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ABSTRACT  

Direct conversion of CO2 and CH4 into value-added oxygenates under mild conditions is highly 

desirable since it has great potential to deliver a sustainable low-carbon economy and a 

carbon-neutral ecosystem. However, tuning the distribution of oxygenates in this process remains a 

major challenge. Here, the electronic structure and acidic properties of copper-based catalysts were 

exploited as strategies to tune the distribution of oxygenates (alcohols and acids) in the 

plasma-catalytic conversion of CO2 and CH4 at a reaction temperature of 60 oC and atmospheric 

pressure. We use support, on which copper is anchored, to regulate the distribution of Cu2+ and Cu+ 

in the Cu-based catalysts. Comprehensive characterization of the catalysts together with the reaction 

performances reveals that Cu2+ species are favorable to the formation of alcohols, whereas Cu+ 

species are critical to enhancing acetic acid production. Furthermore, the Brønsted acid sites of 

HZSM-5 significantly improved the selectivity of acetic acid, while the synergy of isolated Cu+ 

center and Brønsted acid sites, developed via Cu-exchange HZSM-5, exhibits potential for acetic 

acid formation. Finally, possible pathways for the formation of alcohols and acetic acid have been 

discussed. This work provides new insights into the design of highly selective catalysts for tuning 

the distribution of alcohols and acids in the plasma-catalytic conversion of CO2 and CH4 to 

oxygenates.  
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1. Introduction 

 As the primary long-term drivers of climate change, the concentrations of the greenhouse gases 

CO2 and CH4 in the atmosphere are growing continuously, as reported by the Global Monitoring 

Division of NOAA/Earth System Research Laboratory. Climate change makes it more attractive to 

reutilize CO2 and CH4 for the development of a carbon-neutral ecosystem. Great efforts are being 

directed at the chemical transformation of CO2 and CH4 into syngas [1-6], a mixture of CO and H2, 

that can be subsequently converted to fuels and chemicals using existing commercial processes 

[7-11]. However, this indirect route for CO2 and CH4 utilization is energy-intensive due to the high 

thermodynamic stability of the two molecules. Therefore, developing a single-step approach to 

convert CO2 and CH4 to fuels and chemicals under mild conditions, instead of syngas being the 

intermediary, is highly desirable.  

Non-thermal plasma (NTP) has been proved to be an effective way to directly convert CO2 and 

CH4 into high-value oxygenates such as alcohols, acids, ketones and aldehydes, under mild 

conditions through overcoming thermodynamic and kinetic limitations [12-14] and thus bypassing 

the process of syngas production. Earlier studies on converting CO2 and CH4 to oxygenates were 

carried out by Liu and co-workers using a dielectric barrier discharge (DBD) reactor. They found 

that the total selectivity of oxygenates, which included alcohols, acids, ketones, and aldehydes, 

changed with plasma parameters and reaction conditions, such as discharge gap, CH4/CO2 feed ratio, 

and starch as a dielectric layer. Pasting corn starch on the surface of the quartz tube reactor 

enhanced the formation of oxygenates, while inhibiting the generation of liquid hydrocarbons from 

CH4 and CO2 [15, 16]. Tosi et al. investigated the synthesis of acids from a CO2-CH4 DBD plasma, 

and discovered that the ratio of propanoic-butanoic acids to acetic acid increased with discharge 

duty cycle. In addition, Ni and Cu electrodes produced more carboxylic acids, particularly formic 

acid, than stainless steel. Furthermore, the possible mechanisms for acid generation were 



investigated by density functional theory (DFT) calculations [17-19]. Torsten et al. revealed the 

importance of O2 in the formation of methanol and formaldehyde during the plasma conversion of 

CO2 and CH4 in a DBD reactor using He as a diluent gas [20]. Krawczyk et al. reported that only 

methanol and ethanol were produced in the plasma-catalytic reaction of CO2 and CH4 with and 

without packing materials (i.e., Al2O3, Fe/Al2O3, NaY and NaZSM-5) in a DBD reactor, and the 

highest selectivity of alcohols (< 3.5%) was obtained in the non-packing system [21]. Rahmani et al. 

discovered that oxygenates produced in the plasma reforming of CO2 and CH4 contained 10 liquid 

fuels such as alcohols, ketones, and light organic acids. The formation of oxygenates decreased 

when the Ar addition was higher than 33%, and the total yield of oxygenates represented 2-4% of 

the total mass of the products [22]. Shirazi et al. performed DFT calculations to investigate the 

pathway in the plasma conversion of CO2 and CH4 to methanol on a crystalline Ni(111) surface [23], 

and they found that aldehydes were preferably formed in a CH4/CO2 DBD reactor in comparison 

with alcohols using a one-dimensional fluid model [24]. In addition, Lambert et al. reported 

formaldehyde generation with a selectivity of 11.4% in the plasma-catalytic conversion of CO2 and 

C2H6 over BaTiO3 supported vanadia/alumina catalysts [25]. Similar studies were also carried out 

by Chen and co-workers, who found that alcohols, aldehydes, and acids could be obtained with a 

maximum total oxygenate selectivity of 12%, which agreed with the results of chemical kinetic 

modeling [26]. 

Very recently, significant progress has been made in plasma-driven CO2 and CH4 conversion to 

oxygenate, with a focus on catalyst investigations. Li et al. reported that packing Fe/SiO2 or 

Co/SiO2 catalyst into a DBD reactor greatly increased the formation of oxygenates to 40% 

selectivity, with methanol and acetic acid being the main products, whereas syngas and C2-C5 

gaseous hydrocarbons were generated as the main products in the non-packing mode [27]. They 

also found that Fe/SiO2 promoted the generation of alcoholic products, while Co/SiO2 favored the 



formation of acids and long-chain products. Song et al. investigated the effect of catalysts’ acidic 

properties on the total selectivity of oxygenates and carbon deposition in the plasma-catalytic 

conversion of biogas (a mixture of CO2 and CH4) [28], and the Pt/UZSM5 catalyst with a 100% 

ratio of weak acidic sites exhibited an oxygenates selectivity of up to 60%, including formaldehyde, 

methanol, ethanol, and acetone, implying that a high ratio of weak acidic sites benefits the 

formation of oxygenates. Shao and co-workers reported that packing Ni-based catalysts into the 

plasma region achieved around 30% selectivity of oxygenates, which is dependent on the 

microstructures, surface compositions, and reducibilities of the catalysts [29]. Our previous work 

achieved a liquid selectivity of 50-60% with acetic acid being the major liquid product through the 

development of a novel DBD reactor with a special water ground electrode [30]. 

Despite great advances in the direct conversion of CO2 and CH4 to oxygenates using plasma 

technology, significant challenges remain. Firstly, the oxygenates that have been obtained to date 

consist of alcohols, acids, ketones, and aldehydes, and how to tailor the distribution of oxygenates is 

yet unclear. Second, current research on the catalyst design for this process is still in its infancy, and 

the correlation between catalytic active sites and specific oxygenate is still missing.  

Herein, a series of Cu-based catalysts were synthesized and tested in the conversion of CO2 and 

CH4 to oxygenates using a dielectric barrier discharge (DBD) plasma reactor at a reaction 

temperature of 60 oC and atmospheric pressure. The influence of the Cu-based catalysts, i.e., the 

electronic structure and acidity, on the formation of alcohols and acids was investigated. We use the 

support on which copper is anchored, i.e., Al(OH)3, Mg(OH)2, SiO2, TiO2 and HZSM-5 zeolite, to 

tune the valence state of copper species in the Cu-based catalysts, and use the preparation method of 

ion exchange and impregnation to regulate the valence state and Brønsted acid sites of the 

Cu/HZSM-5 catalyst. The correlations between acids/alcohols and copper valence state are well 

established. Cu2+ was found to be more favorable for the formation of alcohols, whereas Cu+ 



contributes more to the production of acetic acid. Moreover, in addition to Cu+, Brønsted acid sites 

of HZSM-5 can significantly improve the selectivity of acetic acid.   

2. Experimental 

2.1 Catalyst preparation  

The catalysts with 10 wt.% Cu loading were synthesized using an incipient wetness impregnation 

method (IM). The HZSM-5 support was first calcined at 400 oC for 5 h to remove the impurities 

(e.g., adsorbed H2O). The precursor Cu(NO3)2·3H2O was dissolved in deionized water, followed by 

the addition of HZSM-5 powder under stirring. After 5 h of aging at room temperature, the sample 

was dried at 120 oC overnight. Finally, the sample was calcined at 540 oC for 5 h in air, and the 

catalyst is noted as Cu/HZSM-5. Other catalysts, i.e., Cu/Al(OH)3, Cu/Mg(OH)2, Cu/SiO2 and 

Cu/TiO2, were synthesized using the same method. 

The Cu/HZSM-5 catalyst was also prepared using an ion exchange method (IE). The HZSM-5 

zeolite was first calcined at 400 oC for 5 h to remove the impurities (e.g., adsorbed H2O), and the 

precursor Cu(NO3)2·3H2O was dissolved in deionized water before adding HZSM-5 powder under 

stirring. The suspension was stirred at 80 oC for 2 h, before being filtered and washed with 

deionized water, and the process was repeated twice. Finally, the paste was dried at 120 oC for 12 h 

before being calcined in air at 540 oC for 3 h. The resulting sample is denoted as Cu/HZSM-5 (IE), 

while the Cu/HZSM-5 catalyst prepared by the incipient wetness impregnation method is denoted 

as Cu/HZSM-5 (IM). The as-prepared catalysts were used directly for plasma-catalytic conversion 

of CO2 and CH4 without any pretreatment.  

2.2 Catalytic tests 

Conversion of CO2 and CH4 was carried out in a dielectric barrier discharge (DBD) catalytic 

reactor at low temperatures and atmospheric pressure, as illustrated in Fig. S1. The DBD reactor 



was made up of two coaxial glass cylinders with water circulating between the inner and outer 

cylinders, as well as two coaxial electrodes. The circulating water served as the ground electrode 

and was controlled at around 60 oC by a thermostat water bath. The inner high voltage electrode 

was a stainless-steel rod with an outer diameter (o.d.) of 2 mm, fitted along the axis of the inner 

glass tube (10 mm o.d. × 8 mm i.d.), which also functioned as the dielectric material. The discharge 

length was 40 mm, with a 3 mm discharge gap, and the catalyst (20-40 mesh) was packed into the 

entire discharge area. The temperature of catalyst bed was measured to be in the range of 60-140 oC 

using a thermal infrared camera, as shown in Fig. S2. The DBD reactor was powered by an 

alternating current (AC) high voltage power source with a maximum peak voltage of 30 kV and a 

variable frequency range of 7-15 kHz. In this work, the flow rate of CO2 and CH4 was controlled by 

mass flow controllers with a CH4/CO2 ratio of 1:1 at a total flow rate of 40 mL/min. The frequency 

was set at 9 kHz, and the reaction lasted 2 h. A four-channel digital oscilloscope (Tektronix, DPO 

3012) with a high-voltage probe (Tektronix, P6015) and a current probe (Pearson 6585) was used to 

record the electrical signals. A cold trap consisted of anhydrous ethanol and liquid nitrogen was 

connected to the exit of the reactor to condense liquid products, which were quantified using a gas 

chromatograph (Shimadzu GC-2014C) equipped with a flame ionized detector (FID) with an FFAP 

column. The gaseous products were analyzed using an online gas chromatograph (Shimadzu 

GC-2014C) equipped with a thermal conductivity detector (TCD) and a FID. The change in gas 

volume before and after the reaction was monitored using a flowmeter. 

 In this study, the conversion of CO2 and CH4, as well as the selectivity of main gaseous products 

(CO, C2-C4 hydrocarbons) and major liquid products (acetic acid and C1-C4 alcohols) are used as 

performance indicators. The specific calculation methods are shown as follows.  

X!"!(%) =
moles	of	CO#	converted
moles	of	initial	CO#

× 100% 



X!$"(%) =
moles	of	CH%	converted
moles	of	initial	CH%

× 100% 

S!"(%) =
moles	of	CO	produced

moles	of	CH%	converted + moles	of	CO#	converted
× 100% 

S!#$$(%) =
x × moles	of	C&H'	produced

moles	of	CH%	converted + moles	of	CO#	converted
× 100% 

S"&'()*+,)-(%) = 100% − (S!"	+	S!#$$)	− ca. 10% carbon deposition 

S!$%!""$(%) =
2 ×moles	of	CH.COOH	produced
moles	of	total	oxygenates	produced × S"&'()*+,)- 

S!&'""$(%) =
carbon	number × moles	of	alcohols	produced

moles	of	total	oxygenates		produced × S"&'()*+,)- 

2.3 Catalyst Characterization 

The physicochemical properties of the as-prepared catalysts were analyzed using following 

techniques. The crystalline structure of the catalysts was determined by X-ray powder diffraction 

(XRD) using an X-ray diffractometer (Rigaku D-Max 2400) with Cu Kα radiation (λ = 0.15406 nm). 

The scanning range was from 5 to 80 (2θ), with a step size of 0.02 min-1 and a scanning speed of 10 

min-1. The valence state and chemical environment of copper species of the catalysts were 

examined by X-ray photoelectron spectroscopy (XPS) using a Thermo ESCALAB Xl+ 

spectrometer. High-resolution transmission electron microscopy (HRTEM) images of the catalysts 

were recorded using a JEOL-JSM-2100F (Tecnai G2 F30 S-Twin) with an energy dispersive X-ray 

spectrometer (EDXS) at an accelerating voltage of 200 kV. Scanning transmission electron 

microscopy-high angle annular dark field (STEM-HAADF) analysis was performed using the same 

apparatus as HRTEM. The redox properties of the catalysts were investigated by hydrogen 

temperature-programmed reduction (H2-TPR) using a chemisorption instrument (Quantachrome 

ChemBET 3000). TPR measurements were carried out in an H2/Ar mixture flow (10 vol.% H2, 120 



ml/min) from room temperature to 800 oC at a heating rate of 10 oC/min. A TCD detector measured 

the H2 concentration in the tail gas, which reflected the H2 consumption as a function of 

temperature. The acidity of the catalysts, i.e., the amount, strength, and type of acid sites, was 

studied by NH3 temperature-programmed desorption (NH3-TPD) and Pyridine adsorption FTIR 

(Py-FTIR). NH3-TPD was performed using the same system as for H2-TPR. The sample was purged 

with NH3 for 1 h at 100 oC, followed by purging with He to remove NH3 physically adsorbed on the 

catalyst. Finally, the sample was heated to 800 oC under the flowing He and the composition of the 

effluent gas was measured by a TCD detector. Py-FTIR spectra in absorbance mode were collected 

accumulating 64 scans with 4 cm-1 resolution on a Nicolet 6700 spectrometer equipped with an 

MCT cryodetector, cooled by liquid nitrogen. All samples were pressed into the form of 

self-supporting wafers and pretreated in situ for 4 h under vacuum conditions (10-3 Pa) in a 

homemade quartz IR cell with CaF2 windows at 673 K. Subsequently, pyridine vapor was exposed 

to the sample at room temperature for 30 min and then the system was outgassed at 200 oC for 30 

min, before being cooled to room temperature for measurement. 

2.4 Plasma diagnostics 

The emission spectra of the CO2-CH4 plasma at different conditions were recorded using a 

Princeton Instruments ICCD spectrometer (SP2758) in the 200-1200 nm range via an optical fiber 

facing the outside wall of the DBD reactor. The slit width and grating of the spectrometer were set 

to 20 μm and 300 g mm−1, respectively. 

3. Results and Discussion 

3.1 Distribution of oxygenates versus valence state of copper 

Oxygenates, i.e., acetic acid (CH3COOH), alcohols (C1-C4OH), acetaldehyde (CH3CHO) and 

acetone (C3H6O), with acetic acid and alcohols being the major products were directly 



produced at mild conditions in this study, correspondingly denoted as R-COOH and R-OH. 

A small amount of acetaldehyde and acetone were also detected with selectivities less than 2% and 

1%, respectively. Furthermore, no C5+ hydrocarbons were produced during this process. Therefore, 

our focus in this study is to get new insights into the formation of R-OH and R-COOH, as 

the formation of other liquid products is limited. Fig. 1 shows the effect of Cu-based 

catalysts and the corresponding supports on the generation of R-OH and R-COOH. Clearly, 

there is no rule regarding the effect of supports on the selectivity of oxygenates when 

packing pure support material into the DBD reactor. The distribution of R-OH and R-COOH 

selectivity, however, changed regularly after anchoring copper on the corresponding support. 

That is, the selectivity of R-OH using the Cu-based catalysts decreased in the order of 

Cu/Al(OH)3 > Cu/Mg(OH)2 > plasma only > Cu/SiO2 > Cu/TiO2 > Cu/HZSM-5 > HZSM-5, 

whereas the selectivity of R-COOH decreased in the opposite order. Therefore, Cu anchored 

to these materials can significantly tune the distribution of oxygenates. Moreover, when 

compared to the reaction using plasma only, the coupling of DBD with Al(OH)3, 

Cu/Al(OH)3 or Cu/Mg(OH)2 favored the production of R-OH, but inhibited the formation of 

R-COOH. This phenomenon was more pronounced for Cu/Al(OH)3. On the contrary, using 

Cu/HZSM-5 or HZSM-5 inhibited the formation of R-OH whilst enhancing the production 

of R-COOH. It is worth noting that packing Mg(OH)2 or TiO2 into the plasma area had a 

clear negative effect on the formation of oxygenates, but the generation of oxygenates was 

greatly enhanced by anchoring Cu.  

In addition, all of the cases gave a similar distribution of gaseous products, with CO and 

C2-C4 hydrocarbons being the most common gaseous products (Fig. S3). Moreover, Cu 

anchored on the supports slightly influenced the conversion of CO2 and CH4, as shown in 

Fig. 1(c) and (d). However, the CH4 conversion was almost twice the CO2 conversion in all 



cases, which agrees well with the results of the 0D chemical kinetic modeling of the 

CO2/CH4 plasma reaction [31]. A possible explanation for the lower CO2 conversion than 

CH4 is the regeneration of CO2 in plasma. Yao et al. reported that CO2 can be easily regenerated 

through the reaction CO + OH → CO2 + H in CO2/CH4 plasma [32], but Bogaerts et al. 

reported the charge transfer reaction, CO2+ + CH4 → CH4+ + CO2, contributes to 99% of the 

regeneration of CO2, which is considered to be the main reason for lower CO2 conversion 

than CH4 [31]. 

 

Fig. 1. Performance of plasma-catalytic conversion of CO2 and CH4. (a) and (b) Selectivity of 

oxygenate with packing Cu-based catalyst and corresponding support into plasma area, respectively. 

(c) and (c) Conversion of CO2 and CH4 with packing Cu-based catalyst and corresponding support 

into plasma area, respectively (discharge power 12 W, discharge frequency 9 kHz, total flow rate 40 

mL/min, CO2/CH4 = 1:1, 60 oC circulating water, 1 atm pressure). 

To understand the difference in the selectivity between R-OH and R-COOH over 

Cu-based catalysts in Fig. 1(a), a series of techniques, such as XRD, XPS, HRTEM, H2-TPR 



and NH3-TPD, were used to characterize the as-prepared catalysts. As inferred from XRD 

profiles in Fig. 2(a), the as-prepared Cu-based catalysts show exclusively CuO phase with 

dominate characteristic peaks at 35.5° and 38.8° (JCPDS 48-1548), assigned to (11-1) and 

(111) plane of CuO, respectively [33].  

Fig. 2(b) displays the reducibility of the as-prepared Cu-based catalysts changed when 

using different supports, reflecting the different interactions between copper species and 

support, i.e., Cu-O-M interfaces are formed (M is Al, Mg, Si, Ti and Al/Si). The 

Cu/Mg(OH)2 catalyst showed the highest reduction temperature, revealing that Mg(OH)2 has 

the strongest interaction with copper species. By contrast, Al(OH)3 and HZSM-5 exhibited 

weak interactions with copper species. Except for Cu/HZSM-5, other Cu-based catalysts 

showed a broad reduction peak, which can be assigned to the reduction of crystalline CuO 

since it follows a one-step reduction mechanism, i.e., CuO + H2 → Cu0 + H2O. Whereas the 

reduction of copper species on Cu/HZSM-5 is more complicated since it contains the 

reduction of both crystalline CuO and isolated Cu2+ species. In contrast to crystalline CuO, 

the reduction of isolated Cu2+ species is characterized by a two-step mechanism, i.e., Cu2+ 

+1/2H2 → Cu+ + H+ and Cu+ +1/2H2 → Cu0 + H+ [34-36]. Thus, the results of H2-TPR 

reveal the crystalline CuO is the major copper species in as-prepared catalysts, which is 

consistent with the CuO crystalline phase detected in XRD patterns.  

 



Fig. 2. XRD patterns (a) and H2-TPR profiles (b) of the as-prepared Cu-based catalysts.  

 

 

 

Fig. 3. High-resolution TEM images of the as-prepared Cu-based catalysts. 



Furthermore, the HRTEM images of the catalysts showed the lattice fringes of CuO (Fig. 

3), with d-spacings of 0.25 nm and 0.23 nm, respectively, obtained from interference fringes, 

representing CuO (11-1) and CuO (111) plane, respectively. Apart from the cases of Al(OH)3 

and SiO2 supports, the interfaces between CuO and catalyst supports can be observed in 

their HRTEM images, which confirms the formation of Cu-O-M interfaces as inferred from 

H2-TPR profiles,. Because both Al(OH)3 and SiO2 are amorphous, it is difficult to observe 

the interface between CuO and Al(OH)3 or SiO2 through the lattice plane in their HRTEM 

images. 

 

Fig. 4. XPS spectra of Cu-based catalysts. (a) Deconvoluted Cu 2p3/2 XPS spectra, (b) Cu 2p 

XPS spectra (To compare the peak area of the Cu2+ satellite visually, Cu 2p XPS spectra of 

all catalysts were calibrated to the same surface copper amount according to the surface Cu 

concentration obtained from XPS analysis), (c) Mole ratio of R-COOH/R-OH 

(CH3COOH/C1-C4OH) as a function of Cu+ percentage obtained in Fig. 4(a).  



In addition to crystalline CuO as identified above, Cu 2p3/2 XPS fitting curves shown in 

Fig. 4(a) reveal that surface Cu species in all as-prepared catalysts exist in both Cu2+ and 

Cu+ forms [37, 38]. However, the relative distribution of Cu2+ and Cu+ varied with the type 

of the support according to the deconvolution of the Cu 2p3/2 major peak, and the amount of 

Cu2+ species followed the descending order of Cu/Al(OH)3 > Cu/Mg(OH)2 > Cu/SiO2 > 

Cu/TiO2 > Cu/HZSM-5. Moreover, the amount of Cu2+ can also be estimated from the peak 

area of the Cu2+ satellite peak, since the Cu2+ species are featured by its large satellite peak, 

whereas satellite peaks are absent in the spectra of Cu+ or Cu0 species. As shown in Fig. 4(b), 

the peak area of the Cu2+ satellite peak, with binding energies between 940 and 945 eV, 

decreased in the order of Cu/Al(OH)3 > Cu/Mg(OH)2 > Cu/SiO2 > Cu/TiO2 > Cu/HZSM-5, 

which agrees well with the changing tendency of Cu2+ amount obtained by deconvolution of 

Cu 2p3/2 main peak. Among these as-prepared catalysts, the copper supported on Al(OH)3 

had the most surface Cu2+ and the least surface Cu+, whereas the copper supported on the 

HZSM-5 zeolite showed the complete opposite results.  

In addition, Fig. 4 (a) shows that the binding energy of the Cu 2p3/2 varied with support, 

with varying magnitudes. When comparing Cu/Al(OH)3 to Cu/Mg(OH)2, a noticeable shift 

to lower binding energy of Cu2+ was observed, which can be further confirmed by the 

down-shift binding energy of the Cu2+ satellite peak. Espinós et al. found that the binding 

energies of copper supported metal oxides are very sensitive to copper dispersion and the 

type of support on which copper is deposited, i.e., the nature of interactions between copper 

oxide and support [37]. In this study, all of the Cu-based catalysts had a comparable average 

particle size of CuO in the range of 22-25 nm calculated by Scherrer’s formula (Tab. S1). 

Thus, the variance in Cu 2p3/2 binding energy in this study was mainly caused by the varied 

chemical natures of the supports, as evidenced by the H2-TPR results (Fig. 2(b)). Obviously, 



the interaction of CuO with support varied depending on the type of support, with Mg(OH)2 

having the strongest interaction with CuO, whereas Al(OH)3 showed the weakest interaction 

with CuO (Fig. 2(b)). This explains the huge difference in Cu 2p3/2 binding energy between 

Cu/Mg(OH)2 and Cu/Al(OH)3. 

It is worth noting that the correlations between the molar ratio of R-COOH/R-OH and the 

valence state of copper, indicated by the Cu+ percentage of the Cu+ and Cu2+, are well 

established, as shown in Fig. 4(c). The ratio of R-COOH/R-OH increased with the amount 

of Cu+, demonstrating an approximately linear relationship. This finding suggests that Cu2+ 

species are beneficial to the formation of R-OH, whereas Cu+ species are desirable to form 

R-COOH. Among these Cu-based catalysts, Cu/Al(OH)3 possessed the largest quantity of 

Cu2+. This explains why, in the case of plasma only, the distribution of oxygenates shifted 

significantly from a mixture of R-OH and R-COOH, towards almost exclusively R-OH 

when packing Cu/Al(OH)3 into the plasma zone, as shown in Fig. 1(a). By contrast, 

Cu/HZSM-5 with the highest Cu+ content demonstrated strong activity toward R-COOH 

formation. This finding suggests that the valence state of copper is one of the crucial factors 

to improve the distribution of oxygenated products in plasma-catalytic conversion of CO2 

and CH4. 

The best catalysts for the formation of alcohols and acetic acid in this study were 

Cu/Al(OH)3 and Cu/HZSM-5, respectively. Thus, these two catalysts were analyzed by XPS 

after the reaction, as shown in Fig. S4. The Cu2+ content of the Cu/Al(OH)3 catalyst 

decreased after the reaction, but a visible peak of Cu2+ satellite peak emerged on 

Cu/HZSM-5, indicating a slight increase in Cu2+ content. Furthermore, there is no peak shift 

in Cu 2p2/3 spectra on Cu/HZSM-5 before and after the reaction.  

 



3.2 Distribution of oxygenates versus copper-acidity synergy 

Interestingly, pure HZSM-5 support was found to be the most beneficial catalyst for the 

formation of acetic acid (Fig. 1(a)), but its activity toward acetic acid generation decreased 

after anchoring Cu, although Cu/HZSM-5 had the highest Cu+ amount. To be explicit, the 

Cu/HZSM-5 catalyst was also prepared using the ion exchange method (IE), and its catalytic 

performances are compared with those of Cu/HZSM-5 (IM) in Fig. 5.  

 

Fig. 5. Effect of Cu/HZSM-5 prepared by IM and IE methods on the production of R-OH 

(C1-C4OH) and R-COOH (CH3COOH) in the plasma-catalytic conversion of CO2 and CH4. 

Apparently, the method for the preparation of Cu/HZSM-5 had a significant influence on 

the selectivity of R-OH and R-COOH. The Cu/HZSM-5 (IE) catalyst inhibited the formation 

of R-OH, but greatly enhanced the generation of R-COOH, resulting in higher total 

selectivity of oxygenates. Based on the XRF results (Tab. S2), the copper efficiencies of the 

Cu/HZSM-5 catalysts prepared by IE and IM methods, expressed by the mole numbers of 

the produced oxygenate per mole copper, are given in Fig. 5. The Cu/HZSM-5 (IE) clearly 

showed a much higher copper efficiency than the Cu/HZSM-5 (IM), especially in terms of 

R-COOH production. In addition to hihger R-COOH selectivity, the conversion of CO2 was 

also enhanced, as shown in Fig. 5(b), and the gap between the conversion of CO2 and CH4 

was narrowed by using the Cu/HZSM-5 (IM) catalyst. This finding in turn supports the 



increased selectivity of R-COOH over Cu/HZSM-5 (IE), since the stoichiometric ratio of 

CH3COOH formation from CO2 and CH4 molecules is 1:1, which means that the selectivity 

of CH3COOH approaches the theoretically maximum value only when the conversion of 

CO2 is equal to that of CH4. 

To understand the substantial differences in the catalytic activity of the Cu/HZSM-5 

catalysts prepared by IE and IM methods, their chemical properties were comparatively 

investigated. As shown in Fig. 6(a), different from the Cu/HZSM-5 (IM) catalyst, no peak 

associated with copper species was observed in the XRD pattern of the Cu/HZSM-5 (IE) 

catalyst, indicating that copper species were highly dispersed on Cu/HZSM-5 (IE). This 

finding can be further confirmed by EDS element mapping images of Cu/HZSM-5(IE) in 

Fig. 7. Clearly, the Cu mapping image showed a homogeneous distribution of copper species, 

and the location of the Cu element appearing is almost always accompanied by the Al 

element but not for the Si element. This exhibits the feature of ion-exchange zeolite, i.e., Cu 

ion exchanges with H sites located at the Si-(OH)-Al unit of HZSM-5. However, where Al 

appeared, in turn, Cu was not always there by comparing the Al mapping with the Cu 

mapping in Fig. 7. These findings suggest that H sites were partially substituted by Cu ions, 

which is consistent with the low loading of Cu obtained on the Cu/HZSM-5(IE) catalyst 

(Tab. S2) and the high dispersion of Cu ions on HZSM-5. These results reveal that copper 

species anchored on HZSM-5 mainly exist in the form of isolated copper species when using 

the ion-exchange method for catalyst preparation, but in the form of crystalline CuO when 

using the impregnation method (Fig. 2 and 3).  

XPS was then used to identify the electron structure of this type of isolated copper species, 

as shown in Fig. 6(b). The isolated copper species mainly exist in the form of Cu+ on 

Cu/HZSM-5 (IE) catalyst, according to the lack of the characteristic satellite peak of Cu2+ in 



Cu 2p3/2 XPS spectra. That is, the ion-exchange method is more favorable for Cu+ formation 

than the IM method. A similar result was also reported by Wu et al [39]. Combined with the 

performance of Cu/HZSM-5 (IE) in Fig. 5, the high amount of Cu+ on Cu/HZSM-5 (IE) is 

one reason for the high activity toward CH3COOH formation, but low activity to C1-C4OH 

generation, which is consistent with the conclusion reached above, highlighting again that 

Cu+ enhances the formation of R-COOH.  

 

Fig. 6. Analysis of Cu/HZSM-5 prepared by IM and IE methods. (a) XRD patterns, (b) XPS spectra 

of Cu 2p3/2, (c) H2-TPR profiles and (d) NH3-TPD profiles. 

Furthermore, the reducibility of the Cu/HZSM-5 catalysts using different preparation 

methods was comparatively investigated by H2-TPR analysis, as shown in Fig. 6(c). 

Cu/HZSM-5 (IE) displayed two small H2-consumption peaks due to its low Cu amount (Tab. 

S2), i.e., the low-temperature and the higher-temperature peaks in the range of 

approximately 200-600 oC, which can be correspondingly assigned to the reduction of 



isolated Cu2+ to Cu+ and Cu+ to Cu0 according to the literature [34-36]. On the one hand, the 

H2-TPR results reveal that in addition to the main species of Cu+ confirmed by XPS in Fig. 

6(b), the isolated Cu2+ species, exist in the Cu-exchange HZSM-5 (IE) catalyst, as evidenced 

by the typical two-step reduction of isolated Cu2+, i.e., Cu2+ to Cu+ and Cu+ to Cu0, whereas 

crystalline CuO has a one-step reduction mechanism from Cu2+ to Cu0, as described in Fig. 

2(b). On the other hand, Cu+ species were further confirmed to be the main isolated copper 

species, not Cu2+, since the area of the higher-temperature peak was much higher than that 

of the low-temperature peak in the H2-TPR profile of Cu/HZSM-5 (IE). Otherwise, the area 

of the low-temperature peak should be approximately equal to that of the high-temperature 

peak, if Cu2+ is the unique isolated copper species. Although the H2-TPR results agree with 

the results of the XPS analysis in Fig. 6(b), the H2-TPR and XPS analyses gave different 

amounts of Cu2+. H2-TPR showed a certain amount of Cu2+ existed in Cu/HZSM-5 (IE), 

whereas only a very small amount of Cu2+ was obtained by XPS. This finding is mainly 

caused by the feature of the XPS technique that only copper species located at a depth lower 

than 10 nm can be detected.  

In contrast, an overlapping peak was observed in the H2 consumption profile of the 

Cu/HZSM-5 (IM) catalyst (Fig. 6(c)), which can be ascribed to the reduction of crystalline 

CuO particles, as supported by the XRD results (Fig. 6(a)) and HRTEM analysis (Fig. 3). 

The overlapped peak consists of four peaks (denoted as peak A-D) that were fitted using 

Gaussian deconvolution. According to the literature [40], isolated Cu2+ species may also 

exist in addition to the main reduction peak of crystalline CuO. Peak A, located at a low 

temperature, represents the reduction of isolated Cu2+ to Cu+; Peak B, located at a moderate 

temperature, being a major one, is assigned to the one-step reduction of CuO particles to Cu 

metal; Peak C, appeared at a high temperature, represents the reduction of isolated Cu+ to 



Cu0; Peak D may be related to the interaction of crystalline CuO and HZSM-5. In fact, the 

existence of isolated copper species on HZSM-5 is reasonable when using the IM method 

since the IM process is inevitably accompanied by ion-exchange with regard to HZSM-5. 

Therefore, these characterization results highlight that crystalline CuO is the dominant 

copper species on Cu/HZSM-5 (IM). On the Cu/HZSM-5 (IE) catalyst, however, only 

isolated copper species exist, i.e., isolated Cu+ and Cu2+ with Cu+ ions being the most 

abundant. 

 

Fig. 7. Elemental mapping images of the Cu/HZSM-5 (IE) catalyst.  

In addition, the acidity of the Cu/HZSM-5 catalysts prepared by the IE and IM methods 

was determined using NH3-TPD and Py-FTIR, as shown in Fig. 6(d) and Fig. S5, using the 

pure HZSM-5 zeolite as a reference. The NH3-TPD profile of pure HZSM-5 displays two 

desorption peaks in the 150-300 oC and 300-600 oC ranges, representing abundant weak acid 

sites and a minor quantity of strong acid sites on HZSM-5, respectively (Fig. 6(d)). In 



addition, the Py-FTIR spectra of pure HZSM-5 shows that both Brønsted acid (H) sites and 

Lewis acid sites coexist in HZSM-5, with respective infrared bands at around 1540 and 1455 

cm-1 probed by pyridine [41] (Fig. S5). When compared to HZSM-5 in Fig. 6(d), the peak 

area of the high-temperature desorption peak was significantly increased after anchoring Cu 

on HZSM-5 using the IM method, while the peak area of the low-temperature desorption 

peak was slightly lowered. This finding suggests that Cu anchored on HZSM-5 via the IM 

method increased the amount of strong acid sites while decreasing the number of weak acid 

sites. However, the corresponding Py-FTIR spectrum of Cu/HZSM-5 (IM) presented a 

significant drop in both H sites and Lewis acid sites (Fig. S5), with the H sites almost 

completely disappearing. The NH3-TPD and Py-FTIR studies of Cu/HZSM-5 (IM) reveal that 

the increased part of strong acid sites is mostly due to the addition of crystalline CuO (Fig. 

6a) as strong Lewis acidic species. By contrast, the NH3-TPD profile and Py-FTIR spectrum 

of Cu/HZSM-5 (IE) were totally different, as shown in Fig. 6(d) and Fig. S5. The 

Cu-exchange HZSM-5 catalyst results in a decrease in both the acid amount and acid 

strength, as well as H sites of HZSM-5 due to the exchange of Cu ion with H sites in the 

Si-(OH)-Al unit of HZSM-5. It should be noted that a fraction of the H sites in HZSM-5 

remained in the Cu/HZSM-5 (IE) catalyst, almost all of the H sites, however, disappeared in 

the Cu/HZSM-5 (IM) catalyst. 

Combing with the corresponding performance of pure HZSM-5, Cu/HZSM-5 (IM) and 

Cu/HZSM-5 (IE) as shown in Fig. 1 and Fig. 5, pure HZSM-5 possessed the highest amount 

of Brønsted acid sites and exhibited greatest activity toward R-COOH formation. Compared 

to pure HZSM-5, the H sites in Cu/HZSM-5 (IM) disappeared, and the associated selectivity 

of R-COOH decreased as well, despite the fact that Cu+ in Cu/HZSM-5 (IM) had a 

beneficial effect on R-COOH formation (Fig. 4(c)). Furthermore, Cu/HZSM-5 (IE) with a 



portion of H sites displayed higher activity toward R-COOH than Cu/HZSM-5 (IM) without 

H sites. Interestingly, although Cu/HZSM-5 (IE) had fewer H sites than pure HZSM-5, 

Cu/HZSM-5 (IE) showed comparable R-COOH selectivity, which can be attributed to the 

synergy of Cu+-H site as reported in the literature [42]. These findings indicate that Brønsted 

acid sites may be another important factor for tuning R-COOH selectivity in 

plasma-catalytic conversion of CO2 and CH4 in addition to the copper valence state. Song et 

al. found that a higher ratio of weak acid sites is beneficial for the generation of oxygenates, such as 

formaldehyde, methanol, ethanol, and acetone, in the plasma-catalytic conversion of CO2 and CH4, 

but the relationship between weak acid sites and the distribution of oxygenates was not 

demonstrated [28]. In this study, the roles of Brønsted acid sites in enhancing the formation of 

R-COOH will be discussed as follows. 

3.3 Possible pathways for CH3OH and CH3COOH formation 

Different from catalytic reactions, CO2 and CH4 molecules in the plasma-catalytic system are 

pre-activated by energetic electrons into active species in Fig. S6, such as excited CO2*, CH4* and 

CO*, CH3, CH2, CH, H and O radicals [30, 43]. According to the simulation results reported by 

De Bie et al. [44], CH3 radicals are much more abundant than CH species in the CH4-CO2 DBD. 

In addition, OH could be produced via three main reactions, i.e., CH + O → C + OH, H2 + O 

→ OH + H and CO2(v) + H → CO + OH, which has been confirmed in detail in our 

previous studies [30].  

In this study, the proportion of CH3OH in the R-OH products exceeded 60%, followed by 

ethanol. That is, the enhanced formation of Cu2+ species in the production of R-OH can also 

be considered to promote the formation of CH3OH. Generally, Cu2+ species are accepted as 

the active sites in the oxidation of CH4 to CH3OH using O2 or N2O as an oxidant [45, 46]. 

Herein, the active O species (777.5 nm, 3s5S0 → 3p5P; and 844.7 nm, 3s3S0 → 3p3P) [47], 



presented in Fig. S6, are highly efficient for oxidation. Therefore, it is reasonable to 

hypothesize that Cu2+ species act as the active sites for CH4 oxidation to CH3OH with O 

species produced from CO2 splitting in this study. As shown in Fig. 8, possible pathways are 

proposed for plasma-catalytic conversion of CO2 and CH4 to CH3OH,.  

CH4 to CH3OH pathway. Cu-CH3, as the important intermediate species, could be 

formed by CH4* dissociation or CH3 adsorption on the copper sites. Subsequently, the 

resulting Cu-CH3 species react directly with gaseous OH to produce CH3OH in pathway ①. 

Alternatively, as shown in pathway ②, O radicals could insert into the Cu-C bond of 

Cu-CH3 to form Cu-OCH3 (methoxy) according to the literature [42] and followed by 

methoxy protonation with H radicals or nearby H adsorbed (Had) on the catalyst for the final 

synthesis of CH3OH. In addition, the recombination of gaseous CH3 and OH radicals can 

result in the formation of CH3OH [30]. 

 

Fig. 8. Possible reaction pathways for plasma-catalytic conversion CO2 and CH4 to CH3OH 

In addition, another way to generate methanol in this study is the CO2 hydrogenation 

reaction, i.e., the CO2 to CH3OH pathway, and the H atoms derive from CH4 splitting in 



plasma, which is supported by the existence of H radials (656.3 nm, 3d2D → 2p2P0) in the 

emission spectra of the CO2/CH4 plasma (Fig. S6) [48, 49]. As shown in Fig. 8, 

CO*(Angstrom bands at 451−608 nm), formed in the plasma gas-phase reactions (Fig. S6), 

can be directly adsorbed onto the copper center, followed by stepwise hydrogenation with H 

radicals or Had to form CH3OH with HCO(ad), H2CO(ad), and H3CO(ad) being the adsorbed 

intermediates in pathway ③. On the other hand, gaseous CO2* could be adsorbed onto a 

copper center to form Cu-CO2, and subsequently, the Cu-CO2 is hydrogenated with H 

radicals or Had step by step via formate pathways, resulting in the formation of H3COad 

intermediate in the pathway ④. Finally, H3COad reacts with H radicals or Had to produce 

CH3OH. In our previous study, we described in detail the above surface-reaction pathways that lead 

to the formation of CH3OH during plasma-catalyzed CO2 hydrogenation [50].  

 

 

Fig. 9. Possible reaction pathways for plasma-catalytic conversion of CO2 and CH4 to CH3COOH 

(E-R and L-H represent the Eley-Rideal mechanism and Langmuir-Hinshelwood mechanism, 

respectively).  



Fig. 9 shows four main pathways proposed for plasma-catalytic conversion of CO2 and CH4 to 

CH3COOH. Pathway ①, Brønsted acid sites can enable CH3COOH generation directly through 

the CO2 protonation pathway even without Cu center in the catalyst, i.e., gaseous CO2* react with 

H sites in the Si-(OH)-Al unit of HZSM-5 to yield -COOH species [51], followed by direct 

C-C coupling with gaseous CH3 radicals to produce CH3COOH via the E-R process. In this 

way, the formation of CH3COOH is determined by the amount of Brønsted acid sites, and 

this pathway is well supported by the experimental results, i.e., pure HZSM-5, which possessed 

the highest amount of Brønsted acid sites, exhibited higher activity toward CH3COOH in the 

absence of a Cu center. Pathway ②, the resulting -COOH species can also couple with 

neighboring Cu-CH3 species, which is produced by CH4 dissociation on a Cu center [51-56] to 

form CH3COOH in the presence of a copper center. Pathway ③, gaseous CO2* is directly inserted 

into the bond of Cu-CH3 to form Cu-OOCCH3 (acetate species) [52-54] and subsequently, 

CH3COOH is formed via proton transfer from the adjacent Brønsted acid site to the 

Cu-OOCCH3 species. Alternatively, in Pathway ④, gaseous H radicals react directly with 

Cu-OOCCH3 to form CH3COOH, which accounts for CH3COOH generation on Cu-based 

catalysts lacking or having fewer Brønsted acid sites, such as Cu/SiO2, Cu/TiO2 and 

Cu/HZSM-5 (IM) in this study. In addition, surface -OH Brønsted acid sites can be 

generated by CH4 splitting on a metal centre (M) into M-CH3 and M-H, with the H from 

M-H eventually bonding to the adjacent O site of zeolite or the surface O of oxides to form 

-OH [52-54], which maintains the catalytic cycle of Brønsted acid sites involved in Fig. 9. 

It is worth noting that both pathways ② and ③ reveal that the formation of CH3COOH 

results from a synergy of metal and Brønsted acid sites, which necessitates the development of 

a bi-functional catalyst. In this study, Cu-exchanged HZSM-5 serves as a bifunctional catalyst 

due to the co-existence of isolated Cu+ and Brønsted acid sites, enabling CH3COOH 



production through pathways ② and ③, as well as pathway ① due to accessible Brønsted 

acid sites. This explains why Cu-exchanged HZSM-5 showed fewer Brønsted acid sites than 

pure HZSM-5 while still exhibiting strong CH3COOH selectivity. The above findings suggest 

that acid sites are another important factor in tuning the selectivity of acetic acid, and the 

metal-Brønsted acid site synergy provides a potential strategy to enhance the formation of 

R-COOH. However, Brønsted acid sites are not required for R-OH formation. 

Tosi et al. found that direct coupling of gaseous CH3 with COOH species results in 

CH3COOH production in addition to the formation of CH3COOH on the surface of the 

catalysts, and the COOH species were produced in the gas phase via CO2 protonation with 

gaseous H radicals [19]. Our previous study also confirms the formation pathway of 

CH3COOH by recombination of gaseous CH3 radicals with COOH species [30].  

4. Conclusion 

Direct conversion of CO2 and CH4 to high-value oxygenates such as alcohols (R-OH), acids 

(R-COOH), acetaldehyde and acetone with R-OH and R-COOH being the major oxygenates, was 

successfully achieved over the Cu-based catalysts driven by plasma at 60 oC and atmospheric 

pressure. For the first time, the correlations of oxygenate distribution versus copper valence state 

were experimentally confirmed. Cu2+ species exhibit superior activity towards the formation of 

R-OH products. Cu+ species, however, are critical for the generation of R-COOH. In addition to 

Cu+ species, Brønsted acid (H) sites on the Cu-exchange HZSM-5 catalyst also promote the 

synthesis of R-COOH via the CO2 protonation route, as well as the synergy of isolated Cu+ and H 

sites. These findings, i.e., the correlation between valence state/Brønsted acid and the catalyst 

activity, provide valuable insights into improving existing catalyst performance and 

designing cutting-edge highly selective catalysts for the oriented generation of oxygenates 

from plasma-catalytic CO2 and CH4 conversion. 



Declaration of Competing Interest  

The authors declare that they have no known competing financial interests or personal 

relationships that could have appeared to influence the work reported in this paper.  

Acknowledgements  

We acknowledge financial support from the National Natural Science Foundation of China (No. 

21908016), the PetroChina Innovation Foundation (No. 2019D-5007-0407) and the LiaoNing 

Revitalization Talents Program (No. XLYC1907008). X. Tu acknowledges the funding from the 

European Union’s Horizon 2020 research and innovation programme under the Marie 

Sklodowska-Curie grant agreement No. 813393. 

 

Appendix A. Supporting information  

Supplementary data associated with this article can be found in the online version at doi:  

References 

[1] W.C. Chung, M.B. Chang, Review of catalysis and plasma performance on dry reforming of 
CH4 and possible synergistic effects, Renew. Sust. Energ. Rev. 62 (2016) 13-31. 

[2] Y. Diao, X. Zhang, Y. Liu, B. Chen, G. Wu, C. Shi, Plasma-assisted dry reforming of methane 
over Mo2C-Ni/Al2O3 catalysts: Effects of β-Mo2C promoter, Appl. Catal. B: Environ. 301 (2022) 
120779. 

[3] Z. Sheng, H.H. Kim, S. Yao, T. Nozaki, Plasma-chemical promotion of catalysis for CH4 dry 
reforming: unveiling plasma-enabled reaction mechanisms, Phys. Chem. Chem. Phys. 22 (2020) 
19349-19358. 

[4] N.A.K. Aramouni, J.G. Touma, B.A. Tarboush, J. Zeaiter, M.N. Ahmad, Catalyst design for dry 
reforming of methane: Analysis review, Renew. Sust. Energ. Rev. 82 (2018) 2570-2585. 

[5] Y. Wang, L. Yao, S. Wang, D. Mao, C. Hu, Low-temperature catalytic CO2 dry reforming of 
methane on Ni-based catalysts: A review, Fuel. Process. Technol. 169 (2018) 199-206. 

[6] E.L. Saché, T.R. Reina, Analysis of Dry Reforming as direct route for gas phase CO2 conversion. 
The past, the present and future of catalytic DRM technologies, Prog. Energ. Combust. 89 (2022) 
100970. 

[7] M.E. Dry, The Fischer–Tropsch process 1950–2000, Catal. Today 71 (2002) 227–241. 

[8] H.M.T. Galvis, J.H. Bitter, C.B. Khare, M. Ruitenbeek, A.L. Dugulan, K.P.D. Jong, Supported 
iron nanoparticles as catalysts for sustainable production of lower olefins, Science 335 (2012) 
835-838. 

[9] L. Zhong, F. Yu, Y. An, Y. Zhao, Y. Sun, Z. Li, T. Lin, Y. Lin, X. Qi, Y. Dai, L. Gu, J. Hu, S. Jin, 



Q. Shen, H. Wang, Cobalt carbide nanoprisms for direct production of lower olefins from syngas, 
Nature 538 (2016) 84-87. 

[10] Z. Zhao, W. Lu, R. Yang, H. Zhu, W. Dong, F. Sun, Z. Jiang, Y. Lyu, T. Liu, H. Du, Y. Ding, 
Insight into the formation of Co@Co2C catalysts for direct synthesis of higher alcohols and olefins 
from syngas, ACS Catal. 8 (2017) 228-241. 

[11] X. Pan, F. Jiao, D. Miao, X. Bao, Oxide-zeolite-based composite catalyst concept that enables 
syngas chemistry beyond fischer-tropsch synthesis, Chem. Rev. 121 (2021) 6588-6609. 

[12] A. George, B. Shen, M. Craven, Y. Wang, D. Kang, C. Wu, X. Tu, A review of non-thermal 
plasma technology: a novel solution for CO2 conversion and utilization, Renew. Sust. Energ. Rev. 
135 (2021) 109702. 

[13] S. Liu, L.R. Winter, J.G. Chen, Review of plasma-assisted catalysis for selective generation of 
oxygenates from CO2 and CH4, ACS Catal. 10 (2020) 2855-2871. 

[14] H. Puliyalil, D.L. Jurković, V.D.B.C. Dasireddy, B. Likozar, A review of plasma-assisted 
catalytic conversion of gaseous carbon dioxide and methane into value-added platform chemicals 
and fuels, RSC Adv. 8 (2018) 27481-27508. 

[15] L. Yang, C.J. Liu, E. Baldur, Y. Wang, Synthesis of oxygenates and higher hydrocarbons 
directly from methane and carbon dioxide using dielectric-barrier discharges: product distribution, 
Energ. Fuel. 16 (2002) 864-870. 

[16] J.J. Zou, Y.P. Zhang, C.J. Liu, Y. Li, E. Baldur, Starch-enhanced synthesis of oxygenates from 
methane and carbon dioxide using dielectric-barrier discharges, Plasma Chem. Plasma P. 23 (2003) 
69-82. 

[17] G. Scarduelli, G. Guella, D. Ascenzi, P. Tosi, Synthesis of liquid organic compounds from CH4 
and CO2 in a dielectric barrier discharge operating at atmospheric pressure, Plasma Process. Polym. 
8 (2011) 25-31. 

[18] L.M. Martini, G. Dilecce, G. Guella, A. Maranzana, G. Tonachini, P. Tosi, Oxidation of CH4 by 
CO2 in a dielectric barrier discharge, Chem. Phys. Lett. 593 (2014) 55-60. 

[19] M. Scapinello, L.M. Martini, P. Tosi, CO2 hydrogenation by CH4 in a dielectric barrier 
discharge: catalytic effects of Nickel and Copper, Plasma Process. Polym. 11 (2014) 624-628. 

[20] T. Kolb, J.H. Voigt, K.H. Gericke, Conversion of methane and carbon dioxide in a DBD 
reactor: influence of oxygen, Plasma Chem. Plasma P. 33 (2013) 631-646. 

[21] K. Krawczyk, M. Młotek, B. Ulejczyk, K.S. Szałowski, Methane conversion with carbon 
dioxide in plasma-catalytic system, Fuel. 117 (2014) 608-617. 

[22] A. Rahmani, M. Nikravech, Impact of argon in reforming of (CH4+ CO2) in surface dielectric 
barrier discharge reactor to produce syngas and liquid fuels, Plasma Chem. Plasma P. 38 (2018) 
517-534. 

[23] M. Shirazi, E.C. Neyts, A. Bogaerts, DFT study of Ni-catalyzed plasma dry reforming of 
methane, Appl. Catal. B: Environ. 205 (2017) 605-614. 

[24] C. De Bie, J. van Dijk, A. Bogaerts, The dominant pathways for the conversion of methane into 
oxygenates and syngas in an atmospheric pressure dielectric barrier discharge, J. Phys. Chem. C 119 
(2015) 22331-22350. 

[25] A.G. Ramírez, V.J. Rico, J. Cotrino, A.R.G. Elipe, R.M. Lambert, Low temperature production 



of formaldehyde from carbon dioxide and ethane by plasma-assisted catalysis in a ferroelectrically 
moderated dielectric barrier discharge reactor, ACS Catal. 4 (2013) 402-408. 

[26] A.N. Biswas, L.R. Winter, B. Loenders, Z.H. Xie, A. Bogaerts, J.G. Chen, Oxygenate 
production from plasma-activated reaction of CO2 and ethane, ACS Energy Lett. 7 (2022) 236-241. 

[27] D. Li, V. Rohani, F. Fabry, A.P. Ramaswamy, M. Sennour, L. Fulcheri, Direct conversion of 
CO2 and CH4 into liquid chemicals by plasma-catalysis, Appl. Catal. B: Environ. 261 (2020) 
118228. 

[28] A. Wang, J.H. Harrhy, S. Meng, P. He, L. Liu, H. Song, Nonthermal plasma-catalytic 
conversion of biogas to liquid chemicals with low coke formation, Energ. Convers. Manage. 191 
(2019) 93-101. 

[29] J. Li, L. Dou, Y. Gao, X. Hei, F. Yu, T. Shao, Revealing the active sites of the structured 
Ni-based catalysts for one-step CO2/CH4 conversion into oxygenates by plasma-catalysis, J. CO2 
Util. 52 (2021) 101675. 

[30] L. Wang, Y. Yi, C. Wu, H. Guo, X. Tu, One-step reforming of CO2 and CH4 into high-value 
liquid chemicals and fuels at room temperature by plasma-driven catalysis, Angew. Chem. Int. Ed. 
56 (2017) 13679-13683. 

[31] R. Snoeckx, R. Aerts, X. Tu, A. Bogaerts, Plasma-based dry reforming: a computational study 
ranging from the nanoseconds to seconds Ttime scale, J. Phys. Chem. C 117(10) (2013) 4957-4970. 

[32] S.L. Yao, M. Okumoto, A. Nakayama, E. Suzuki, Plasma reforming and coupling of methane 
with carbon dioxide, Energ. Fuel. 15 (2001) 1295-1299. 

[33] D. Jeong, W. Jo, J. Jeong, T. Kim, S. Han, M.K. Son, H. Jung, Characterization of Cu2O/CuO 
heterostructure photocathode by tailoring CuO thickness for photoelectrochemical water splitting, 
RSC Adv. 12 (2022) 2632-2640. 

[34] G. Brezicki, J.D. Kammert, T.B. Gunnoe, C. Paolucci, R.J. Davis, Insights into the speciation 
of Cu in the Cu-H-Mordenite catalyst for the oxidation of methane to methanol, ACS Catal. 9 (2019) 
5308-5319. 

[35] J.Y. Yan, G.D. Lei, W.M.H. Sachtler, H.H. Kung, Deactivation of Cu/ZSM-5 catalysts for lean 
NOx reduction: characterization of changes of Cu state and zeolite support, J. Catal. 161 (1996) 
43-54. 

[36] C.T. Abreu, M.F. Ribeiro, C. Henriques, G. Delahay, NO TPD and H2-TPR studies for 
characterisation of CuMOR catalysts The role of Si/Al ratio, copper content and cocation, Appl. 
Catal. B: Environ. 14 (1997) 261-272. 

[37] J.P. Espinos, J. Morales, A. Barranco, A. Caballero, J.P. Holgado, A.R.G. Elipe, Interface 
effects for Cu, CuO, and Cu2O deposited on SiO2 and ZrO2. XPS determination of the valence state 
of Copper in Cu/SiO2 and Cu/ZrO2 catalysts, J. Phys. Chem. 106 (2002) 6921-6929. 

[38] T. Ghodselahi, M.A. Vesaghi, A. Shafiekhani, A. Baghizadeh, M. Lameii, XPS study of the 
Cu@Cu2O core-shell nanoparticles, Appl. Surf. Sci. 255 (2008) 2730-2734. 

[39] Y. Wu, H. Zhang, Y. Yan, High efficiency of phenol oxidation in a structured fixed bed over 
Cu-ZSM-5/PSSF prepared by ion-exchanged method, Chem. Eng. J. 380 (2020) 122466. 

[40] H. Wang, R. Xu, Y. Jin, R. Zhang, Zeolite structure effects on Cu active center, SCR 
performance and stability of Cu-zeolite catalysts, Catal. Today 327 (2019) 295-307. 



[41] M. Ravi, V.L. Sushkevich, J.A. van Bokhoven, Towards a better understanding of Lewis acidic 
aluminium in zeolites, Nat. Mater. 19 (2020) 1047-1056. 

[42] A.A. Gabrienko, S.S. Arzumanov, M.V. Luzgin, A.G. Stepanov, V.N. Parmon, Methane 
activation on Zn2+-exchanged ZSM-5 zeolites. The effect of molecular oxygen addition, J. Phys. 
Chem. C 119 (2015) 24910-24918. 

[43] X.L. Wang, Y. Gao, S. Zhang, H. Sun, J. Li, T. Shao, Nanosecond pulsed plasma assisted dry 
reforming of CH4: The effect of plasma operating parameters, Appl. Energy 243 (2019) 132-144. 

[44] C. De Bie, B. Verheyde, T. Martens, J. van Dijk, S. Paulussen, A. Bogaerts, Fluid modeling of 
the conversion of methane into higher hydrocarbons in an atmospheric pressure dielectric barrier 
discharge, Plasma Process. Polym. 8 (2011) 1033-1058. 

[45] J. Meyet, A. Ashuiev, G. Noh, M.A. Newton, D. Klose, K. Searles, A.P. van Bavel, A.D. 
Horton, G. Jeschke, J.A. van Bokhoven, C. Coperet, Methane-to-methanol on mononuclear 
Copper(II) sites supported on Al2O3: structure of active sites from electron paramagnetic resonance, 
Angew. Chem. Int. Ed. 60 (2021) 16200-16207. 

[46] M.A. Newton, A.J. Knorpp, V.L. Sushkevich, D. Palagin, J.A. van Bokhoven, Active sites and 
mechanisms in the direct conversion of methane to methanol using Cu in zeolitic hosts: a critical 
examination, Chem. Soc. Rev. 49 (2020) 1449-1486. 

[47] J.W. McConkey, C.P. Malone, P.V. Johnson, C. Winstead, V. McKoy, I. Kanik, Electron impact 
dissociation of oxygen-containing molecules–A critical review, Phys. Rep. 466 (2008) 1-103. 

[48] Y. Yi, J. Zhou, H. Guo, J. Zhao, J. Su, L. Wang, X. Wang, W. Gong, Safe direct synthesis of 
high purity H2O2 through a H2/O2 plasma reaction, Angew. Chem. Int. Ed. 52 (2013) 8446-8449. 

[49] Y. Gao, S. Zhang, H. Sun, R.X. Wang, X. Tu, T. Shao, Highly efficient conversion of methane 
using microsecond and nanosecond pulsed spark discharges, Appl. Energy 226 (2018) 534-545. 

[50] L. Wang, Y. Yi, H. Guo, X. Tu, Atmospheric pressure and room temperature synthesis of 
methanol through plasma-catalytic hydrogenation of CO2, ACS Catal. 8 (2017) 90-100. 

[51] P.J. Wasinee, J. Sirijaraensre, C. Warakulwit, P. Pantu, J. Limtrakul, The conversion of CO2 and 
CH4 to acetic acid over the Au-exchanged ZSM-5 catalyst: a density functional theory study, Phys. 
Chem. Chem. Phys. 14 (2012) 16588-16594. 

[52] B.D. Montejo-Valencia, Y.J. Pagán-Torres, M.M. Martínez-Iñesta, M.C. Curet-Arana, Density 
functional theory (DFT) study to unravel the catalytic properties of M-exchanged MFI, (M = Be, Co, 
Cu, Mg, Mn, Zn) for the conversion of methane and carbon dioxide to acetic acid, ACS Catal. 7 
(2017) 6719-6728. 

[53] C. Tu, X. Nie, J.G. Chen, Insight into acetic acid synthesis from the reaction of CH4 and CO2, 
ACS Catal. 11 (2021) 3384-3401. 

[54] J.F. Wu, S.M. Yu, W.D. Wang, Y.X. Fan, S. Bai, C.W. Zhang, Q. Gao, J. Huang, W. Wang, 
Mechanistic insight into the formation of acetic acid from the direct conversion of methane and 
carbon dioxide on zinc-modified H-ZSM-5 zeolite, J. Am. Chem. Soc. 135 (2013) 13567-13573. 

[55] R. Shavi, J. Ko, A. Cho, J.W. Han, J.G. Seo, Mechanistic insight into the quantitative synthesis 
of acetic acid by direct conversion of CH4 and CO2: An experimental and theoretical approach, Appl. 
Catal. B: Environ. 229 (2018) 237-248. 

[56] A.M. Rabie, M.A. Betiha, S.E. Park, Direct synthesis of acetic acid by simultaneous 



co-activation of methane and CO2 over Cu-exchanged ZSM-5 catalysts, Appl. Catal. B: Environ. 
215 (2017) 50-59. 

 


