetic electrons generated by dielectric barrier discharge. Firstly, the 

energetic electrons transfer their energy to CH4 molecule through in-
elastic collisions, leading to the dissociation of C–H bond to form 
abundant CH3 radical. Then C2H6 can be formed through recombination 
of CH3 radicals, leading to the generation of the first main product 
(C2H6) in Stage 1 [20]. Meanwhile, the energetic electrons can also 
dissociate C2H6 to generated C2H5 radical, which can easily react with 
CH3 to produce C3H8 as the second main product in Stage 1 [21]. 
Therefore, the main feed gases for stage 2 includes the unreacted CH4 
and the produced C2H6 and C3H8 from stage 1. Compared with CH4 
thermal cracking at the temperature exceeding 1000 ◦C, usually, py-
rolysis of C2H6 and C3H8 to form C2H4 and C3H6 are much easier, and 
thus they can be operated at a relative lower temperature (Figs. S17 and 
S18). In the pyrolysis of C2H6 at high temperature, the related main 
reactions are listed in Table S4. Theoretically, both C–C bond and C–H 
bond can be dissociated to produce CH3 and C2H5 radicals, respectively, 
which are the chain initiation reactions. However, in C2H6 molecule, the 
bond length of C–C bond and C–H bond are 0.1526 and 0.1101 nm, 
respectively. This means that C–C bond can be dissociated more easily 
than C–H bond. That is, the pyrolysis of C2H6 is mainly initiated through 
C–C bond breaking to produce CH3 radicals, which induce the chain 
transfer reaction (CH3 + C2H6 → CH4 + C2H5) to form C2H5 [22]. 
Subsequently, C2H5 decomposes to produce C2H4 and H. After that, H 
radical leads to a faster chain transfer reaction (H + C2H6 → H2 + C2H5) 
than CH3 radical (CH3 + C2H6 → CH4 + C2H5), since the energy barrier 
of the former is 9.7 kcal/mol while the later is 16.5 kal/mol. Therefore, 
H + C2H6 → H2 + C2H5 is the main reaction to consume C2H6 for gen-
eration of H2 and C2H5, which further produce C2H4 through the reac-
tion C2H5 → H + C2H4 [22,23]. In the thermal cracking of C3H8, the 
related main reactions are listed in Table S5. For C3H8 molecule, the 
length of C–H bond (1.102 nm) is shorter than that of C–C bond (1.528 
nm), which means that the breaking of C–C bond is easier than the C–H 
bond. Hence, the main reaction of the C3H8 cracking is C3H8 → C2H5 +

CH3, but not C3H8 → C3H7 + H. Subsequently, the chain reactions can be 
transferred by both CH3 and C2H5 radicals through the reactions CH3 +

C3H8 → C3H7 + CH4 and C2H5 + C3H8 → C3H7 + C2H6, respectively 
[22,24]. However, the energy barrier of the former (11.5 kcal/mol) is a 
little lower than that of the latter (12.6 kcal/mol). This means that CH3 
+ C3H8 → C3H7 + CH4 is the main reaction to consume C3H8 for gen-
eration of CH4 and C3H7 radical, which can easily decompose to produce 
C2H4 and CH3 [22]. The CH3 radicals will react with C3H8 again (CH3 +

C3H8 → C3H7 + CH4), resulting in transformation of C3H8 to CH4 and 
C2H4. 

3. Conclusion 

We exploited a hybrid DBD plasma-thermal system for direct non- 
oxidative coupling of CH4 to C2H4 and H2. The one-stage HPTSR 
shows high C2H4 selectivity of ca. 80 %, but CH4 conversion is only 2 %. 
The two-stages HPTS (plasma stage followed by thermal stage), how-
ever, exhibits not only high C2H4 selectivity of ca. 63 %, but also a CH4 
conversion of ca. 17 %, suggesting an excellent potential for practical 
conversion of CH4 to C2H4 and H2. In addition, we will design highly 
efficient catalysts for stage 1 to selectively produce C2H6, and for stage 2 
to manage C2H6 dehydrogenation, which may lead to an innovative, 
efficient and practical technique for non-oxidative coupling of CH4 to 
C2H4 and H2 without coking. Furthermore, although the current energy 
efficiency is very low, we believe there is significant room for further 
improvement by the synergy of catalysts with plasma and the high 
temperature. Based on the optimized reactor design and catalysts 
preparation, we are quite sure that it will achieve a high conversion/ 
yield to offset cost increase caused by separating plasma and pyrolysis 
stages when scaling-up the process. 
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