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Abstract:  

We report one-step non-oxidative coupling of methane (CH4) to ethylene (C2H4) at 
atmospheric pressure and mild temperature (ca. 180-190 oC), by a combination of non-thermal 
plasma and a CuOx/CeO2 catalyst. The C2H4 selectivity gradually increases during an induction 
period. The corresponding spent catalysts at different stages were systematically characterized to 
disclose the evolution of the CuOx/CeO2 catalyst. During the induction period, the CuO/CeO2 

catalyst was partially reduced to generate Cu+, Ce3+ and Ov species, which accompany the 
formation of Cu+-Ov-Ce3+ sites, as proven by XRD, HRTEM, XPS, Raman, EPR and H2-TPR. In 
addition, the C2H4 selectivity is proportional to the fraction of Cu+, Ce3+, Ov and Cu-O-Ce species, 
which indicates that Cu+-Ov-Ce3+ is the active site for non-oxidative coupling of CH4 to C2H4. 
Furthermore, in-situ FTIR results indicate that the Cu+-Ov-Ce3+ interface sites can promote 
dehydrogenation of CH3* (from CH4 plasma) to produce CH2* on the catalyst surface, which is the 
basic reason why CuOx/CeO2 acts as a catalyst in speeding up the non-oxidative coupling of CH4 
for C2H4 production.  
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Introduction 
The direct conversion of methane (CH4) to ethylene (C2H4) is an important chemical 

process.1-3 Generally, CH4 to C2H4 conversion can be achieved by two approaches, i.e., oxidative 
coupling of methane (OCM) and non-oxidative coupling of methane (NOCM). In OCM, reactive 
oxygen species, typically originating from O2, are utilized to effectively activate CH4, which is not 



limited by thermodynamics (Reaction 1).4-6 However, the OCM route cannot prevent the formation 
of CO2, upon full oxidation of CH4, which limits the yield of C2H4.7-9 In contrast, the NOCM route 
avoids overoxidation, leading to less CO2 emission and high carbon utilization efficiency, but it is 
limited by thermodynamics (Reaction 2). Hence, it has to be operated at very high temperature (> 
1000 oC).10-12 

CH4 (g) + 1/2O2(g)→1/2 C2H4 (g) + H2O (g)  ΔGΘ(298.15K) = -154 kJ/mol      (1) 
CH4  (g) → 1/2 C2H4  (g) + H2 (g)          ΔGΘ(298.15K) = 35 kJ/mol       (2) 

Plasma provides a unique approach to enable some thermodynamically unfavorable chemical 
reactions.13-17 In the NOCM process driven by plasma, CH4 can be activated through inelastic 
collisions with energetic electrons to form radicals, which enable CH4 conversion to produce 
hydrocarbons.18 The NOCM process has been explored both by (quasi-)thermal and non-thermal 
plasma.19-21 In thermal and quasi-thermal plasma, the products are dominated by acetylene (C2H2) 

and coke,22-24 while in non-thermal plasma, the main products are ethane (C2H6) and propane 
(C3H8).25-27 

Two-step processes have been investigated by a combination of plasma (hybrid plasma 
catalysis) and post-plasma catalysis for CH4 conversion to C2H4. For instance, Delikonstantis et al., 
reported that CH4 was firstly converted into C2H2 by a nanosecond pulsed discharge, reaching up to 
23.5% yield (single pass). Subsequently, C2H2 was hydrogenated to C2H4 over a Pd/Al2O3 catalyst 
located in the post-plasma region. Overall, C2H4 is formed as major product at 25.7% yield.28 Wang 
et al. reported a similar work, but use stable kilohertz spark discharges and a Pd-Ag/SiO2 catalyst, 
achieving 17.1% C2H4 concentration and 62.6% hydrogen concentration with a specific input 
energy of 38.4 kJ/L.29 Liu et al. exploited a two-stage plasma system (plasma stage + thermal 
cracking stage) for direct NOCM to C2H4, achieving 10.8% C2H4 yield. 30 After adding Pt/ZrO2 
catalyst in the plasma stage, C2H4 yield has been improved to 18.5%, while the temperature in the 
thermal cracking stage had to be higher than 800 oC.31 In addition, one-step hybrid non-thermal 
plasma systems have also been investigated. Liu et al. performed NOCM in a dielectric barrier 
discharge (DBD) plasma reactor packed by Pt/CeO2 single atom catalyst, obtaining 39% CH4 
conversion and 54% C2 selectivity with 54 W input power. However, C2H4 selectivity was only 
5.4 %.32 Sungkwon Jo et al. investigated CH4 activation in a planar-type DBD reactor, which 
achieved 16 % CH4 conversion with selectivity towards C2H6 and C2H4 being 45 % and 8 %, 
respectively.33 Noteworthy, Ma et al. demonstrated the direct conversion of CH4 to C2H4 using a 
non-thermal (DBD) plasma packed by a metal-organic framework material, i.e., MFM-300(Fe).34 At 
10 % conversion, they achieved a selectivity of over 98 % for C2 hydrocarbons, with 58% for C2H4. 
This impressive outcome was realized with a specific energy input (SEI) of 2 kJ/L and a feed gas 
containing only 1% CH4 in helium. Remarkably, the authors obtained a notably high C2H4 
selectivity of 47% solely through plasma activation without any catalysts. Therefore, the catalytic 
role of MFM-300(Fe) is not obvious. 

We can conclude that the one-step plasma-catalytic selective conversion of CH4 to C2H4 has 



not yet been exploited under more practical reaction conditions with wide CH4 content and mild 
reaction temperature. In DBD plasma-based CH4 conversion, the CH3· generated from CH4 plasma 
tend to form C2H6 rather than undergoing dehydrogenation to CH2·. That is, the direct CH4-to-C2H4 
conversion is still a critical challenge, since dehydrogenation of CH3· into CH2· is not 
straightforward. Therefore, seeking a catalyst to promote CH3· dehydrogenation into CH2·, leading 
to C2H4 formation, is a very desirable route and an interesting topic. However, a suitable catalyst 
has not yet been found.  

More insight in the optimal catalyst can be obtained by computational (microkinetic) modeling 
of the catalytic surface reactions, as demonstrated by Engelmann et al. for NOCM.35 The model 
predicted that when vibrational excitation of CH4 is dominant, C2H4 formation is promoted on most 
transition metal catalysts (e.g., Pt, Rh, Pd and Cu), while C2H6 was the dominant product on the 
more noble catalysts (like Ag). However, in DBD plasmas, the CHx· are more abundant than 
vibrationally excited molecules, and they give rise to predominantly C2H4 formation at all transition 
metal catalysts investigated. Therefore, the authors concluded that the optimal catalyst material 
depends on (i) the desired products and (ii) the plasma conditions.35 However, the study was limited 
to transition metals,[35] and the situation might be different for metal oxide catalysts, for which no 
model could be developed yet, due to the lack of sufficient input data.  

In the present paper, we study the performance of a metal oxide catalyst. Specially, we report 
an efficient CuOx/CeO2 catalyst, on which the Cu+-Ov-Ce3+ site at the Cu-CeO2 interface is capable 
of promoting CH3* dehydrogenation to form CH2* species, which promote C-C coupling for 
one-step plasma-catalytic CH4-to-C2H4 conversion. In the reaction process, we found a distinct 
induction period (2 hours), during which the gradually formed Cu+-Ov-Ce3+ active site leads to 
enhancement of C2H4 selectivity from 5 % to 36 %. Furthermore, we have characterized the 
corresponding spent catalysts at different stages, to disclose the evolution of the CuOx/CeO2 catalyst, 
and in combination with in-situ FTIR spectra, we are able to reveal the reaction mechanism. The 
experimental setup of NOCM driven by non-thermal plasma catalysis is explained in the Supporting 
Information (SI; section 1), and shown in Figure S1 and Figure S2 (for the in-situ FTIR). The 
experimental details of the catalyst preparation and characterization are also provided in the SI 
(section 2).  

 

Results and Discussion 

Figure 1A illustrates the stable performance of NOCM in the case of “plasma alone”. 14.4 % 
CH4 conversion is achieved, with C2H6 (44.5 % selectivity) being the dominant product and 44.2 % 
H2 selectivity, while the selectivity to C2H4 is less than 5 %. In the case of “plasma + CeO2” 
(plasma packed by CeO2 granules, which belongs to non-porous material, as shown in Table S1 and 
Figure S3), also stable NOCM reaction performance is achieved, with 6.5 % CH4 conversion, 30.3 % 
C2H6 selectivity and 10.6 % C2H4 selectivity, and 58.1 % H2 selectivity, as shown in Figure 1B. 
Interestingly, in the case of “plasma + CuO/CeO2”, as shown in Figure 1C, there is a distinct 



induction period of ca. 2 h, during which the C2H4 selectivity increases from 3.4 % to 36.1 %, while 
the C2H6 selectivity decreases from 41.6 % to 26.3 %, meanwhile, the H2 selectivity increased from 
41.6 % to 54.3 %, before reaching a steady state. The yields of C2 hydrocarbons and H2 are also 
shown in Figure 1. Even at similar CH4 conversion, the results in Figure S4 confirm that the 
CuO/CeO2 catalyst is effective for producing C2H4 (Figure S4). The NOCM performances of initial 
state and steady state in the case of “plasma + CuO/CeO2” are shown in Figure S5. Notably, the 
coke selectivity increases from 12.4% in the initial state to 23.1% in the steady state, and this may 
be caused by increased C2H4 selectivity since C2H4 is much easier to form coke than C2H6. The total 
product distribution and reaction stability for NOCM under Plasma+CuO/CeO2 system can be 
found in Figure S6 and Figure S7. The GC results for C2H6 and C2H4 were presented in Figure S8. 
In the steady state, the C2H4 selectivity in case of “Plasma + CuO/CeO2” (after 115 mins) is around 
7 times the selectivity of “Plasma alone” and 3.6 times the selectivity of “Plasma + CeO2”. 
However, the CH4 conversion drops from 14.4 % (Plasma alone) to 6.5 % (Plasma + CeO2) and 6.2 % 
(Plasma + CuO/CeO2), respectively. Notably, although the CH4 conversion between “Plasma + 
CeO2” and “Plasma + CuO/CeO2” is similar, the C2H4 selectivity is dramatically improved, which 
demonstrates that CuO/CeO2 is an efficient catalyst for plasma-catalytic one-step CH4 conversion to 
C2H4. The predominant reaction pathways for the conversion of CH4 to C2 hydrocarbons by DBD 
plasma are shown in Figure S9, and the main electron impact reactions are listed in Table S2. The 
reaction conditions for the entire paper and SI (unless mentioned otherwise) are: 10 wt. % Cu 
loading, CH4/Ar = 1:1, flow rate = 20 ml/min.  

Correspondingly, the in-situ mass spectrometry signals of the products are shown in the 
bottom panels. For the cases of “plasma alone” and “plasma + CeO2”, the signals of m/z = 28 (C2H4, 
C2H6 and C3H8), 30 (C2H6), 44 (C3H8) and 2 (H2) are relatively stable, which further demonstrates 
the stable reaction performance with low C2H4 selectivity. For the case of “plasma + CuO/CeO2”, 
the signals of m/z = 30 (C2H6) and 44 (C3H8) gradually decrease, while the signals of m/z = 28 
(C2H4, C2H6 and C3H8) and 2 (H2) rapidly increase after plasma is switched on. These results further 
indicate the improvement of C2H4 selectivity in the induction period.  



 
Figure 1. Reaction performance of NOCM. (A) Plasma alone, (B) Plasma + CeO2, and (C) Plasma + CuO/CeO2 
(Reaction conditions: 10 wt. % Cu loading, CH4/Ar = 1:1, flow rate = 20 ml/min, 1.08 g catalyst, and 
WHSV=1.39 h⁻¹, 15-16 W input power, 14 kHz discharge frequency.) 

 
To better understand the above results, we first studied the plasma behavior using an 

oscilloscope and optical emission spectra (OES). The recorded discharge parameters in the cases of 
“Plasma alone”, “Plasma + CeO2” and “Plasma + CuO/CeO2” are shown in Figure S10. It can be 
seen that the three cases exhibit similar discharge power (15.4-16.1 W), calculated from the 
Lissajous plots, although they have different discharge voltages and discharge currents. Figure S11 
shows the OES of the CH4/Ar plasma in the case of “Plasma alone”, “Plasma + CeO2” and “Plasma 
+ CuO/CeO2”. Generally, the OES intensity of “Plasma alone” is higher than for “Plasma + CeO2” 
and “Plasma + CuO/CeO2”, which is caused by the shielding effect of the granules packed in the 
plasma. In the OES, we observe lines assigned to CH· (314, 390 and 431.1 nm) and H· (434.1 and 
486.1 nm) species, as well as many bands attributed to excited Ar and N2 . The bands of excited N2 
molecules arise from air surface discharge between the grounded electrode and the outside wall of 
the reactor. Importantly, the appearance of CH· lines demonstrates the existence of CHx· in the 
plasma. Furthermore, CH· are usually generated by stepwise dehydrogenation of CH4, i.e., CH4 → 
CH3· → CH2· → CH·, and the probability of generating CH3·, CH2· and CH· was estimated to be 
79 %, 15 % and 5 %, respectively.36 Therefore, the existence of CH· means that also CH3· are 
abundant in the plasma. That is, CH4 is activated by the plasma to produce abundant CH3· and H 
atoms.  



Secondly, we applied several catalyst characterization techniques, including X-ray powder 
diffraction (XRD), high-resolution transmission electron microscopy (HRTEM), X-ray 
photoelectron spectroscopy (XPS), Raman spectroscopy, electron paramagnetic resonance (EPR) 
and hydrogen temperature programmed reduction (H2-TPR) to disclose the evolution of the 
CuOx/CeO2 catalyst during the induction period. Figure 2A shows the XRD patterns of the fresh and 
spent CuO/CeO2 catalysts. In addition to typical peaks of fluorite CeO2, two weak peaks at 35.5 and 
38.7 degrees, attributed to the (002) and (111) plane of CuO, respectively, are collected for the fresh 
and spent CuO/CeO2 catalysts at different stages. However, the local magnification results (Figure 
2B) indicate that the peaks of Cu2O (111) and Cu (111) do not appear for the fresh sample, but arise 
for the spent samples, and the diffraction intensity gradually increases during the two-hour 
induction period. This result demonstrates a partial reduction of CuO to Cu2O and Cu during the 
induction period. Moreover, the diffraction pattern reflections of CeO2 systematically shifted to 
higher degree in CuO/CeO2-Fresh catalyst in Figure S12, suggesting that Cu2+ has been substituted 
into the CeO2 lattice 37 and altered the unit cell parameter of CeO2,38,39 because of the smaller ionic 
radius of Cu2+ (0.073 nm) than that of Ce4+ (0.097nm), and a Cu-Ce solid solution might be 
formed.40-44 The drop of lattice parameter calculated by XRD is presented in Table S3. However, 
the lattice parameters of CeO2 in CuO/CeO2-0.5h, CuO/CeO2-1h, and CuO/CeO2-2h catalysts in 
this experiment are larger, which could be explained because the modified metal and copper enter 
the CeO2 lattice, accompanied by the formation of more Ce3+, and the ionic radius of Ce3+ (0.110 
nm) was larger than the ionic radius of Ce4+, which led to the larger cell parameters.45 

 Figure 2C illustrates the HRTEM image of fresh CuO/CeO2 catalyst, while Figures 2 D, E 
and F present the HRTEM images of spent CuO/CeO2 catalysts after 0.5, 1 and 2 h reaction, 
respectively. For the fresh CuO/CeO2 catalyst, only CuO (111) lattice fringes can be observed. In 
the images of the spent sample after 0.5 and 1 h reaction, however, both Cu2O (111) and CuO (002) 
species appear. Notably, for the spent CuO/CeO2 catalyst after 2 h reaction, fully reduced metallic 
Cu species (i.e., Cu (111) surface) is observed. These HRTEM images further verify the gradual 
reduction of CuO into Cu2O and metallic Cu species during the induction period, which is 
consistent with the XRD results. Moreover, the boundary area formed between copper oxide species 
and ceria in CuO/CeO2-2h catalyst is shown in Figure 2 (G-I). In Figure 2H, the inter-planar 
spacing of the distinct lattice fringe is measured to be about 0.31 nm, which matches well with the 
(111) crystal planes of the cubic CeO2 structure. The spacing of lattice fringes around 0.255 is 
ascribed to the (002) crystallographic planes of CuO. It means that some CuOx particles exist 
independently around the CeO2 particles,37 which form the CuOx-ceria interface. The red square in 
Fig. 2I also illustrates the interfaces between Cu and CeO2 displaying the distortion of the CeO2 
lattice, which suggests that Cu species have been incorporated into the CeO2 lattice to form the 
Cu-O-Ce structure. Both the copper substitution and the CuOx-ceria boundary could lead to the 
formation of the Cu-[O]-Ce species.46-48  



 
Figure 2. XRD patterns of the fresh and spent CuO/CeO2 catalysts (10 wt.% loading) at different reaction times, 
as well as of CeO2 (A), and local magnification of the XRD patterns, to show the appearance of Cu2O and Cu 
species after 120 mins reaction time (B); Representative HRTEM images of fresh CuO/CeO2 catalyst (C), and 
spent CuO/CeO2 catalysts after 0.5 h (D), 1 h (E), and 2 h (F).The boundary area formed between copper oxide 
species and ceria in HRTEM (G-I). 
 

Figure 3 shows the Cu 2p spectra of the fresh and spent CuO/CeO2 catalysts (after 0.5, 1 and 2 
h), in which Cu 2p3/2 and Cu 2p1/2 signals with two satellite peaks are observed after deconvolution. 
The peaks with binding energy of 934.3 and 954.3 eV are caused by Cu2+ species, and the peak with 
binding energy of 952.0 eV is ascribed to Cu+ species. It can be seen that the peak of Cu+ increases 
gradually during the induction period, but its intensity is still much lower than that of Cu2+, even for 
the spent sample after 2 h reaction. Moreover, Cu 2p3/2 peak shift towards lower binding energy 
with increasing reaction time, indicating a reduction reaction. These results indicate that a part of 
the CuO species were gradually reduced to form Cu+/Cu0 species.In addition, the UV-vis spectra, 
illustrated in Figure S13, also demonstrate more Cu+ in the spent catalysts. Figure 3B depicts the Ce 
3d spectra, in which Ce3+ (881.6 eV, 887.7 eV, 898.0 eV, and 903.1 eV) and Ce4+ (884.1 eV, 890.2 
eV, 900.0 eV, 902.1 eV, 908.0 eV, and 917.6 eV) species can be distinguished after deconvolution. 
Clearly, the intensity of the Ce3+ peaks (881.6 eV, 887.7 eV, 898.0 eV, and 903.1 eV) gradually rises 



in the induction period. The calculated ratio of Ce3+/ (Ce3+ + Ce4+) from the XPS spectra is 
presented in Table S4-7, in which the content of Ce3+ increases from 4.8 % (fresh sample) to 18.8 % 
(spent after 2 h), suggesting more oxygen vacancies (Ov) in the spent catalysts.49 Figure 3C presents 
the O 1s spectra, in which two peaks can be distinguished after deconvolution. The peak at low 
binding energy is usually ascribed to lattice oxygen (Olatt) species, and the peak at relative high 
binding energy is generally caused by oxygen vacancies (Ov, which can also be called 
surface-adsorbed oxygen (Oad), since Ov can combine with oxygen to from Oad when the catalyst is 
exposed to gas that contains oxygen).50 The peak areas of Olatt and Ov have been integrated, and 
thus the relative content can be calculated. As shown in Table S4-7, the relative content of Ov 
(indicated by Ov/(Ov+Olatt)) for the samples gradually rises in the order of Fresh < 0.5 h < 1 h < 2 h, 
while the relative content of Olatt exhibits the opposite trend. That is, as the induction period 
progresses, the content of Ov in the CuO/CeO2 catalyst gradually increases, and the spent CuO/CeO2 
catalyst after 2 h reaction exhibits the highest content of Ov. The Olatt in Cu-O-Ce species can be 
consumed by H species during the reaction process, as shown in Eq. (1). The concentration increase 
of Cu-O-Ce species in CuO/CeO2 catalyst should be due to the intrinsic 𝐶𝑒ଷା −− 𝐶𝑢ାin 
CuO/CeO2 catalyst. The presence of the Ce3+ and Cu+ in the initial CuO/CeO2 catalyst is well 
established.40 𝐶𝑒ସା − 𝑂ଶି − 𝐶𝑢ଶା +  𝑥𝐻 → 𝐶𝑒ଷା −− 𝐶𝑢ା + 𝐻ଶ   (3) 

Hence, the presence of Ce3+ was assigned with the generation of Ov according to the charge 
compensation,51, 52 which should be ascribed to the formation of Cu–O–Ce species according to 
Ayatusy's work.53 Thus, it is reasonable to infer from the increasing atomic ratio of Ce3+/Ce3++Ce4+ 
over CuO/CeO2-xh that the largest amounts of Cu–O–Ce species were formed in the CuO/CeO2-xh 
catalyst.54-56 Moreover, for the Cu-Ce system, the evolution of Ov was also related to the formation 
of Cu-O-Ce species.54-56 Liu and Flytzani‐Stephanopoulos57 have also proposed that Cu+ species 
resulted from the strong interaction of a copper oxide cluster with cerium oxide. The formation of 
Cu+ might be induced by the substitution between the two oxide phases at the interface, because of 
the similarity of the Ce4+ and Cu+ ionic radii. The presence of large quantities of the Cu+ species in 
the CuO/CeO2-2h catalyst suggests a synergistic interaction among Cu‐O and Ce‐O. This interfacial 
metal oxide‐support synergistic effect may be the reason for the formation of Cu+ and Cu0 in the 
CuO/CeO2-xh catalyst. In addition, it is known that Cu+ can enter the CeO2 lattice to form Cu‐O‐Ce 
species. So we can deduce that the Cu+ is dissolved in the CeO2 lattice and a Cu‐O‐Ce species was 
formed in CuO/CeO2, which is consistent with the Raman results.58 Combining the 
above-mentioned Cu 2p, Ce 3d and O 1s spectra, as well as the XRD patterns and HRTEM images, 
we can confirm that during the induction period, CuO is partially reduced to Cu⁺ or Cu⁰. The 
formation of Cu⁺ is usually accompanied by the generation of Ce³⁺ and oxygen vacancies (Ov), 
where Ov can better anchor Cu⁺, forming a stable Cu⁺-Ov-Ce³⁺ species. Therefore, only a portion of 
the CuO is reduced to Cu⁺/Cu⁰, which then combines with CeO₂ to form Cu-O-Ce species. Hence, 
under CH₄ plasma treatment, the CuO/CeO₂ catalyst generates Cu⁺, Ce³⁺, and Ov at the CuO-CeO₂ 



interface, forming a Cu⁺-Ov-Ce³⁺ species. 
  

 
Figure 3. Characterization of the fresh and spent CuO/CeO2 catalysts. (A) Cu 2p, (B) Ce 3d, (C) O1s, (D) Raman 
spectra, (E) EPR spectra, and (F) H2-TPR profiles. The label of fresh, 0.5 h, 1 h, and 2 h mean the catalyst after 0 
h, 0.5 h, 1h, and 2h of reaction, respectively. 

 

As shown in Figure 3D, the Raman spectra exhibit a strong band at 460 cm−1, corresponding to 
the F2g Raman vibration model of the fluorite CeO2 lattice.59 The F2g band slightly shifts from 462 
cm−1 to 458 cm−1 (Figure S14), which can be ascribed to the doping of CuO species, forming 
Cu+-Ov-Ce3+ sites. This results in the extension of the Ce−O bond lengths in the interface, and 
finally leads to low-energy shifts in the Raman spectra.60, 61 The band at 580∼620 cm−1 (D mode 
peak) is usually attributed to the presence of Ov. The ratio of the D band intensity to the F2g band 
intensity (ID/IF2g) for the samples, as shown in Table S4, gradually rises in the order of Fresh < 0.5 h 
< 1 h < 2 h, indicating the increased concentration of Ov in the catalysts as the reaction progresses.62 
As shown in Figure 3E, the EPR spectra further demonstrate the co-existence of Ov (g = 2.002), 
Ce3+ (g = 1.963) and isolated Cu ions (g = 2.036),63, 64 which further confirms the formation of 
Cu+-Ov-Ce3+ sites on the spent CuO/CeO2 catalysts. This can be further proven by H2-TPR profiles 
of the fresh and spent CuO/CeO2 catalysts, as shown in Figure 3F. Pure CeO2 typically exhibits two 
reduction peaks at approximately 493 oC and 806 oC, which correspond to the reduction of surface 
and bulk oxygen in CeO2, respectively.65 Therefore, Figure 3F excludes the peaks for pure CeO2. 
For the Cu-Ce system, a specific CuO/CeO2 catalyst generally shows three reduction peaks,48, 66, 67 
which correspond to different Cu species. The α peak is caused by reduction of highly dispersed 
CuOx clusters. The β peak corresponds to reduction of Cu-O-Ce interfacial sites. The γ peak is 
ascribed to reduction of crystalline CuO species and reduction of the CeO2 surface.68 The β peak 
rises during the induction period, which means that more and more Cu-O-Ce interfacial sites are 
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formed. In addition, the β peak shifts to a higher temperature over reaction time, indicating a 
stronger interaction between the CuOx species and the CeO2 support.23 It is worth noting that the 
composition of the catalyst, the concentration of its components, and the preparation method all 
influence the reduction temperature and the amount of H2 consumed. Consequently, it is not 
possible to directly relate a certain temperature in a TPR profile to a particular chemical species on 
a solid.40, 48, 55, 61, 62, 69-71 

 

 
Figure 4. Relationships between the C2H4 synthesis rate (r(C2H4)) and the fraction of various surface species. (A) 
Cu+

 (obtained from XPS), (B) Ce3+ (from XPS), (C) Ov (from XPS), (D) Ov (from Raman), (E) Ov (from EPR), (F) 
Cu-O-Ce interfacial species (from H2-TPR). The label of fresh, 0.5 h, 1 h, and 2 h mean the catalyst after 0 h, 0.5 
h, 1 h, and 2 h of reaction, respectively. 

 
We also quantitatively analyzed the relationship between the C2H4 synthesis rate and the 

fraction of the various species on the CuO/CeO2 catalyst. As shown in Figure 4, the C2H4 synthesis 
rate is proportional to the fraction of Cu+ (obtained from XPS), Ce3+ (also from XPS), Ov (obtained 
from XPS, Raman and EPR) and Cu-O-Ce interfacial species (from H2-TPR), which indicates that 
the Cu+-Ov-Ce3+ species formed in the induction period should be closely related with the CH4 
conversion into C2H4. In addition, we measured the C 1s spectra of the spent CuO/CeO2 catalyst 
after 2 h reaction, as shown in Figure S15. Notably, there is only a graphitic carbon peak (284.8 eV) 
and oxidized carbon species (288.7 eV) on the catalyst surface without any carbide peak,72, 73 which 
indicates that the gradual increase of the C2H4 synthesis rate during the induction period is not 
related with copper carbide or cerium carbide. Furthermore, we also investigated the performance 
of plasma-catalytic NOCM on CuO/SiO2 and CuO/Al2O3 catalysts, as shown in Figure S16. In 
these cases, there was no induction period, and the C2H4 selectivity is as low as 5 %, indicating that 
CuO without assistance of CeO2 cannot selectively catalyze the CH4 conversion to C2H4. Moreover, 



the “Plasna+CuO” was also be investigated in Figure S17. That is, both CuO and CeO2 are 
necessary to construct the active sites, i.e., Cu+-Ov-Ce3+, for the CH4 conversion to C2H4.  

Thirdly, we employed in-situ Fourier transform infrared (FTIR) spectroscopy to investigate the 
evolution of the plasma-catalytic NOCM on the CuO/CeO2 catalyst during the induction period. In 
Figure 5A, the bands at 2800-3000 cm-1 correspond to the stretching vibration of the C–H bonds 
(CH3*, CH2* and CH*) adsorbed on the CuO/CeO2 catalyst.74 The peaks of the gas-phase CH4 can 
be found at 3015 cm-1 and 1302 cm-1 (Figure S18).75 The bands at 1300–1500 cm-1 are generally 
related with the bending vibration of the C–H bonds. Specifically, the peaks at1378 cm-1 and 1465 
cm-1 are due to the C–H bending vibration of CH3* groups. The peak at 1687 cm-1 is usually 
assigned to the stretching vibration of the C=C bond,76, 77 and the intensity gradually increases, 
which indicates the gradually increased production of CH2=CH2 during the induction period. To 
clarify the intensities of the FTIR signal (2900-3050 cm-1) during the induction period, we divided 
the spectra into four groups (Stage 1, Stage 2, Stage 3, and Stage 4) over the plasma treatment time, 
as shown in Figure 5(B-E). In Stage 1 (0-9 min, Figure 5B), the asymmetric C-H stretching band of 
CH3* (2960 cm-1) is visible after 2 mins, due to the C2H6 formation. In Stage 2 (10-19 min, Figure 
5C), a very narrow band (2932 cm-1) emerges, corresponding to the asymmetric C-H stretching 
band of CH2*, which is lower than that of CH3*. In Stage 3 (20-28 min, Figure 5D), the intensity of 
the CH2* band gradually increases, while the CH3* band drops with prolonged plasma treatment 
time, even though the intensity of CH2* is still lower than that of CH3*. In Stage 4 (Figure 5E), i.e., 
after 28 mins of plasma ignition, the intensity of the CH2* characteristic peak increases continuously 
and surpasses the intensity of CH3*. The dynamic changes of CH3* and CH2* peaks over time imply 
the formation of Cu+-Ov-Ce3+ active sites on the CuO/CeO2 catalyst during the induction period. 
The Cu+-Ov-Ce3+ interface sites are capable of promoting dehydrogenation of CH3* (from CH4 
plasma) to produce CH2* on the catalyst surface, which possibly speeds up plasma-catalytic NOCM 
for C2H4 generation. In-situ FTIR results indicate that the peak at 2932 cm-1 corresponds to the C-H 
stretching vibrations of the methylene group (CH2*) of alkanes. This peak mainly arises from CH2* 
formed by the dehydrogenation of CH3* or from C2H5*. The peak at 2960 corresponds to the C-H 
stretching vibrations of alkane CH3* groups, primarily originating from CH3* or C2H5*. Because the 
intensity of the 2960 cm-1 peak decreases, the concentration of CH3* or C2H5* also decreases. 
Therefore, the increase in CH2* intensity can only be attributed to CH2* formed by the 
dehydrogenation of CH3* rather than C2H5*. Hence, the formation of C2H4 from the 
dehydrogenation of C2H5* can be ruled out (Figure S19B). Moreover, there was no significant vinyl 
(=C-H) vibration peak or changes observed at 3075-3095 cm-1 in the in-situ FTIR spectra, thus the 
formation of C2H4 from the hydrogenation of C2H3* can also be excluded. 



 
Figure 5. In-situ FTIR spectra. (A) Variation of the entire spectrum in the range 1000-4000 cm-1 with time on 
stream, to highlight the evolution of surface-adsorbed intermediates during the induction period, and locally 
enlarged spectra at 2900-3050 cm-1, during (B) stage 1 (1-9 min), (C) stage 2 (10-19 min), (D) stage 3 (20-28 min) 
and (E) stage 4 (29-40 min). 

 
In summary, in the plasma gas phase, the primary product is C2H6, which is generated by the 

coupling of CH3· radicals originating from electron impact dissociation of CH4. Although the 
pathway for C2H6 gradual dehydrogenation into C2H4 exists (Figure S8), it is not the main route for 
C2H4 formation (Figure S20). In contrast, it was observed by the in-situ FTIR that C1 species (CH2*) 
are adsorbed on the catalyst surface before forming higher hydrocarbons. As the reaction progresses, 
the intensity of CH2* gradually increases, along with an increase in C2H4 selectivity, which directly 
proves that C1 species couple on the catalyst surface to form C2H4 at the active sites of the catalyst. 



 In addition, the CH2* intensity and the rate of C2H4 production over time were plotted in 
Figure S21. The results show that at low intensities of CH2*, the rate of C2H4 production is also low. 
As the intensity of CH2* increases, the rate of C2H4 formation correspondingly escalates. This trend 
can be hypothesized to stem from the initial absence of Cu-O-Ce interface sites, which are crucial 
for the adsorption and subsequent dehydrogenation of CH3* to CH2*. As the reaction progresses, the 
concentration of Cu-O-Ce interface sites increases, enhancing the catalyst's capacity to adsorb CH3*. 
This results in a higher conversion of adsorbed CH3* to CH2* on the catalyst surface, thereby 
increasing the production of C2H4 through CH2* coupling. Consequently, the selectivity towards 
C2H4 gradually improves as the reaction proceeds. It is noteworthy that during the in-situ FTIR 
characterization, a catalyst wafer (0.05 g, 8 mm diameter) is employed, and thus, the interactions 
between plasma species and the catalyst are enhanced since it is easier for the plasma species to 
arrive at the catalyst surface, as opposed to a packed bed. Consequently, the induction period (ca. 
0.5 h) is much shorter than observed in the fixed bed reactor (ca. 2 h). 

As evidenced by the above characterization results, the Cu+-Ov-Ce3+ interface sites formed by 
reduction of CuO/CeO2 catalyst are favorable for CH4 conversion to C2H4. However, some Cu0 
species have also been produced in the induction period (Figure 2E, 2 F and 3A), and the role of 
Cu0 species in plasma-catalytic NOCM is still unclear. 

To elucidate the role of these Cu0 species, we pre-reduced the fresh CuO/CeO2 catalyst to 
obtain a metallic catalyst, in which Cu-Ov-Ce active sites can be formed through reduction. We 
tested the Cu/CeO2 catalyst in plasma-catalytic NOCM, as shown in Figure S22. The Cu/CeO2 
catalyst displays a somewhat better performance (6.7 % CH4 conversion and 40 % C2H4 selectivity, 
obtained after 100 mins) than the CuO/CeO2 catalyst (6.2 % CH4 conversion and 36.1 % C2H4 
selectivity, obtained after 115 mins). This means that deep reduction of CuO/CeO2 may produce 
more Cu-Ov-Ce active sites, which promotes plasma-catalytic NOCM to C2H4. Notably, there is 
however still an induction period for the metallic Cu/CeO2 catalyst. As the XRD patterns in Figure 
S23 show that the Cu/CeO2 catalyst contains only metallic Cu0 species, and has no Cu2O or CuO 
species, indicating a complete reduction, we can conclude from the low selectivity of C2H4 in the 
initial stage that metallic Cu0 is not the active species for C2H4 generation. However, some Cu2O 
species were observed in the spent Cu/CeO2 catalyst, which may be caused by oxygen transfer from 
CeO2 to metallic Cu0 during the reaction process. That is, some metallic Cu0 species are 
transformed into Cu2O (Cu+) species during the induction period of Cu/CeO2 catalyst for 
plasma-catalytic NOCM, explaining the rise in C2H4 selectivity. These results thus further 
demonstrate that Cu+ species on CeO2 surface, i.e., the Cu+-Ov-Ce3+ interfacial sites, are necessary 
to realize plasma-catalytic NOCM for C2H4 production. In Figure S24, compared to the fresh 
CuO/CeO2 catalyst, the relative intensity of the β peak of the pre-reduced Cu/CeO2 catalyst 
increases obviously, indicating the formation of more Cu-O-Ce interfacial sites. Furthermore, 
compared to the fresh Cu/CeO2 catalyst, the β peak for the spent Cu/CeO2 catalyst not only 
increases but also shifts to a higher temperature. This suggests that more Cu-O-Ce species are 



formed after CH4 plasma treatment, along with a stronger interaction between the CuOx species and 
the CeO2 support. In summary, after the H2 pre-reduction treatment, more Cu-O-Ce interfacial sites 
have be created. Furthermore, CH4 plasma treatment enhanced the Cu-O-Ce interaction and leads to 
more Cu+-Ov-Ce3+ active sites. 

 

 

Scheme 1. Plausible reaction mechanisms of plasma-catalytic non-oxidative coupling of methane to ethylene and 
hydrogen on Cu+-Ov-Ce3+ interfacial sites (OL: lattice oxygen; Ov: oxygen vacancy ). 

Possible reaction pathways involved in the non-oxidative coupling of CH₄ to C₂H₄ are 
illustrated in Scheme 1. Firstly, CH₄ dissociates in the gas phase through inelastic collisions with 
plasma energetic electrons (𝐶𝐻ସ + 𝑒 → 𝐶𝐻ଷ · +𝐻 · +𝑒). The C atom in CH₃· has an unpaired 
electron, giving it a tendency to form coordination bonds with coordinatively unsaturated metal ions. 
The reducibility of CeO₂ and CuO lead to the formation of oxygen vacancies (Ov) at the CuO-CeO₂ 
interface, resulting in the formation of Cu⁺-Ov-Ce³⁺ structure. The Ov provides adsorption sites for 
CH₃ · , and the coordinatively unsaturated Cu⁺ and Ce³⁺ can strongly coordinate with CH₃·, 
facilitating the cleavage of C-H bonds to produce adsorbed CH₂* and H* species. Hence, during the 
induction period, CuO/CeO₂ is partially reduced and modified by hydrogen species in the plasma, 
forming Cu⁺-Ov-Ce³⁺ species. Subsequently, an increasing number of CH₃· radicals are adsorbed at 
the Cu⁺-Ov-Ce³⁺ interfacial sites, where dehydrogenation occurs, leading to the formation of 
adsorbed CH₂*. As the adsorbed CH₂* species accumulate, coupling reactions occur between each 
other, resulting in the production of C₂H₄. Additionally, Cu sites helps weaken the adsorption 
strength of C₂H₄, promoting its desorption. Therefore, during the induction period, the quantity of 
Cu⁺-Ov-Ce³⁺ species increases, enhancing both the selectivity and production rate of C₂H₄. 

 

Conclusion 

We studied one-step non-oxidative coupling of methane (CH4) to ethylene (C2H4) at 
atmospheric pressure and mild temperature (ca. 180-190 oC), by a combination of non-thermal 
plasma and a CuOx/CeO2 catalyst, achieving 36.1% C2H4 selectivity and 6.2% CH4 conversion, and 
even slightly higher (40 % C2H4 selectivity and 6.7% CH4 conversion) when using a Cu/CeO2 
catalyst. Interestingly, we observed an induction period for the fresh CuO/CeO2 catalyst (as well as 



for the Cu/CeO2 catalyst) with gradually increased C2H4 selectivity. Characterization of the spent 
catalysts indicates that the CuO/CeO2 catalyst is partially reduced to generate Cu+, Ce3+ and Ov 
species, which accompany the formation of Cu+-Ov-Ce3+ sites. In addition, the C2H4 selectivity is 
proportional to the fraction of Cu+, Ce3+, Ov and Cu-O-Ce interfacial species, which indicates that 
Cu+-Ov-Ce3+ is the active site for non-oxidative coupling of CH4 to C2H4. Combination of our 
in-situ FTIR results and catalyst characterization indicates that Cu+-Ov-Ce3+ interface sites are 
capable of promoting dehydrogenation of CH3* (from CH4 plasma) to produce CH2* on the catalyst 
surface, which speeds up the NOCM for C2H4 production. Our work not only sheds light to the 
design of efficient catalysts for NOCM to C2H4, but also provides new insights into the dynamic 
evolution of a catalyst during plasma treatment, which is critical to understand the development of 
hybrid plasma-catalytic systems toward practical applications. 
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1. Experimental section 

1.1 Experimental Setup 

The non-oxidative coupling of methane (NOCM) reaction was carried out in a coaxial 
dielectric barrier discharge (DBD) reactor at atmospheric pressure, as shown in Figure S1. The 
inner diameter of the quartz reactor is 6 mm. An aluminum foil is wrapped around the outer tube 
and acts as the ground electrode. A stainless-steel rod (2 mm diameter), placed inside the quartz 
reactor, was used as the high-voltage electrode. The length of the discharge zone in the reactor was 
60 mm and the discharge gap was 2 mm. The catalyst was uniformly packed between the central 
high-voltage electrode and the ground electrode wrapped around the coaxial DBD reactor wall. 
Usually, in the experiment, we assume that all species can come into contact with the catalyst 
surface because the discharge was generated between the high-voltage electrode and the ground 
electrode. The bulk reaction temperature was controlled at 180 to 190 oC (detected by a 
thermocouple) by adjusting the applied power. The reaction temperature was also recorded by a 
thermal infrared imager, i.e., Forward Looking Infrared Radar (FLIR), which demonstrate that the 
temperature measured by FLIR is a little bit higher (ca. 5 oC) than that obtained by thermocouple. 
Typically, the flow rate of the feedstock was 20 mL/min (CH4: Ar = 1:1), which was controlled by 
two gas flow controllers. A sinusoidal AC power supply (Suman, CTP-2000K) was connected to a 
transformer. The initial power and the frequency of the DBD plasma were fixed at 15-16 W and 14 
kHz, respectively. The discharge parameters were collected by a digital phosphor oscilloscope 
(Tektronix, DPO 3012). The applied voltage of the plasma reactor was measured by a high-voltage 
probe (1000:1, P6015A, Tektronix). The voltage across the 0.1 μF capacitor was measured by a 
voltage probe (10:1, TPP0101, Tektronix), which was connected with the two sides of the capacitor. 
A current probe (Pearson 6585) was connected to the ground electrode to evaluate the current across 
the DBD plasma reactor. Analysis of the gas-phase reactive species was carried out by optical 
emission spectroscopy (OES), through the wall of the quartz tube. Emission of excited species in 
the range of 200-1100 nm was collected by an optical fiber. The exhaust gases were analyzed online 
by a mass spectrometer (MS, HIDEN DECRA) with Faraday detection mode, as well as an online 
gas chromatograph (GC, Tianmei GC7900), which was equipped with an FID detector and PLOT 
column (Al2O3, 50 m × 0.53 mm × 25 μm). The MS was mainly used for qualitative analysis to 
observe the variation of products, while the GC was mainly used to quantitatively analyze the 
effluent gases (CH4, C2H2, C2H4, C2H6, C3H6, C3H8, i-C4H8, and n-C4H10). The concentration of 
each species was calculated using an external standard method with standard curves obtained from 
calibrated gas mixtures. The change of gas flow rate after the reaction was measured using a flow 
meter, which is needed to quantitatively analyze the gas composition, and to achieve the exact 
conversion (CH4) and gaseous products selectivity, i.e, to account for gas expansion or contraction. 
The conversion of CH4, and the selectivity of the gas-phase products and coke are calculated based 
on the following equations.1 



Conversion of CHସ (%) = 
Moles of CH4 converted  

Moles of CH4 input  × 100%  

Selectivity of C௫H௬ (%) = 
Moles of C௫Hy produced ×x 

Moles of CH4 converted  × 100% 

 

Selectivity of Hଶ (%) = 
Moles of H2 produced ×0.5 

Moles of CH4 converted  × 100% 

Selectivity of coke (%) = 1 -  selectivity of C୶Hy

௫ୀସ
௫ୀଶ  

 

 
 
Figure S1. Schematic diagram of the experimental setup used for the plasma-catalytic non-oxidative 
coupling of methane to ethylene and hydrogen. 
 
 
 
 
 
 
 
 
 
 
 
 



1.2 In-Situ FTIR Reaction Cell 
 

 
 
Figure S2. Schematic diagram of the FTIR reaction cell for in-situ characterization of plasma 
catalysis. 
 

The surface functional groups of the catalyst and gas molecules were characterized using a 
Thermo Nicolet iS10 infrared spectrometer equipped with a rapidly recoverable detector containing 
heavy hydrogen triethylene glycol salts (DTGS). The instrument's resolution was set at 4.0 cm-1, 
with a scanning range from 4000 to 400 cm-1, and each scan was repeated 64 times. Catalyst 
samples weighing 0.05 g were initially ground to fine powder in a mortar and pestle, then pressed 
into self-supporting discs with a diameter of 8 mm, and subsequently placed into the infrared cell 
fitted with CaF2 windows. The plasma power source was activated, and the discharge mode was 
initiated to collect signals. The FTIR cell was heated by the plasma, and a thermocouple was 
employed to monitor real-time temperature.  
  



2. Catalyst preparation and characterization 

Catalyst preparation: All catalysts were prepared by wet impregnation of an aqueous solution 
onto CeO2 (commercial), which belongs to non-porous material with a small BET surface area (16.2 
m2 g-1) and pore volume (0.053 cm3 g-1). Indeed, this is clear from our nitrogen physisorption 
experiments (see Table S1 and Figure S3). While the adsorption-desorption isotherm exhibits an H3 
hysteresis loop, indicating the presence of slit-like pores within the structure, this can be explained 
by the extremely small grain size of CeO2. To achieve a uniform particle size for the packing 
material before the reaction, we formed CeO2 granules of consistent size through a physical 
pressing method. This process promotes the accumulation of CeO2 grains, leading to the formation 
of slit-like pores. Nevertheless, CeO2 is clearly a non-porous material, based on the small amount of 
N2 adsorption and the fact that the external surface area, indicated by nitrogen physisorption is 
greater than the BET surface area. This means that all Cu species are dispersed on the external 
surface of the support, and thus exposed to the plasma species, without severe presence of gradients 
in structure, chemical composition and morphology. Metal salts (Cu(NO3)3.3H2O, Sigma-Aldrich) 
were dissolved in distilled water, and then the support was added and stirred for 5 h at room 
temperature. After that, the solution was dried in air at 60 °C. The resulting solid lumps were 
crushed into powder, and then dried at 120 °C for 12 h before being calcined in air at 540 °C for 5 
h.  
 
Catalyst characterization: X-ray diffraction (XRD) patterns were recorded on a SmartLab 9KW 
X-ray diffractometer using Cu Kα radiation (λ=0.15406 nm). The X-ray tube was operated at 240 
kV and 50 mA. The data was recorded from 5o to 85o. The scanning speed was 10o /min with a step 
size of 0.02o. The microstructure characterization of the catalysts was examined by high resolution 
transmission electron microscopy (HRTEM) (Tecnai G2 F30 S-Twin), with an energy-dispersive 
X-ray spectrometer (EDXS), and by scanning transmission electron microscopy (STEM) with 
bright field (BF) and dark field (DF), at an accelerating voltage of 300 kV. The powdered catalyst 
was dispersed in ethanol, and the mixture was sonicated to obtain a monodisperse catalyst solution 
before dropping the solution on a TEM grid (ultrathin carbon membrane coated, 300 mesh). After 
drying, the samples were imaged. X-ray photoelectron spectroscopy (XPS) was conducted using a 
Thermo Fisher ESCALAB XI+ with a monochromatic Al Kα X-ray source (hv = 1486.6 eV) at a 
power of 150 watts and an analysis spot size of 500 micrometers. The pass energy of the wide-scan 
energy analyzer was fixed at 100 eV, while that of the narrow-scan energy analyzer was fixed at 20 
eV. Characterization of Cu species on the catalyst surface was performed by a UV-Visible (UV-Vis) 
spectrophotometer (UV-550, Agilent, USA) with integrating sphere attachment (built-in dra2500). 
Raman analysis was performed with a confocal micro-Raman spectrometer model in Via Qontor 
with radiation of 532 nm. The redox behavior of the catalysts was investigated by hydrogen 
temperature programmed reduction (H2-TPR) using a chemisorption instrument (Quantachrome 
ChemBET 3000). The TPR analysis was carried out in a H2/Ar mixture flow (10 % H2, 120 cm3 
/min) from room temperature to 1073 K with a heating rate of 10 K/min. The H2 concentration in 
the tail gas was monitored by the TCD, to indicate the H2 consumption as a function of temperature. 
Electron paramagnetic resonance (EPR) analysis was performed by a Bruker (E500) operating at 
the X d (∼9.42 GHz) at 100 K with liquid nitrogen and 100 kHz. 



                       
Figure S3. Characterization of CeO2 (A)the adsorption-desorption isotherms of N2, (B) HRTEM image, and (C) 

the small-angle XRD patterns. 
  



In Figure S3A, the adsorption-desorption isotherm exhibits an H3 hysteresis loop, indicating 
the presence of slit-like pores within the structure, this can be explained by the extremely small 
grain size of CeO2. To achieve a uniform particle size for the packing material before the reaction, 
we formed CeO2 granules of consistent size through a physical pressing method. This process 
promotes the accumulation of CeO2 grains, leading to the formation of slit-like pores. Nevertheless, 
CeO2 is clearly a non-porous material, based on the small amount of N2 adsorption and the fact that 
the external surface area, indicated by nitrogen physisorption is greater than the BET surface area. 
Moreover, in Figure S3B, CeO2 displays distinct and well-organized crystal diffraction patterns, 
which reflect the periodic structure and lattice parameters of CeO2 crystals. This observation further 
confirms that CeO2 is not a mesoporous material, since mesoporous materials are amorphous. In the 
XRD patterns, as shown in Figure S3C, no significant diffraction peaks appeared in the small-angle 
region, indicating that the CeO2 support is non-porous (Because porous materials usually exhibit 
one or more diffraction peaks in the small-angle region, with the positions and intensities of these 
peaks related to pore size and structure.). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



3. Comparison of plasma alone, Plasma + CeO2, and Plasma + CuO/CeO2. 

3.1 Reaction performance 

 

 

Figure S4. Comparison of C2H4 selectivity for the cases of Plasma alone, Plasma + CeO2, and Plasma + 
CuO/CeO2 with similarly CH4 conversion. ( reaction conditions: 10 wt % CuO loading, CH4/Ar = 1:1, flow rate = 
20 ml/min, 14 kHz discharge frequency) 

By adjusting plasma input power (10.0 W for plasma only, 15.5 W for plasma+CeO2, 15.4 W 
for plasma+CuO/CeO2), we obtained similar CH4 conversion for Plasma alone, Plasma+CeO2, and 
Plasma+CuO/CeO2. However, Plasma+CuO/CeO2 still show the best C2H4 selectivity,  
highlighting that the CuO/CeO2 catalyst is effective for producing C2H4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 

 

Figure S5. Comparison of performances between initial state and steady state in the case of Plasma + CuO/CeO2. 
(reaction conditions: 10 wt % CuO loading, CH4/Ar = 1:1, flow rate = 20 ml/min, weight of catalyst=1.08 g, 
WHSV=1.39 h-1, 15.4 W input power, 14 kHz discharge frequency) 
 

In Figure S5, the main products in the initial state are alkanes, with the highest selectivity for 
C₂H₆ (41.6%). The selectivity of the other hydrocarbon products—C2H4, C2H2, C3H8, C3H6, i-C4H10, 
n-C4H10 and coke—are 3.4%, 3.6%, 19.9%, 4.4%, 7.7%, 7% and 12.4%, respectively. In the steady 
state of the “Plasma + CuO/CeO2” system, the main product is C2H4 (36.1%), while the selectivity 
of the other hydrocarbons—C2H6, C2H2, C3H8, C3H6 and coke—are 26.3%, 1.9%, 8.3%, 4.3% and 
23.1%, respectively. Correspondingly, the selectivity of H₂ in the initial and steady states are 41.6% 
and 54.3%, respectively. 

 

 

 
 
 



 

Figure S6. Comparison of CH4 conversion and C-base product selectivity for the cases of Plasma alone, Plasma + 
CeO2, and Plasma + CuO/CeO2. (reaction conditions: 10 wt % CuO loading, CH4/Ar = 1:1, flow rate = 20 ml/min, 
15-16 W input power, 14 kHz discharge frequency) 

With similar plasma input power, the reduction in CH4 conversion (as shown in Figure S6) 
was mainly attributed to the high dielectric constant and insulating properties of the CeO2 support. 
These properties effectively suppress the electric field intensity and enhance the polarization effect, 
collectively reducing the discharge intensity, which in turn lowers the CH4 conversion rate.  

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure S7. Reaction stability for NOCM under Plasma+CuO/CeO2 system. 

Figure S7 shows the reaction stability of NOCM under the Plasma+CuO/CeO2 system. During 
the first 200 min of the reaction, the ethylene selectivity gradually increases while the ethane 
selectivity decreases. As the reaction continues, the ethylene selectivity starts to decrease and the 
ethane selectivity begins to increase. The methane conversion also gradually decreases, likely due 
to the accumulation of carbon deposits, which poisons the active sites of the catalyst. 

 

 

 

 

 

 

 

 

 

 

 



 

3.2 Gas chromatogram (GC) results 

 
Figure S8. Gas chromatogram (GC) profiles of the exhaust gas from “plasma + CuO/CeO2” (A) , peak area of 
C2H6 and C2H4 from GC profiles as a function of time on stream in (B), and comparison of conversion and 
selectivity for Plasma alone, Plasma + CeO2, and Plasma + CuO/CeO2 (C) (the steady state is reached after 115 
mins).  
 

Figure S8A shows the gas chromatogram (GC) profiles of the exhaust gas from “plasma + 

CuO/CeO2” with time on stream, and the peaks of C2H6 and C2H4 have been displayed. It can be 

seen from Figure S8B that the peak areas of C2H4 gradually increases with time on stream, 

surpasses that of C2H6 at ca. 75 min, and finally reaches a stable value at ca. 115 min. The above 

mentioned GC profiles show strong evidences for the gradually increased C2H4 selectivity in the 

case of “plasma + CuO/CeO2”.  

 

 

 

 

 

 

 

 



 

3.3 reaction pathways 

 

Figure S9. The possible reaction pathways for CH4 to C2 in the DBD plasma. 

 

The predominant reaction pathways for the production of C2 hydrocarbons in DBD plasma 
activation of CH4 are shown in Figure S9 Each color represents the type of reaction occurring. 
Among all generated species, radicals play a key role in determining the reaction pathways and the 
distribution of products inside the plasma. The activation of CH4 starts with electron impact 
dissociation to generate CHx radicals (CHx·).2, 3 Model calculations have pointed out that reaction 
(eି  +  CHସ → eି + CHଷ ∙ +H ∙) is responsible for 79% of the total electron impact dissociation of 
CH4, while reactions (eି  +  CHସ → eି + CHଶ ∙ +Hଶ) and (eି  +  CHସ → eି + CH ∙ +Hଶ + H ∙) are 
responsible for 15% and 5%, respectively.4 Similar results were reported by Yang.5  

 CHx· further undergo recombination reactions, producing C2H6, C2H4, and C2H2 
hydrocarbons.6, 7 On the other hand, successive dehydrogenation reactions of C2H6 are also possible 
steps for the production of C2H5·, C2H4, C2H3·, ,C2H2, and C2H·, forming C2H3· and 
C2H· intermediates,8 which subsequently contribute to the formation of deposits. 
 
 
 
 
 
 
 
 
 
 



 
 

3.4 Discharge parameters 
 

 
Figure S10. Comparison of discharge parameters for the cases of plasma alone, plasma + CeO2, and plasma + 
CuO/CeO2 catalyst. (A) Discharge voltage, (B) Current intensity, (C) Lissajous plots. (10 wt % CuO loading, 
CH4/Ar = 1:1, flow rate = 20 ml/min, 1.08 g packing material, WHSV=1.39 h-1, 15-16 W input power, 14 kHz 
discharge frequency) 
 

Figure S10 A indicates that the amplitude of the applied voltage increases from 4.6 kV (plasma 
alone system) to 6.4 kV (plasma + CuO/CeO2 system), while the discharge current intensity 
decreases from 3.1 mA to 2.4 mA (Figure S10 B). The discharge power remains fairly constant at 
15-16 W, despite the very different shape of the Lissajous plots, as shown in Figure S10 C. 
Consequently, to maintain equivalent power levels, the "plasma + CeO2" and the "plasma + 
CuO/CeO2" systems require the input of additional external voltage. 
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3.5 OES spectra 
 
 

   
Figure S11. Optical emission spectrum (OES) of a CH4/Ar discharge in (A) plasma alone, (B) plasma + CeO2, and 
(C) Plasma +CuO/CeO2. (10 wt % CuO loading, CH4/Ar = 1:1, flow rate = 20 ml/min, 1.08 g packing material, 
WHSV=1.39 h-1, 15-16 W input power, 14 kHz discharge frequency) 
 
 

Figure S11 illustrates the OES spectrum of the CH4/Ar plasma. The OES spectrum intensity of 
“plasma alone” (Figure S8 A) is higher than for “plasma + CeO2” (Figure S11 B) and “plasma + 
CuO/CeO2” (Figure S11 C). The peaks at 431.1 nm, 390 nm and 314 nm are assigned to the 
CH· species,9, 10 which are considered as precursors for amorphous carbon deposition. Besides the 
hydrocarbon radicals, excited hydrogen-related species, H2 (420 nm), Hβ (486.1 nm) and Hγ (434.1 
nm), and argon related species (690-850 nm) are also detected.10, 11  
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4. XRD patterns  

 

 
Figure S12. (A) X-ray diffraction (XRD) patterns of the catalysts; enlarged view of the (111) crystal plane (B), 

(200) crystal plane (C), (220) crystal plane (D), (311) and (222) crystal plane (E), and (400), (331), and (420) 

crystal plane (F) for CeO2. 

 
In XRD spectra, usually, compared with the reflection peak of CeO2, a slight shift is observed 

for the serial Cu-Ce binary oxides. This suggests that small Cu2+ ions dissolve into the CeO2 lattices, 
replacing the Ce4+ species. Considering that the radius of Cu2+ ion (0.073 nm) is smaller than that of 
Ce3+ (0.110 nm) or Ce4+ ion (0.097 nm), a Cu-Ce solid solution might be formed.12-16 Obviously, the 
diffraction pattern reflections of CeO2 systematically shifted to higher degree in CuO/CeO2-Fresh 
catalyst in Figure S12, suggesting that Cu2+ has been substituted into the CeO2 lattice17 and altered 
the unit cell parameter of CeO2, 18,19 because of the smaller ionic radius of Cu2+ (0.073 nm) than 
that of Ce4+ (0.097nm). The drop of lattice parameter calculated by XRD is presented in Table S2. 
However, the lattice parameters of CeO2 in CuO/CeO2-0.5h, CuO/CeO2-1h, and CuO/CeO2-2h 
catalysts in this experiment are larger, which could be explained because the modified metal and 
copper enter the CeO2 lattice, accompanied by the formation of more Ce3+, and the ionic radius of 
Ce3+ (0.110 nm) was larger than the ionic radius of Ce4+, which led to the larger cell parameters.20 
  



5. UV-vis spectra 

 
 

 
 

Figure S13. UV-vis spectra of the fresh and spent CuO/CeO2 catalysts 
 

In the UV-vis diffuse reflectance spectra (Figure S13), the broad band at 600-800 nm 
corresponds to the d-d transition of bulk CuO, indicating that bulk CuO was gradually reduced from 
the CuO/CeO2-Fresh samples during the 2 h reaction time. The absorption band (245-285 nm) 
corresponds to the ligand-metal charge transfer band of the Cu2+ fraction.11, 21 A sharp absorption 
band at 330 nm of Cu+ increases as the reaction progresses,21, 22 which can be well explained by the 
generation of asymmetric oxygen vacancies at the CuO-CeO2 interface during the induction period 
(formation of Cu+ -Ov-Ce3+ species). 
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6. Raman spectra 

 
 

 
Figure S14. Raman spectra of the fresh and spent CuO/CeO2 catalysts 

 
 
    The F2g band was observed to be slightly shifted from 462 cm-1 to 458 cm-1 (Figure S14), 
which can be ascribed to the fact that the doped CuO species and the formation of Cu-Ox-Ce species 
lead to the extension of the Ce−O bond lengths in the interface, resulting in the low-energy shifts in 
the Raman spectra. 23, 24 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



7. XPS spectra 

 

 
Figure S15. C1s XPS spectra of the CuO/CeO2 catalysts at different reaction times. 

 
 

The peaks of 284.8 eV and 288.7 eV are classified as graphitic carbon and oxidized carbon 
species, respectively. 25 
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8. Catalytic performance of CuO/Al2O3, CuO/SiO2 and CuO catalyst. 

 

 

Figure S16. Catalytic performance of CuO/Al2O3 and CuO/SiO2 catalysts in plasma-catalytic NOCM. (A) CH4 
conversion and C-based product distributions, (B) catalytic stability. (10 wt % CuO loading, CH4/Ar = 1:1, flow 
rate = 20 ml/min, 1.08 g packing material, WHSV=1.39 h-1, 15.4 W input power, 14 kHz discharge frequency) 
 

Figure S16 A shows the CH4 conversion and C-based product selectivity when CuO/SiO2 or 
CuO/Al2O3 catalysts were combined with the plasma. C2H6 is the main product for both CuO/SiO2 
and CuO/Al2O3 catalyst, while the C2H4 selectivity is as low as 5 %. Furthermore, as shown in 
Figure S16 B, no induction period is observed for the CuO/SiO2 and CuO/Al2O3 catalysts, which 
demonstrates the uniqueness of the CuO/CeO2 catalysts in plasma-catalytic NOCM reaction.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 

 

Figure S17. CH4 conversion and product selectivity for Plasma+CuO system 
 

Figure S17 illustrates the CH₄ conversion and product selectivity in the Plasma+CuO system. 
The primary products are alkanes. Compared to the plasma system, the CH₄ conversion experiences 
a slight decrease, while the selectivity for H₂ increases. CuO was synthesized by calcining copper 
nitrate at 540 oC for 3 hours. 
 
 
 
 
 
 
 
 
 
  



9. In-situ FTIR spectra on CuO/CeO2 catalyst 

 

 
Figure S18. In-situ FTIR spectra for NOCM to C2H4 in plasma over CuO/CeO2 catalyst. 

 
The IR spectra were obtained after subtraction of the background spectrum of the sample 

before adsorption. The peaks related to CH4 can be easily seen at wavenumbers of 3015 cm-1 and 
1302 cm-1, as shown in Figure S18. The 1300–1500 cm-1 band is associated with the C–H bending 
vibration, in particular, the peaks at 1378 cm-1 and 1465 cm-1 are due to the C–H bending of –CH3 

groups. The absorption band at 2800–3000 cm-1 is assigned to the C–H stretching vibration, and the 
two peaks at 2960 and 2870 cm-1 are due to the C–H stretching of CH3* groups, while the two 
peaks at 2932 cm-1 and 2850 cm-1 are classified to CH2* groups. The vibrational band at 1687 cm-1 
is assigned to π–bonded or σ–bonded C=C, which suggests the presence of CH2=CH2. 
 
 
 
 
 
 
 
 
 
 
 
 



10. C2H6 conversion and product selectivity in Plasma alone and 

Plasma+CuO/CeO2 system 

 
 

Figure S19. Ethane conversion and product selectivity in (A) Plasma alone system and (B) Plasma+CuO/CeO2 

system, (Feed flow rate =20 ml/min)  

 

Figure S19A presents the conversion and product selectivity of non-oxidative conversion of C2H6 in 
a plasma environment. The result indicates that the main product is C3H8. In other words, under the 
relatively mild temperature conditions of this system, C2H6 is more likely to produce C3H8 rather 
than C2H4. Figure S19B illustrates the conversion of C2H6 in the plasma + CuO/CeO2 system. As 
the reaction progresses, the selectivity for C2H4 gradually decreases. However, in the CH4 
conversion by plasma + CuO/CeO2 system (see Figure 1C in the main paper), the selectivity for 
C2H4 increases over time. This comparison clearly demonstrates that C2H4 is not (predominantly) 
produced from dehydrogenation of C2H6. Indeed, if C2H4 would be produced from the 
dehydrogenation of C2H6, then the selectivity for C2H4 should increase over time. The experimental 
results, however, show a decrease in C2H4 selectivity with time on stream. Therefore, in the CH4 
conversion by plasma + CuO/CeO2 system, C2H4 is not primarily produced from the stepwise 
dehydrogenation of C2H6. In Figure S19B, the initial oxidation state (CuO) favors C2H6 
dehydrogenation to produce C2H4. As the reaction progresses, CuO is gradually reduced to metallic 
Cu, leading to a decrease in C2H4 selectivity. This suggests that Cu sites are not conducive to C2H4 
production, which contradicts our experimental results. In addition, the conversion of C2H6 is very 
low, indicating that under the same conditions in CH4 plasma, the conversion of C2H6 is also very 
low and more prone to forming carbon deposits rather than C2H4. 
 
 
 
 



11. In-situ FTIR spectra on CeO2, CuO/Al2O3 , and CuO/SiO2 catalysts 

 

 

 

 
Figure S20. In-situ FTIR spectra for NOCM to C2H4 in plasma over (A ) CeO2 catalyst, (B ) CuO/Al2O3 catalyst, 

and (C ) CuO/SiO2 catalyst. 
 

Figure S20 presents the in-situ FTIR results for NOCM by the plasma+CeO2 system, 
plasma+CuO/Al2O3 system, and plasma+CuO/SiO2 system. It is evident that there are no 



discernible peaks at 1687 cm-1 corresponding to the C=C bond over time on stream. Furthermore, 
the peak at 2960 cm-1 for CH3* is consistently higher than the peak at 2932 cm-1 for CH2*, which 
aligns well with the experimental results indicating that the C2H6 selectivity is consistently higher 
than the C2H4 selectivity (refer to Figure S6 and Figure S16). If C2H6 dehydrogenation to C2H4 is a 
necessary process, then in these systems, all C2H6 resulting from CH3* coupling could undergo 
dehydrogenation to form C2H4. However, the negligible production of C2H4 indicates that C2H6 
dehydrogenation is not the predominant pathway in the plasma-assisted conversion of CH4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



12. The correlation between CH2* intensity and C2H4 synthesis rate 

 
Figure S21. CH2* peak intensity in in-situ FTIR spectra (A) and C2H4 synthesis rate (B) as functions of time on 

stream. (C) the correlation between CH2* intensity and C2H4 synthesis rate. 
 

Figure S21 (A,B) shows the CH2 intensity (obtained from in-situ FTIR) and the rate of C2H4 
production over time. As the reaction progresses, both the intensity of the CH2* vibration peaks and 
the rate of C2H4 production increase, showing a positive correlation. Note that during the in-situ 
FTIR characterization, a catalyst wafer (0.05 g, 8 mm in diameter) is used. Compared to the packed 
bed with 1.08 g of catalyst, it is easier for the plasma species to reach the catalyst surface in a 
shorter time because the interactions between the plasma species and the catalyst are enhanced. In 
Figure S21 C, we can observe that at low intensities of CH2*, the rate of C2H4 production is also 
low. As the intensity of CH2* increases, the rate of C2H4 formation correspondingly rises as well. 
We hypothesize that this trend stems from the initial absence of Cu-O-Ce interface sites, which are 
crucial for the adsorption and subsequent dehydrogenation of CH3* to CH2*. As the reaction 
progresses, the concentration of Cu-O-Ce interface sites increases, enhancing the catalyst's capacity 
to adsorb CH3*. This results in a higher conversion of adsorbed CH3* to CH2* on the catalyst 
surface, thereby increasing the production of C2H4 through CH2* coupling. Consequently, the 
selectivity towards C2H4 gradually improves as the reaction proceeds. 

 



13. Comparison of Cu/CeO2 and CuO/CeO2 catalyst 

 
 

 
 
Figure S22. Comparison of the C2H4 selectivity in plasma-catalytic NOCM for the Cu/CeO2 (pre-reduced) and 
CuO/CeO2 (without pre-reduction) catalysts with time on stream. 
 
  



14. Comparison of the Fresh and Spent Cu/CeO2 catalyst. 

 

 

Figure S23. XRD patterns of the fresh and spent Cu/CeO2 catalysts. 
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15. Comparison of the Fresh CuO/CeO, Cu/CeO and Spent Cu/CeO 

catalyst. 

 
 
 

 
Figure S24. H2-TPR spectra for fresh 10% CuO/CeO2, fresh 10% Cu/CeO2, and spent 10% Cu/CeO2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
Table S1 Texture properties of the CeO2 support and Cu-based catalysts 

 
 
 
 
 
 
 

Table S2. Main electron impact CH₄ dissociation reactions in DBD plasma, along with their threshold energy and the rate coefficient (calculated by integrating the 
energy-dependent cross section over the electron energy distribution function, f(e)). 

Reaction εth,a eV K,b cm3
/ s eି  +  CHସ → eି + CHଷ ∙ +H ∙ 8.8 f(ε),5 × 10ିଵ eି  +  CHସ → eି + CHଶ ∙ +Hଶ 9.4 f(ε),1.3 × 10ିଵଵ eି  +  CHସ → eି + CH ∙ +Hଶ + H ∙ 12.5 f(ε),1.0 × 10ିଵଶ 

a εth is the threshold energy and bk is the rate constant. 
 
 
 
 

Table S3 The Unit cell parameters of each catalyst calculated using Bragg equation. 

Catalysts Cell parameter for (111) crystal plane (Å) 

CeO2 5.3930 

CuO/CeO2-Fresh 5.3908 

CuO/CeO2-0.5h 5.4004 

CuO/CeO2-1h 5.4040 

CuO/CeO2-2h 5.4046 

Catalysts BET surface area  
(m2 g-1) 

Average pore 
diameter (nm) 

Pore volume 
(cm3 g-1) 

t-Plot External Surface 
Area (m2 g-1) 

CeO2 16.2 8.8 0.053 24.6 



 

 
Table S4. Chemical composition and properties of catalysts, as obtained from XPS, H2-TPR, and Raman spectra. 

 XPS H2-TPR Raman 

Catalyst Cu+/(Cu++Cu2++Cu0) (%) Ce3+/(Ce3++Ce4+) (%) Ov/(Ov+Olatt) (%) α/(α+β+γ) (%) β/(α+β+γ) (%) γ/(α+β+γ) (%) ID/IF2g (%) 

CuO/CeO2-Fresh - 4.8 19.7 13.3 31.0 55.7 287.6 

CuO/CeO2-0.5h 5.2 10.3 30.1 16.2 35.2 48.6 331.6 

CuO/CeO2-1h 7.5 14.8 44.2 14.8 40.7 44.5 352.5 

CuO/CeO2-2h 13.2 18.8 59.7 15.0 60.5 24.5 518.6 

Cu/CeO2 - - - 21.8 36.8 41.4 - 

 
 

Table S-5. the goodness-of-fit of the Cu 2p and the FWHM for the peak fitting 

 Goodness-of-fit 
(X2) 

FWHM for Cu 2p (peak position, eV) 

934.1 941.1 944.0 952.9 954.6 963.3 
Fresh 3.01 3.4 3.5 3.4 - 3.6 3.5 
0.5 h 2.16 4.3 3.1 3.4 3.3 4.7 3.0 
1 h 4.2 3.8 3.9 3.5 3.2 2.7 3.6 
2 h 4.5 3.43 3.5 3.4 3.3 3.6 3.5 

 
Table S-6. the goodness-of-fit of the Ce 3d and the FWHM for the peak fitting 

 Goodness-of-fit 
(X2) 

FWHM for Ce 3d (Peak position, eV) 
881.6 884.1 887.7 890.2 898.0 900.0 902.1 903.1 908.0 917.6 

Fresh 7.5 1.3 3.4 2.3 3.8 1.8 2.5 3.1 2.0 5.3 3.5 
0.5 h 6.6 1.9 3.4 2.3 3.9 2.2 2.3 3.5 1.9 5.8 3.4 
1 h 7.4 1.8 3.3 3.2 4.0 2.2 2.4 3.3 2.5 6.3 3.6 
2 h 7.2 2 3.5 2.2 4.0 2.1 2.7 2.9 2.2 6.2 3.5 

 



 

Table S-7. the goodness-of-fit of the O 1s and the FWHM for the peak fitting 
Goodness-of-fit 

(X2) 
FWHM for O 1s (Peak position, eV) 

529.2 531.3 
2.4 1.6 3.1 
2.2 1.6 2.6 
2.7 1.6 2.9 

2.1 1.4 3.0 
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