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A B S T R A C T   

Direct conversion of CH4 and CO2 to liquid fuels and chemicals under mild conditions is appealing for biogas 
conversion and utilization but challenging due to the inert nature of both gases. Herein, we report a promising 
plasma process for the catalyst-free single-step conversion of CH4 and CO2 into higher value oxygenates (i.e., 
methanol, acetic acid, ethanol, and acetone) at ambient pressure and room temperature using a water-cooled 
dielectric barrier discharge (DBD) reactor, with methanol being the main liquid product. The distribution of 
liquid products could be tailored by tuning the discharge power, reaction temperature and residence time. Lower 
discharge powers (10–15 W) and reaction temperatures (5–20 ◦C) were favourable for the production of liquid 
products, achieving the highest methanol selectivity of 43% at 5 ◦C and 15 W. A higher discharge power and 
reaction temperature, on the other hand, produced more gaseous products, particularly H2 (up to 26% selec-
tivity) and CO (up to 33% selectivity). In addition, varying these process parameters (discharge power, reaction 
temperature and residence time) resulted in a simultaneous change in key discharge properties, such as mean 
electron energy (Ee), electron density (ne) and specific energy input (SEI), all of which are essential determiners 
of plasma chemical reactions. According to the results of artificial neural network (ANN) models, the relative 
importance of these process parameters and key discharge indicators on reaction performance follows the order: 
discharge power > reaction temperature > residence time, and SEI > ne > Ee, respectively. This work provides 
new insights into the contributions and tuning mechanism of multiple parameters for optimizing the reaction 
performance (e.g., liquid production) in the plasma gas conversion process.   

1. Introduction 

Dry reforming of methane (CH4, DRM) by carbon dioxide (CO2) for 
the synthesis of higher value liquid fuels and chemicals has attracted 
significant interest as both CH4 and CO2 are greenhouse gases that 
contribute to global warming and climate change. This gas-to-liquid 
(GtL) process is particularly appealing for the conversion and utiliza-
tion of biogas, which is typically produced by anaerobic digestion (AD) 
of organic matter such as food, agriculture, and animal waste. Con-
verting biogas (after gas cleaning) to transportable liquids would enable 
AD viable in locations remote from either the gas or power grids; and 
thus, potentially allowing access to and use of a broad range of waste. 
However, direct conversion of CH4 and CO2 into oxygenates is not 
thermodynamically feasible under mild conditions [1]. The traditional 
thermal catalytic route for liquid synthesis from CH4 and CO2 usually 

consists of two steps: (1) DRM at high temperatures (>700 ◦C) to pro-
duce syngas (a mixture of H2 and CO); followed by (2) syngas conversion 
to liquid fuels and chemicals at high pressures. Such a two-step and 
indirect route for the valorization of CH4 and CO2 is energy-intensive, 
especially given that syngas production from DRM is a highly endo-
thermic process requiring high temperatures and a large energy input. In 
addition, catalyst deactivation due to coke deposition at high tempera-
tures adds another challenge to finding cost-effective and efficient cat-
alysts for this reaction, thus limiting the use of this process on a 
commercial scale. Under mild conditions, it is almost impossible to 
convert these stable and inert molecules (CH4 and CO2) directly into 
liquid fuels and chemicals in a single step using a conventional process 
(e.g., thermal catalysis). 

Non-thermal plasma (NTP) offers a promising and attractive alter-
native for the activation of CH4 and CO2, providing a unique way of 
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enabling thermodynamically unfavorable reactions to take place under 
ambient conditions [2,3]. This advantage is a result of the unique 
nonequilibrium character of NTPs, the gas temperature in NTPs can be 
as low as room temperature or even lower, while the produced electrons 
are highly energetic with a typical electron temperature of 1–10 eV [4]. 
This allows them to activate inert molecules with strong chemical bonds, 
such as CO2 (5.5 eV) and CH4 (4.5 eV) and produce a variety of chem-
ically reactive species, including radicals, ions, as well as excited atoms 
and molecules [5–7]. Moreover, NTP-based processes are highly 
adaptable, allowing them to be combined with renewable energy sour-
ces such as wind and solar power to enable the decentralized electrifi-
cation of gas conversion and chemical processes. Several types of NTP 
have been used for the DRM reaction, including glow discharge [8,9], 
corona discharge [10], microwave (MW) discharge [11], gliding arc 
discharge [12,13], and dielectric barrier discharge (DBD) [14–18]. 

So far, research efforts in this area have mainly focused on investi-
gating the plasma DRM reaction for syngas production. For instance, the 
effects of different reactor configurations, process parameters, packing 
materials, and catalysts on the performance of plasma DRM for syngas 
production have been thoroughly studied in terms of the gas conversion, 
the selectivity and yield of reaction products, as well as the energy ef-
ficiency [19–22]. Direct conversion of CH4 and CO2 to oxygenates using 
NTPs, on the other hand, has received less attention. A few groups re-
ported trace amounts of oxygenates as byproducts of plasma-based DRM 
processes [23–26]. Zou et al., [27] demonstrated that oxygenates could 
be directly synthesized in the plasma DRM process with a selectivity of 
40%. Zhang et al., [28] proved that the distribution of oxygenates could 
be tailored by using different CH4/CO2 molar ratios. Recently, Wang 
et al., [29] designed a water-electrode DBD reactor for the production of 
a mixture of oxygenates (e.g., acetic acid, methanol, ethanol, acetone) 
with a total liquid selectivity of 50–60% at room temperature and 
ambient pressure. Li et al., [30] found that a smaller discharge gap 
favored the formation of liquid hydrocarbons (C5+) and acetic acid, 
whereas a larger gap produced more alcohols (e.g., methanol, ethanol) 
but with a selectivity of less than 5%. Until now, the single-step and 
selective synthesis of liquid fuels and chemicals from DRM is still 
exceptionally challenging. The current state-of-the-art selectivity of 
total liquid products in this process is 50–60%, reported alongside a 
relatively low selectivity of individual oxygenates (less than 20%) 
[29,31]. In addition, for this complex process the intrinsic links among 
the processing parameters, plasma properties and the reaction perfor-
mance are largely unclear. For instance, it is unclear how the reaction 
temperature affects the generation and distribution of liquid products in 
this process. The quantitative contribution of different process param-
eters to the production of oxygenates has yet to be investigated. These 
knowledge gaps limit the potential industrial development of this 
emerging and promising process. 

Herein, we developed a temperature-controlled coaxial DBD reactor 
for the conversion of CH4 and CO2 into oxygenates under ambient 
conditions with methanol being the major liquid product instead of 
acetic acid as previously reported [29,32]. Circulating water was used as 
the ground electrode and for reactor cooling. More importantly, when 
compared to conventional temperature-controlled DBD plasma reactors 
and water-electrode DBD reactors, the reaction temperature of this 
system can be controlled between 5 and 65 ◦C, thus allowing us to un-
derstand the low temperature performance of this promising plasma 
process which has not been explored before [33]. The influence of 
various process parameters, such as the CO2/CH4 molar ratio, discharge 
power, reaction temperature, and residence time on the reaction per-
formance of this plasma-based GtL process has been examined. Electrical 
diagnostics were carried out to determine the mean electron energy (Ee) 
and mean electron density (ne) from the electrical signals under various 
operating conditions. Additionally, plasma spectroscopic diagnostics 
have been used to investigate the generation of chemically reactive 
species (e.g., CH, CO, H, and OH) as well as the change of deexcitation 
channels. Moreover, the relative importance of discharge power, 

reaction temperature, and residence time in this process was investi-
gated by developing an artificial neural network (ANN) model with a 
single hidden layer and evaluating the coupling effects of these three 
parameters on the plasma process. The relationships among the process 
parameters, the key discharge indicators (i.e., Ee, ne, and SEI) and the 
reaction performance have been examined. Furthermore, the optimized 
ANN models reveal the most advantages and optimal process parameters 
for the production of target oxygenates in this plasma-based GtL process. 

2. Experimental 

2.1. Experimental setup 

As shown in Fig. 1, the experiments were carried out in a 
temperature-controlled unconventional coaxial DBD reactor with 
circulating water as the ground electrode and reactor cooling. Cooling 
water was circulated between two concentric quartz tubes (50 mm and 
14 mm in diameter for the outer and inner tubes, respectively), with the 
inner quartz tube also acting as a dielectric material for the DBD reactor. 
A stainless-steel rod with a diameter of 6 mm was used as the high 
voltage electrode and placed in the axis of the inner quartz tube. In 
contrast to previous studies [29,32], the reaction temperature of the 
process in this reactor can be controlled between 5 and 65 ◦C by the 
cooling water via a cooling circulation bath (Grant LT Ecocool 150), 
allowing us to investigate how different low reaction temperatures 
(5–65 ◦C) affect the performance of this process for the first time. This 
reactor is also distinct from conventional temperature-controlled DBD 
reactors which are typically heated in a tube furnace to higher tem-
peratures (150–500 ◦C). The length of the discharge region was fixed at 
50 mm with a discharge gap of 2 mm, and the discharge volume was 
about 2.5 mL. A cooling trap was placed at the exit of the DBD reactor to 
condense liquid products. The gas flow rate was measured before and 
after the plasma reaction using a soap-film flowmeter. For this study, the 
DBD reactor was connected to an AC high voltage power supply with a 
peak voltage of up to 30 kV and a fixed frequency of 9.2 kHz. The applied 
voltage of the DBD was measured by a high-voltage probe (TESTEC, 
HVP-15HF), while the current was recorded by a current monitor 
(Bergoz, CT-E0.5). To measure the charge formed in the DBD, an 
external capacitor (0.47 μF) was connected between the ground elec-
trode and the ground. All of the electrical signals were sampled by a 
four-channel digital oscilloscope (Tektronix, MDO3024). The discharge 
power was calculated using the area of the Lissajous figure. A homemade 
control software was developed to monitor the discharge power of the 
DBD in real-time. A fiber optical thermometer (Omega, FOB102) was 
used to measure the gas temperature in the discharge zone, with the end 
of the fiber placed in the center of the discharge area (Figure S1a). The 
gas products were analyzed by gas chromatography (Agilent 7820A) 
equipped with a flame ionization detector (FID) and a thermal con-
ductivity detector (TCD). A molecular sieve 5A (60–80 mesh) column 
(HP-MOLESIEVE) was used to separate H2 and CO, while an HP-PLOT/Q 
column was used to measure CO2, CH4, and C2-C4 hydrocarbons. The 
liquid products were analyzed qualitatively with a gas chromatography- 
mass spectrometer (GC–MS, Agilent GC 7820A, and Agilent MSD 5977E) 
and quantitatively with a gas chromatograph (Agilent 7820A) equipped 
with an FID with a DB-WAX column. Note that no C5+ hydrocarbons 
were detected in this work. Sampling and measurements of the gaseous 
products began after running the reaction for 4.5 h, and the sampling 
time of liquid products lasted 6 h. Each measurement was repeated three 
times to ensure that the measurement error was less than 5%. 

Time-averaged optical imaging was performed by an intensified 
charge-coupled device (ICCD) camera (ANDOR iStar 334 T) attached to 
a macro lens (Sigma Macro 105 mm F2.8 EX DG) with an exposure time 
of 50 ms to observe the plasma discharge behavior. The optical emission 
spectroscopic (OES) diagnostics of the plasma were performed using an 
optical fiber connected to a Princeton Instruments ICCD spectrometer 
(Model 320 PI) with a focal length of 320 nm. A 600 g/mm grating was 
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used to record spectra with an exposure time of 0.5 s in the wavelength 
range of 200–900 nm (Figure S1b). 

The gas conversions (X), selectivity (S) of the products, and specific 
energy input (SEI) are defined as follows: 

The conversion of CH4 and CO2 is defined as: 

XCH4 (%) =
moles of CH4 converted

moles of initial CH4
× 100 (1)  

XCO2 (%) =
moles of CO2 converted

moles of initial CO2
× 100 (2) 

The selectivity of gaseous products is calculated as: 

SH2 (%) =
moles of H2 produced

2 × moles of CH4 converted
× 100 (3)  

SCO(%) =
moles of CO produced

moles of CH4 converted + moles of CO2 converted
× 100

(4)  

SCxHy (%) =
carbon number of CxHy × moles of CxHy produced
moles of CH4 converted + moles of CO2 converted

× 100

(5)  

Stotal gaseous products = SH2 + SCO + SCxHy (6) 

The selectivity of the total liquid products is calculated as [29]: 

Stotal liquid products = 100% −
(
SCO + SCxHy

)
− ca.10% carbon deposition

(7) 

The following experiment was performed to estimate the amount of 
carbon deposition during the plasma DRM reaction in Eq. (7). Following 
the plasma DRM reaction under selected operating conditions (e.g., 
higher discharge power), the DBD reactor was heated in pure O2 (30 mL/ 

min) at 800 ◦C to oxidize carbon deposited on the reactor wall and high 
voltage electrode. The formed gas product was measured using GC. Note 
that only CO2 was detected. Carbon deposition was estimated to have a 
selectivity of less than 10%. 

The selectivity of the CxHyOz products is calculated as: 

SCxHyOz = carbon of CxHyOz (mol  %) in the liquid product

× Stotal liquid products (8)  

where x and y represent the numbers of C and H atoms in each product. 
The specific energy input (SEI) for each molecule is defined as: 

SEI (eV/molecule) =
discharge power (kW)

flow rate (L/min)
× 60 (s/min)

×
6.24 × 1021 (eV/kJ) × molecule density (L/mol)

6.02 × 1023 (molecule/mol)

The energy efficiency for the conversion of reactants or produced 
products is defined as:   

2.2. Description of the ANN model 

ANN, a traditional supervised learning algorithm, was used to pre-
dict this complex plasma-driven DRM process under different conditions 
[34,35]. Two typical single-layer ANN models (ANN1 and ANN2) were 
developed to predict the plasma DRM process and gain new insight into 
the relative importance of different process parameters (in ANN1) and 
key discharge indicators (in ANN2) on the reaction performance 
(including “conversion & selectivity” and “energy efficiency”). Both 
ANN models were implemented using the TensorFlow module, and the 

Fig. 1. Schematic diagram of the temperature-controlled water-cooled DBD system and a zoomed-in photo of the DBD reactor with the plasma turned on.  

Energy efficiency (mol/kWh) =
moles of converted reactants (or produced products) (mol/h)

discharge power (kW)
(10)   
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logical structure of the ANN1 and ANN2 models is illustrated in 
Figures S2a and S3a, respectively. A Min-Max normalization was used to 
pre-treat all data sets, including the input parameters and the predicted 
results. To solve the nonlinear problem, the Sigmoid Function was 
chosen as the activation function for both ANN models. To evaluate the 
performance of these two ANN models, the mean squared error (MSE) 
was defined as the mean difference between the experimental data (Ri) 
and the predicted results (Pi), 

MSE =
1
n
∑n

i=1
(Pi − Ri)

2 (11) 

During the training process, 13 neurons were selected for the hidden 
layer when the ANN1 and ANN2 models reached a minimum MSE of 
0.0046 and 0.0057, respectively. Additionally, 20% of the experimental 
data were chosen randomly as a test set to validate the ANN models, and 
the regression plots for comparing experimental and prediction results 
are presented in Figures S2b, S2c and S3c, respectively. Garson’s algo-
rithm was used to calculated the relative importance of variables 
[36–38]. 

Two non-dimensional indices, I1 and I2 (0 < I1, I2 less than 1), were 
introduced to comprehensively evaluate the effectiveness of the plasma 
DRM process [34,39]. I1 and I2 are defined as the product of the 
normalized (N) conversion of CO2 and CH4 or the selectivity of major 
products, respectively, in combination with the corresponding energy 
efficiency, based on the global desirability functions. These indicators 
can be used to optimize the process, resulting in improved performance 
and increased energy efficiency. 

I1 = N (gas conversion) × N (energy efficiency) (12)  

I2 = N (product selectivity) × N (energy efficiency) (13)  

3. Results 

3.1. Effect of CO2/CH4 molar ratio 

Fig. 2 shows the effect of the CO2/CH4 molar ratio on the conversion 
of CH4 and CO2, as well as product selectivity. When the CO2/CH4 ratio 
was changed from 3:1 to 1:3, the CH4 conversion decreased gradually 
from 38% to 22%, while the CO2 conversion reached a maximum of 29% 
at a CO2/CH4 molar ratio of 1:1. The effect of the CO2/CH4 molar ratio 
on the selectivity of total liquid products followed the same tendency as 
the CO2 conversion. The main gas products included CO, H2, and C2H6; 
while methanol, ethanol, acetic acid, and acetone were identified as the 

main liquid products. Interestingly, methanol has three times selectivity 
of the other liquid products. Notably, the selectivity of liquid products 
reached a maximum of 60% at a CO2/CH4 molar ratio of 1:1. As both 
CH3 and OH radicals are crucial for methanol formation, the highest 
methanol selectivity of 39% was also achieved at the optimal CO2/CH4 
molar ratio of 1:1. In addition, a CO2/CH4 molar ratio of 1:3 enhanced 
the production of gaseous products (55% selectivity), particularly light 
hydrocarbons (C2-C4), indicating that the presence of excess CH4 mol-
ecules enhanced the formation of the C–C bond in the plasma. Mean-
while, the energy efficiencies for the conversion of CO2 and CH4 
exhibited opposite trends as the CO2/CH4 ratio changed, and the energy 
efficiency of methanol synthesis reached the maximum of 0.83 mol/kWh 
(Figure S4a). As a result of these findings, we conducted the following 
experiments with a CO2/CH4 molar ratio of 1:1. 

3.2. Effect of discharge power 

The discharge power is a crucial operating parameter for the plasma 
dry reforming process (Fig. 3a-d). By increasing the discharge power, the 
conversion of CH4 and CO2 increased from 24% to 42% and from 24% to 
35%, respectively. In this study, a higher discharge power generated 
more gaseous products and fewer oxygenates. The selectivity of CO and 
H2 was increased by 13% when raising the discharge power, while the 
selectivity of light hydrocarbons (C2-C4) remained nearly unchanged. In 
addition, the selectivity of CH3OH increased initially with increasing 
discharge power, reaching a peak of 39% at 15 W, and then slightly 
decreased when further varying the discharge power from 20 to 40 W. 
This was consistent with the overall trend in energy efficiency. Methanol 
production also achieved the highest energy efficiency at 15 W 
(Figure S4b). Furthermore, the selectivity of acetic acid decreased 
rapidly from 24% to 0% when increasing the discharge power. 

The electrical signals (Figures S5a, S5b) and the Q-U Lissajous figures 
(Fig. 3e) were collected to better understand the influence of discharge 
power on the reaction performance of the plasma DRM reaction. The 
amount of transferred charge (Qtrans) increased in one cycle of the 
applied voltage as the discharge power increased (Fig. 3f), indicating 
that a higher discharge power produces more energetic electrons. This 
finding can be supported by the increased intensity and quantity of 
discharge pulses in the current signals at a higher power (Figure S5b), 
revealing that more intense streamer filaments were formed across the 
discharge gap. When the discharge power was doubled from 10 to 20 W, 
the effective capacitance (Ceff) increased by 10 pF during the plasma-on 
period, then remained stable at around 53 pF when the power was over 
20 W (Fig. 3g). Since Ceff is proportional to the spatial distribution of the 

Fig. 2. Effect of different CO2/CH4 molar ratios on (a) the conversion and (b-d) the distribution of products (flow rate: 40 mL/min; discharge power: 15 W; reaction 
temperature: 20 ◦C). 
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Fig. 3. Effect of different discharge powers on (a) the conversion and (b-d) the distribution of products. Influence of different discharge powers on (e) Lissajous 
figures, (f, g) discharge parameters, and (h) average electric fields. (flow rate: 40 mL/min; reaction temperature: 20 ◦C; CH4/CO2 = 1:1). 

Fig. 4. Effect of different reaction temperatures on (a) the conversion and (b-d) the products distribution. Influence of different reaction temperatures on (e) Lis-
sajous figures, (f, g) discharge parameters and (h) average electric fields. (flow rate: 40 mL/min; discharge power: 15 W; CO2/CH4 = 1:1). 
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discharge across the gap during a half-cycle of applied voltage [40], a 
lower Ceff indicates that the discharge in the gap was not fully developed 
at a low discharge power (e.g., less than 15 W). Increasing the discharge 
power to > 20 W allowed the discharge to fully develop across the 
discharge gap. The equivalent capacitance of the intrinsic integral DBD 
reactor (Ccell) was nearly constant at around 12 pF. Furthermore, as the 
breakdown voltage remained nearly constant throughout the changes in 
discharge power, the average electric field (E) and average reduced 
electric field (E/N) were maintained at ~ 24 kV/cm and 98 Td, 
respectively (Fig. 3h). 

3.3. Effect of reaction temperature 

Fig. 4a-d illustrate the influence of reaction temperature on gas 
conversion and product selectivity. Varying the reaction temperature 
from 5 to 65 ◦C slightly reduced the conversion of CO2 and CH4 by 5 – 
7%, and the energy efficiency of CO2 and CH4 conversion decreased by 
15% and 20%, respectively (Figure S4c). The product distribution was 
also affected by the reaction temperature, with a higher reaction tem-
perature being unfavourable for the production of liquid products. 
Increasing the temperature from 5 to 65 ◦C decreased the total liquid 
product selectivity by 11%. At 5 ◦C, the highest methanol selectivity of 
43% was achieved, with the lowest selectivities of CO (20%) and H2 
(16%). Higher reaction temperatures reduced methanol selectivity and 
energy efficiency by 9% and 35% (Fig. 4d and S4c), respectively, but 
enhanced the formation of gaseous products, especially CO and H2. 
Furthermore, varying the temperature from 5 ◦C to 35 ◦C enhanced the 
selectivity of acetic acid from 2% to about 6%. 

Interestingly, the shape of the Lissajous figure changed significantly 
with reaction temperature (Fig. 4e), indicating that the reaction tem-
perature affected the discharge characteristics during the plasma reac-
tion. Increasing the reaction temperature, as expected, reduced the peak 
applied voltage while increasing the density and intensity of the current 
pulses (Figures S5c and S5d). In addition, when the reaction tempera-
ture was raised, the peak-to-peak charge (Qpp) increased by 15%, but the 
amount of transferred charge remained constant at 0.25 μC. Meanwhile, 
both Ceff and Ccell increased gradually when changing the reaction 
temperature from 5 ◦C to 65 ◦C, indicating that higher temperatures 
could improve the capacitive characteristics of the reactor and increase 
the charge accumulated on the dielectric surface in each cycle of the 
applied voltage. Increasing the reaction temperature, on the other hand, 
significantly reduced both E and E/N from 31 to 15 kV/cm and from 117 
to 71 Td, respectively. This is due to a lower breakdown voltage at 
higher temperatures when maintaining a constant discharge power (20 
W), as illustrated in the Lissajous figure (Fig. 4e). 

3.4. Effect of residence time 

Fig. 5 shows the effect of different residence times on the plasma 
reforming process. Increasing the residence time of the reactants from 
2.1 s to 5.4 s (through the use of a lower flow rate) enhanced the con-
version of CO2 and CH4 by 18% and 13%, respectively (Fig. 5a). The 
highest conversions of CO2 and CH4 were at around 36% each at the 
longest residence time of 5.4 s (28 mL/min). On the contrary, as the 
residence time increased, the energy efficiency of the conversion of CO2 
and CH4 decreased, with the maximum reductions being 30% and 63% 
at 5.4 s, respectively (Figure S4d). The selectivity of the total liquid 
products increased initially with residence time and then dropped 
slightly as the residence time increased from 3.8 s to 5.4 s. The selec-
tivity of the major liquid product (methanol) evolved in the same way as 
total liquid selectivity. When considering the balance between gas 
conversion and liquid selectivity, the optimal residence time for the 
generation of liquid products in this study was around 3.5 – 4 s. 
Meanwhile, changing the residence time from 2.1 to 5.4 s reduced the 
energy efficiency of methanol production by 25% (Figure S4d). By 
contrast, the CO selectivity showed the opposite trend as the total 
selectivity of liquids when varying the residence time. Meanwhile, the 
selectivity of light hydrocarbons (C2 - C4) reached its maximum of 11% 
at 2.4 s. It is worth noting that the discharge characteristics were un-
affected by different residence times or gas flow rates. 

4. Discussion 

4.1. Electron impact reactions of CH4 and CO2 

The electron energy distribution function (EEDF), the mean electron 
energy (Figure S7) and mean electron density (ne) were calculated by 
the Boltzmann equation using BOLSIG+ to characterize the plasma 
properties at different operating parameters (discharge power or reac-
tion temperature) [41]. As illustrated in Fig. 6a, increasing the discharge 
power by increasing the applied voltage at a fixed frequency had no 
effect on the EEDF with a constant mean electron energy of around 3.85 
± 0.05 eV, because the average electric field in the DBD reactor was 
almost independent of the change in discharger power. 

In contrast, the mean electron density increased rapidly from 9.6 ×
1016 m− 3 to 1.6 × 1017 m− 3 when raising the discharge power from 10 to 
40 W (Fig. 6b), suggesting that a lower electron density is favorable for 
producing more liquid products. To provide further insights into this 
process, the time-averaged ICCD images are presented in Fig. 6c, 
showing the filamentary discharges at different discharge powers (at 
20 ◦C). Clearly, the number of filaments generated in the discharge area 

Fig. 5. Effect of different residence times on (a) the conversion and (b-d) the distribution of products (discharge power: 15 W; reaction temperature: 20 ◦C; CO2/CH4 
= 1:1). 
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increases as discharge power increases, which could explain the increase 
in mean electron density. This is also consistent with the changing 
current pulses in the current signals (Figure S5b). This phenomenon 
indicates that increasing the discharge power increases the number of 
filamentary microdischarges, resulting in more chemical reaction 
channels and reactive species in the CO2-CH4 plasma [42], and higher 
conversion of CO2 and CH4. 

As shown in Fig. 6d, higher reaction temperatures result in less 
generation of high energy electrons (e.g., > 4.0 ± 0.5 eV). When the 
discharge power remained constant at 15 W, increasing the reaction 
temperature from 5 ◦C to 65 ◦C gradually decreased the mean electron 
energy from 4.4 eV to 3.1 eV, while increasing the mean electron density 
from 8.7 × 1016 m− 3 to 1.6 × 1017 m− 3 (Fig. 6e). This finding indicates 

that the reaction temperature influences both the mean electron energy 
and electron density of the DBD in the plasma DRM reaction at the same 
discharge powers. The corresponding variation in discharge behavior 
can also be observed in the ICCD images as well. At higher reaction 
temperatures, as shown in Fig. 6f, more filaments were generated across 
the gap, resulting in a higher mean electron density. Meanwhile, the 
discharge filaments at 5 ◦C were slightly brighter than those at 65 ◦C, 
implying that the intensity of each filament decreases with increasing 
temperature, corresponding to a decrease in mean electron energy 
(Fig. 6e). 

Furthermore, the energy loss fraction for CO2 and CH4 vs. the 
reduced electric field (E/N) is displayed in Fig. 7a. As the mean electron 
energy did not vary with the discharge power, the distribution of energy 

Fig. 6. Calculated electron energy distribution function (EEDF), mean electron energy and mean electron density, and ICCD images of the filamentary discharge 
(exposure time: 50 ms) at (a-c) different discharge powers (at a fixed temperature of 20 ◦C) and (d-f) different reaction temperatures (at a fixed discharge power of 
15 W). 

Fig. 7. (a) Electron energy loss fraction and (b) rate coefficients of electron impact reactions with CO2 and CH4 as a function of E/N, calculated using BOLSIG+. (CO2 
& CH4 (vib): CO2 & CH4 vibrational excitation; CO2 & CH4 (dis): CO2 & CH4 dissociative excitation; Blue region: range of different reaction temperatures; Orange 
region: range of different discharge power.). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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loss fractions for all reaction channels remained nearly constant when 
changing the discharge power (denoted by the orange region in Fig. 7a). 
Both vibrational and dissociative (electronic) channels are identified as 
the most dominant in comparison to the others (including elastic, 
attachment, and ionization) for the energy transfer from energetic 
electrons to CO2 and CH4, with the fraction decreasing in the order: CO2 
(vib) > CH4 (dis) > CH4 (vib) > CO2 (dis). Looking at the electron energy 
fractions more closely, 0.45 was used for vibrational excitation of CH4, 
while only 0.11 was used for dissociative excitation. The fraction of 
vibrational and dissociative excitations for CO2 was 0.23 and 0.19, 
respectively. 

When lowering the reaction temperature from 65 ◦C to 5 ◦C (denoted 
by the blue region in Fig. 7a), the fraction of CO2 (dis) and CH4 (dis) 
increased continuously from 0.04 to 0.16 and from 0.10 to 0.31, 
respectively, and surpassed the contribution of vibrational excitations 
(Fig. 7a). This result suggests that lower temperatures enhance both CO2 
(dis) and CH4 (dis) channels, which is conducive to the formation of 
more liquid products (Fig. 4). 

As the electron impact reactions are the most important CO2 and CH4 
loss processes in a DBD plasma [43], we investigated the rate co-
efficients of the major electron impact reactions of CO2 and CH4 as a 
function of the reduced electric field (E/N), as shown in Fig. 7b. In 
general, the rate coefficients of all reactions increase as E/N in the 
plasma increases. In this work, the reaction rate coefficients for the 
vibrational excitation of CO2 and CH4 (R1 & R2), as the dominant 
electron impact reactions, were almost constant at different operating 
parameters including discharge power and reaction temperature, sug-
gesting that these vibration excitation processes have little influence on 
the product distribution. For CO2, the electron impact vibrational exci-
tation (R1) of the lowest vibrational level may result in further 
vibrational-vibrational (V-V) collisions, gradually progressing to a 
higher vibrational level (known as a “ladder-climbing” process) until the 
dissociation of the CO2 molecules; this reaction pathway is also known 
to have a higher energy efficiency for CO2 conversion under plasma 
conditions, since this dissociation process only requires a minimum 
energy of 5.5 eV [44,45]. Meanwhile, the rate coefficient of electron 
impact dissociation of CH4 to CH3 (R4) was higher than that of CH2 
formation (R5) and CO2 dissociation (R3). Lowering the reaction tem-
perature from 65 ◦C to 5 oC increased the rate coefficients of these three 
reactions could increase by a factor of 1.3 – 5.3, demonstrating that 
lower temperatures could promote the formation of radicals and atoms, 
such as CO, O, H, and CHx, etc. 

As reported using 0D plasma modeling [46–48], methanol (CH3OH), 
confirmed as the major liquid product in our experiments, can be 
derived mainly through the three-body reaction (R6) between CH3 and 
OH [1,47]. At lower temperatures, the formation of CH3 is enhanced 
through R4 by a higher E/N (see Fig. 7b), which can explain the higher 
CH3OH formation at lower temperatures observed in our experiments.  

CH3 + OH + M → CH3OH + M, M = CH4 or CO2                           (R6) 

In addition, CH3OH in plasma can be produced by the partial 
oxidation of methane via radical reactions between O(1D) and CH4 (R7 – 
R9) [49,50], where O(1D) is primarily produced via electron impact 
dissociation of CO2 (R10) [1] and electron impact excitation of O (R11) 
[48], respectively. These O atoms are in turn mainly produced by 
electron impact dissociation of CO2 ((R3) in Fig. 7b). Reaction (R10) 
follows a similar E/N dependence as (R3) (see Fig. 7b), which can 
explain the higher CH3OH formation observed in our experiments at 
lower temperatures.  

O(1D) + CH4 → CH3OH                                                                (R7)  

O(1D) + CH4 → CH3O or CH2OH + H → CH3OH                            (R8)  

O(1D) + CH4 → CH2O + H2 → CH3OH                                          (R9)  

e- + CO2 → e- + CO + O(1D)                                                      (R10)  

e- + O → e- + O(1D)                                                                   (R11) 

Furthermore, acetic acid is obtained as one of the major oxygenates 
at a low discharge power of 10 W, and it can be directly formed by the 
recombination of CH3 and carboxyl radicals (R12) as confirmed by DFT 
calculations [51]. Furthermore, COOH radicals can also be formed by 
the coupling of CO and OH (R13) with a low energy barrier (0.2 eV) 
[51,52].  

CH3 + COOH → CH3COOH                                                        (R12)  

CO + OH → COOH                                                                    (R13) 

Therefore, the formation of oxygenates, such as methanol and acetic 
acid, is strongly related to gaseous reactions involving key radicals, such 
as CH3, OH, O(1D), H, and also CO, whose formation is strongly aided by 
higher electron energies at lower temperatures. 

4.2. Optical emission spectroscopic diagnostics 

Emission spectra of the CO2-CH4 plasma were recorded to better 
understand the formation of gas-phase reactive species (Fig. 8a and 
Table S1). The emission spectra of the deexcitation channels prove the 
presence of a variety of reactive excited species and their corresponding 
low-energy (including ground) states, such as CO2, CO2

+, CO, CO+, CH, 
C2, OH, and H. 

The CO (B1Σ – A1Π) and CO (b3Σ2u – a3Π1g) bands prove the presence 
of several singlet and triplet CO electronic excited states in the plasma, 
such as B1Σ (10.8 eV), A1Π (8.0 eV), b3Σ (10.4 eV), and a3Π (6.0 eV) 
(Fig. 8b). Furthermore, the CO a3Π state could contribute to the for-
mation of C2 (R14), as evidenced by the presence of the C2 Swan band 
(d2Π – a3Π) in the spectra.  

CO (a3Π) + C → C2 + O                                                             (R14) 

Meanwhile, the deexcitation processes of the electronically excited 
species CH (A2Δ, B2Σ, C2Σ+) to the ground state (X2Π) are visible in the 
spectrum, illustrating that there could be multiple parallel trans-
formation channels for the formation of CH species with the states of 
A2Δ (12.1 eV), B2Σ (12.5 eV), C2Σ+ (13.3 eV), respectively (Fig. 8b). 
Furthermore, the appearance of these CH states and excited H (3d) in-
dicates that CH4 molecules in the plasma could be excited to extremely 
high excited states (Super excited states, 16.6 eV). We propose a step-
wise multichannel dissociation of CH4 based on the excitations of the 
fragments CH and H, namely CH4 → CH3 + H (R4) → CH2 + 2H → CH +
3H, and CH4 → CH2 + 2H (R5) → CH + 3H (Fig. 7b). 

As shown in Fig. 8c and S8, different discharge powers and reaction 
temperatures could influence the fluorescence intensity of particular 
excited radicals, including, CH, CO, OH, and H undergoing different 
deexcitations. All of the peak intensities caused by deexcitations of these 
four excited radicals rose monotonically with the increasing discharge 
power, which could be due to a higher electron density producing more 
excited species. When compared to CO (B1Σ – A1Π), the intensity of the 
CO (b3Σ – a3Π) band grew at a much faster rate, indicating that the 
collision-induced intersystem crossing process (R15) could be acceler-
ated at a higher electron density. At different reaction temperatures, a 
lower mean electron energy (Ee) could simultaneously reduce the 
growth rate of CO (b3Σ – a3Π) and the Angstrom emission.  

CO (B1Σ) + M → CO (b3Σ) + M                                                  (R15) 

On the other hand, increasing the reaction temperature from 5 ◦C to 
65 ◦C decreased the intensities of CH (C2Σ+ – X2Π), CH (B2Σ – X2Π), CH 
(A2Δ – X2Π), OH (B1Σ – A1Π), and H (3d – 2p), which could be attributed 
to a decrease in mean electron energy. Notably, when compared to the 
effect of different powers, changing the reaction temperature resulted in 
a similar range and trend of electron density but a decrease in mean 
electron energy. Thus, the density of the excited radicals can be deter-
mined by mean electron energy and mean electron density 
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simultaneously. Furthermore, when the discharge power and reaction 
temperature were changed, CH (A2Δ, B2Σ, C2Σ+ – X2Π), and CO (B1Σ – 
A1Π) exhibited the same variation trend as the CH4 and CO2 conver-
sions. However, there was no obvious relationship between the emission 
intensity of excited radicals and the selectivity of products, indicating 
that the plasma properties could affect the excitation of gas-phase rad-
icals, but were not the decisive factor for the product distribution, which 
would be influenced by the interaction of multiple factors. 

4.3. Importance and coupling effect of process parameters 

Due to the high complexity of the plasma DRM process, two typical 
ANN models (ANN1 and ANN2) were developed to predict the reaction 
performance (including “conversion & selectivity” and “energy effi-
ciency”) of the plasma-enhanced DRM process at different process pa-
rameters and key discharge indicators of plasma reaction, respectively 
(Figures S2a and S3a). 

The predicted results from both models were consistent with the 
corresponding experimental data as the correlation coefficient (R2) of 
both ANN models was ~ 0.999 (Figures S2b and S2c, Figure S3b, and 
Figure S9). 

Fig. 9a shows the relative importance of different process parameters 
to the conversion & selectivity. The discharge power was found to be the 
most critical parameter affecting both the conversion and product 
selectivity. In addition, discharge power had a more significant effect on 

CO2 conversion than on CH4 conversion. In comparison to other gas and 
liquid products, the production of H2 and methanol (selectivity) was 
more dependent on discharge power. In addition, we found that the 
reaction temperature had the least influence on the formation of gaseous 
products. Notably, when compared to the major gaseous products, the 
liquid products were less affected by the reaction temperature or resi-
dence time with a combined importance of less than 50%. On the other 
hand, the discharge power was also identified as the most critical pro-
cess parameter in determining the energy efficiency of the plasma DRM 
process with a relative importance of 53% – 72%. The reaction tem-
perature is the least important process parameter to the energy effi-
ciency for the production of gaseous products, while the residence time 
is the least important in terms of the energy efficiency for the production 
of liquid products except for acetone. 

Fig. 9b exhibits the possible relationships among the process pa-
rameters, discharge parameters, and process performance. The mean 
electron energy (Ee), mean electron density (ne), and specific energy 
input (SEI) are selected as the key discharge indicators to characterize 
the discharge properties of the plasma DRM process. As shown in Fig. 6b, 
raising the discharge power increases both ne and SEI simultaneously, 
with the SEI also being influenced by the residence time (or total gas 
flow rate). Furthermore, varying the reaction temperature could tailor 
the key discharge indicators (Ee, ne, & SEI) synchronously, all of which 
could have a synergistic effect on the product distribution. Fig. 9c shows 
that the SEI is the most important discharge parameter (47 – 51%) 

Fig. 8. (a) Typical optical emission spectra for the CO2-CH4 plasma (discharge power: 40 W). (b) Electronic energy levels and terms for CO and CH4 (including 
dissociation), as reproduced from literatures[53–55]. The blue arrows indicate the detected emissions; the green arrow denotes the collision-induced intersystem 
crossing. (c) Effect of discharge power and reaction temperature on the intensity of different emission lines, originating from various excited species in the CO2-CH4 
plasma derived from Figure S4 (CH(C2Σ+ – X2Π) 314 nm; CH(B2Σ – X2Π) 387 nm; CH(A2Δ – X2Π) 431 nm; OH(A2Σ+ – X2Π) 309 nm; CO(b3Σ2u – a3Π1g) 283 nm; CO 
(B1Σ – A1Π) 451 nm; Hα(3d – 2p) 656 nm). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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affecting the conversion and selectivity of gaseous and liquid products, 
respectively, followed by the mean electron density (32 – 35%) and 
mean electron energy (16 – 19%), which suggests that all these key in-
dicators could have a certain impact on the reaction performance. 
Interestingly, the relative contribution of these three key indicators is 
quite similar for both the gas conversion and product selectivity (Fig. 9c 
and Figure S10). These findings also indicate that discharge power and 
residence time (or flow rate) are relatively more independent parame-
ters than reaction temperature, making them more controllable so that 
they can be tuned to achieve the desirable performance in a practical 
process. 

Furthermore, the 3D plots of the predicted results from the optimized 
ANN1 model show the simultaneous effects of discharge power, reaction 
temperature, and residence time on the reaction performance 
(Figure S11). At a discharge power of 40 – 50 W and a reaction tem-
perature in the range of 5 – 35 ◦C, the conversion of CH4 and CO2 can 
reach over 45% and 40%, respectively at a residence time of > 5 s. 
Meanwhile, the results of ANN1 show that increasing the discharge 
power and reaction temperature simultaneously promotes the selec-
tivity of major gaseous products (CO and H2). Methanol, as the major 
liquid product, have a selectivity of over 40% at 20 W and 5 ◦C with a 
suitable range of residence times (2 – 5 s). Meanwhile, we find that a 
lower discharge power (10 W) is beneficial for achieving a higher 
selectivity of acetic acid (~ 35%), whereas a combination of low 

discharge power with a 2 s residence time at a lower temperature can 
promote the formation of ethanol. Furthermore, higher hydrocarbons 
(C2 – C4) are more likely to form at higher discharge power and reaction 
temperature. Therefore, the generation of oxygenates, particularly for 
methanol, can be enhanced under optimal operating conditions such as 
low discharge power (10 – 20 W) with shorter residence time and lower 
reaction temperature. 

As shown in Figure S12, the energy efficiency for the conversion of 
CO2 and CH4 is mainly influenced by the discharge power, while a lower 
discharge power (10 – 20 W) is favorable for achieving higher energy 
efficiency. Notably, both lower discharge power and shorter residence 
time can both lead to higher energy efficiency in the production of 
primary products. At a discharge power of 10 W and a residence time of 
2 s, the energy efficiency reaches its peak for the production of CO (1.1 
mol/kWh) and methanol (1.3 mol/kWh) at 65 ◦C and 5 ◦C, respectively. 
Furthermore, the energy efficiency for H2 production (0.4 mol/kWh) 
can be maintained at a residence time of 2 – 3 s. 

In this work, two non-dimensional indexes, I1 and I2, were intro-
duced to optimize process parameters to balance reaction performance 
(conversion & selectivity) and energy efficiency, as displayed in Fig. 10. 
To obtain a higher I1, the optimized discharge power and reaction 
temperature ranges are 10 – 20 W and 5 – 20 ◦C, respectively. For pri-
mary products, a shorted residence time with a higher I2 can enhance 
both selectivity and energy efficiency simultaneously. H2 production can 

Fig. 9. (a) Importance analysis of conversion & selectivity and energy efficiency based on discharge power, reaction temperature and residence time. (MeOH: 
methanol; EtOH: ethanol; AcA: acetic acid; Ace: acetone) (b) Scheme of the possible relationship of process parameters (blue), key indicators of plasma-driven DRM 
reaction (red), and performance (yellow). (The arrows represent the underlying relationships between two key elements that are linked) (c) Importance analysis of 
reaction performance based on key discharge indicators. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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be promoted at a relatively high I2 (> 0.6) when the discharge power 
and temperature are in the optimal ranges of 20 – 30 W and 35 – 65 ◦C, 
respectively. At a residence time of 2 s, a power of 10 W and a tem-
perature of 65 ◦C are the best operating conditions for CO production, 
while methanol production is more favorable at a low temperature 
(5 ◦C) with a discharge power of 20 W. Another major oxygenate, acetic 
acid, is preferably produced at a low discharge power of 10 W, especially 
at optimal temperatures (20 – 50 ◦C) and residence time (2 – 3 s). 

5. Conclusion 

Herein, we report a catalyst-free single-step approach for the syn-
thesis of oxygenates through the plasma-driven DRM reaction in a 
temperature-controlled DBD reactor. The product distribution can be 
tuned by changing the process parameters including the CO2/CH4 ratio, 
discharge power, reaction temperature, and residence time. The highest 
methanol selectivity of 43% was attained at 5 ◦C and 15 W, while a 
lower discharge power (10 W) was favorable for the production of acetic 
acid at room temperature (20 ◦C). The selectivity of gaseous products, 
mainly H2 and CO, increased when the discharge power and reaction 
temperature were increased. We revealed the correlation between 
different process parameters (discharge power, reaction temperature, 
and residence time) and the key discharge properties simultaneously, 
including mean electron energy (Ee), electron density (ne), and specific 
energy input (SEI). A higher discharge power can result in a higher mean 
electron density but a similar mean electron energy, whereas varying the 
reaction temperature can affect both the mean electron energy and 
electron density. In addition, a low reaction temperature combined with 
a high electron energy can significantly promote the electron impact 
reactions of CO2 and CH4. Moreover, two well-trained ANN models were 
developed to comprehend the relative importance of process parameters 
(ANN1) and key discharge indicators (ANN2) on reaction performance. 

Compared to reaction temperature and residence time, discharge power 
is identified as the most critical process parameter influencing reforming 
performance. The results of the ANN models show that higher conver-
sions of CO2 and CH4 with better energy efficiencies can be achieved at 
10 – 20 W and 5 – 20 ◦C. Furthermore, methanol production could be 
optimized with a selectivity of over 40% alongside an energy efficiency 
of over 0.8 mol/kWh under suitable conditions (20 W, 5 ◦C, and 2 s). 
This work demonstrates that the direct transformation of CH4 and CO2 
into oxygenates can be tuned and optimized for the selective synthesis of 
target liquid products (e.g., methanol), showing great potential to 
address the challenges of global warming and climate change. 
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Fig. 10. Prediction results of the coupled effects of the three parameters, including discharge power, reaction temperature and residence time, on the comprehensive 
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