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Abstract: The main challenge in simultaneous conversion of methane and nitrogen to ethylene and 

ammonia under plasma conditions is the low selectivity. This is largely due to the difficulties in 

controlling the reactions among the plasma-excited reactive intermediates. To address this challenge, 

we explored an innovative strategy - post-plasma catalysis outside a microwave-enhanced plasma zone 

(MWP). Experimentally, the post-plasma species, such as CHx, NHx, CN, and C2Hx, from a feed-gas 

mixture of methane, nitrogen and Argon were identified using an optical emission spectrometer. In the 

absence of a catalyst but under plasma condition, methane and nitrogen could only convert to hydrogen 

cyanide, acetylene, and hydrogen. After placing the thermally heated Ag-Pd/CeO2 catalyst in the post 

plasma region, the selectivity of hydrogen cyanide was reduced by 9%, while the active nitrogen-based 

species simultaneously generated a steady amount of ammonia (selectivity=9%). The selectivity of 

ethylene increased from 3% to 37%, the highest among the C2 products. While under conventional 

thermal heating, in absence of plasma, the same catalyst over-hydrogenated the acetylene to ethane and 

no ammonia was produced from nitrogen. Theoretically, density functional theory calculations (DFT) 

determined that the post-plasma species-induced positive charge over the Pd-Ag catalytic surface could 

enhance the energetics of forming ethylene but suppress the energetics of its further hydrogenation to 

ethane. Overall, this combined experimental and theoretical study advanced the fundamental 

understanding of the effects of post-plasma species on optimizing the selectivity in heterogeneous 

catalysis. 
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1. Introduction

Shale gas, one of the unconventional resources of natural gas, is projected to be the major 

contributor to carbon free economy around the globe [1]. The escalating extraction technology and 

government incentives have made shale gas inexpensive. However, the environmental challenges 

in its transportation to the current processing plants has limited its optimum utilization. One way to 

eliminate this obstruction is to cut down the transportation of natural gas to the processing plants 

and convert it to useful products at the production stage. This can only be achieved through the 

principles of process intensification [2]. 

Chemical processing industry is substantially dependent on natural gas as a feedstock. In the 

process, it has become one of the major contributors of green-house gas emissions [3]. Process 

intensification can substantially upgrade chemical industries to a carbon free and zero waste 

systems. The basic definition of an intensified chemical process has broadened from merely 

reducing the size of the processing plant to a holistic undertaking that can reduce waste and energy 

consumption with improved product yield [2][4]. The direct conversion of methane (CH4), the 

major component in shale gas, to value-added chemicals can be qualified as an intensified process, 

if it is energy efficient, free of unwanted side products (CO2), and leads to maximum conversion of 

CH4 to useful products. 

Microwave plasma (MWP) reactor is an emerging technology in line with the principles of process 

intensification. It offers several benefits such as fast process dynamics and flexibility, high product 

yield with least amount of unwanted by-products and low maintenance cost [5]. Additionally, MWP 

offers several advantages over other plasma sources [6]. It does not require electrodes, have the 
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highest electron density in the discharge region, and high power-to-plasma efficiency [7].  In fact, 

the direct conversion of CH4 to acetylene (C2H2) and hydrogen (H2) in MWP reactors have been 

demonstrated to be energy efficient with high yield of the desired product [8][9].  They can be 

optimized further by changing process parameters such as MW power and frequency [10], and 

composition of the feed gas mixture [11]. However, MWP, being a high energy discharge, converts 

CH4 mostly to H2, C2H2, and undesired carbon soot [12]. One strategy to improve the above 

selectivity issue is to place a catalyst away from the discharge cavity, which is termed as post-

plasma catalysis. Catalytic reactions in hot plasmas, such as MWP at atmospheric pressure, is only 

feasible in a post-plasma setup. In this kind of reactor, some of the plasma species created in the 

discharge region survive up to the post-plasma region [13]. Several studies have identified post-

plasma species, such as CH, CH2, CN, NH, and NH2, in MWP reactors generated from a feed gas 

mixture of CH4 with argon (Ar) or with nitrogen (N2), directed at surface coating and nitriding 

applications [14–16]. Hybrid plasma-catalytic reaction systems driven by electrode-based non-

thermal plasma sources such as DC, AC and nano-pulsed discharges, have been reported to convert 

methane to ethylene in a single pass. High ethylene yield from methane using Ag-Pd-Y zeolite and 

Lindlar catalyst have been reported by Gordon et al. [17]and Kado et al. [18] respectively.  Wang 

et al. [19]demonstrated high yield ethylene production from methane in a two-step AC plasma -

catalytic reaction system. In a similar reactor, Wang and Guan considerably improved the ethylene 

yield using recycle streams within the hybrid reactor [20].  Taking a step forward in terms of energy 

consumption, Delikonstanis et al.[21] reported a low-cost, high-yield ethylene production from 

methane in a hybrid plasma-catalytic reactor powered by nano-pulsed discharge using Pd and Au 

based catalyst.  The objective of these non-thermal plasma-catalytic reactor system have been to 

optimize the yield of ethylene while improving upon the energy cost. None have focused on the 

understanding the interaction of plasma species with the catalyst surface using a thermal plasma 

source such as Microwave plasma operated at atmospheric pressure, in a hybrid plasma-catalytic 

system. In the current work, we have investigated the interaction of post-plasma species from 

methane and nitrogen plasma and a preheated catalyst placed in a furnace in the post plasma region 

Page 3 of 32 Catalysis Science & Technology



and demonstrated their role in reducing the amount of unwanted product (hydrogen cyanide) and 

improving the selectivity of desired products (ethylene and ammonia).

The influence of the plasma species on a catalyst can be established if the post-plasma species affect 

the distribution and selectivity of the final products [22]. An optimum catalyst design can maximize 

the inter-molecular interaction of the post-plasma species. Hence, MWP catalytic reactor adheres 

to the principle of process intensification [4]. The reactive species with a plasma consist of free 

electrons, ions, radicals, and excited states of gas molecules. An ideal catalyst would optimize the 

recombination of these species on its surface to modify the activity and the selectivity of the reaction 

[23] [13]. This principle is most useful in designing an in-plasma catalyst, used in non-thermal 

plasma, but has neither been fully understood nor applied under the post-plasma conditions. The 

CO conversion in a water-gas shift reaction were much improved on catalyst exposed to DBD 

plasma [24]. In another reaction, ammonia reforming of methane showed significant improvement 

due to plasma-catalyst interactions [25]. 

Figure 1: Reaction scheme for the post-plasma catalytic conversion of CH4 and N2
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In case of MWP, it is not possible to place a catalyst within the electro-magnetic field at atmospheric 

pressure due to the high temperature in the discharge region. Based on numerous evidence of long-

lived plasma species, a catalyst can be designed to influence the recombination of active radicals in 

the post-plasma region. The MWP made from CH4 is known to be rich in CHx and H radicals [26]. 

A desired catalyst, placed at the post plasma region, should be capable of hydrogenating these 

radicals to ethylene, while preventing over hydrogenation to ethane. Palladium (Pd) based catalyst 

is widely studied in acetylene hydrogenation [27]. The hydrogenation over Pd is known to occur 

through hydride formation resulting in the adsorption of active hydrogen species (subsurface 

hydrogen) on the catalyst surface. The re-adsorption of the subsurface hydrogen can easily over-

hydrogenate ethylene to ethane reducing its selectivity [28]. Alloying Pd with another metal such 

as silver (Ag), has been shown to improve ethylene selectivity by suppressing the formation of 

subsurface hydrogen and hence preventing its over-hydrogenation to ethane [29][30] . Bimetallic 

Ag-Pd based catalyst has been shown, through several experiments, to be efficient in selective 

hydrogenation of acetylene to ethylene [31–33]. Additionally, the surface defects on ceria 

nanoparticle are known to improve metal activity in hydrogenation reactions and has served as the 

catalyst for ammonia synthesis [34–36].  Based on the above findings, we selected Ag-Pd/CeO2 as 

our post-plasma catalyst.

In order to achieve the broader goal of direct utilization of shale gas to make C2H4 and NH3, the 

most valuable end products in chemical industry, through process intensification, a novel catalytic 

process, post-plasma catalysis, was investigated in this work. In a lab-scale proof of experiment, 

the article investigated the influence of post plasma species on product distribution and selectivity 

in a hybrid MWP catalytic reactor. The plasma was made of equal mixture (1% by volume, each) 

of CH4 and N2 balanced with Ar. The active species were identified at the post plasma region with 

the help of a non-intrusive optical emission spectrometer (OES). Based on this identification, a 

bimetallic catalyst made of Ag and Pd supported on Ceria (Ag-Pd/CeO2) was placed in the post 

plasma region and heated in a furnace to a moderate temperature of 2500C. The reaction scheme is 
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shown in Figure 1. A detailed reaction mechanism was hypothesized to explain the change in 

reaction behavior and product distribution.

Furthermore, density functional theory (DFT) calculations were used to investigate the mechanism 

of methane dehydrogenation into C1 or coupling into C2 hydrocarbon species over the catalytic Ag-

Pd surface in the absence and presence of post-plasma-induced positive charged surface effects. 

The energetics of the possible reaction steps for hydrocarbon production from methane were 

initially performed without positive charged surface effects. Based upon the energetics of the most 

favorable reaction paths, we then explored the role of surface positive charge effects on tunning the 

most favorable reaction paths and the selectivity of ethylene over ethane production during the post-

plasma reaction. It is worth mentioning that the objective of the study was to elucidate the reaction 

mechanism of plasma species over the catalyst towards the formation of desired products, i.e., 

ethylene and ammonia. Therefore, diluted feedstock was used to better control plasma in laboratory 

microwave equipment. In industrial setting, microwave plasma concentration can be adjusted and 

controlled with active cooling and other means. The optimization of plasma feed concentration, 

productivity and yields of product, and energy consumption was beyond the scope of this study. 

2. Materials and Methods

2.1 Catalyst synthesis and characterization

The metal salts, Palladium Nitrate Dihydrade (40% Pd basis) and Silver Nitrate (> 99%, titration) were 

purchased from Sigma Aldrich. The catalyst was prepared using incipient wetness impregnation 

method. The appropriate amount of Palladium (Pd) and Silver (Ag) salts were dissolved in deionized 

water to create a catalyst composition of 0.5% Pd and 0.5 % Ag metals by weight. Each salt solution 

was evenly dispersed over Cerium (IV) oxide (CeO2), (nano powder, <50 nm particle size, Sigma 

Aldrich). The solid mixture was first dried for 12 hours at 110o C and then calcined at 550o C for 5 hours 

at a ramp rate of 10 0C/minute and atmospheric pressure. CeO2 without any metal loading was also 

dried and calcined in the same way.   Before every reaction, 0.5 g of catalyst was placed in a quartz tube 
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and heated in a furnace to a temperature of 250 0C under the flow of 50% H2 at atmospheric pressure. 

The H2 flow was maintained up to an hour before flushing it out of the tube with pure Ar. 

The catalyst was characterized using Transmission Electron Microscope (JEOL JEM-2100, TEM) and   

X-ray Photoelectron Spectroscopy (Physical Electronics PHI VersaProbe XPS). The survey spectra 

from XPS analysis (Figure S-1, supporting information) were used to calculate the elemental 

composition on the catalyst surface. TEM images were used to calculate the particle size distribution of 

the metal loadings (Ag and Pd), provided in Figure S-2 of supporting information. 

2.2 Experimental methods

The schematics of the three types of experiments conducted in this article are shown Figure 2. The first 

type of reaction was a plasma reaction without any catalyst as shown in Figure 2a.  

The feed gas mixture consisted of 1% CH4 and 1% N2, by volume, balanced by Ar gas for a total inlet 

flow rate of 100 ml/min.  The second reaction was carried out without plasma with a feed composition 

similar to the exit gas composition of the plasma reaction. The Ag-Pd/ Ceria catalyst was heated to 250 

Figure 2: Schematics of the experiments (a) Plasma reaction, (b) Catalytic reaction without plasma, (c) 
Plasma reaction with a heated catalyst placed in the post-plasma region
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0C in a furnace and fed with a gas mixture of 1.5% H2, 1% N2, 0.25% C2H2 balanced with Ar (Figure 

2b). In the third and final set of reactions, a catalyst (either Ag-Pd/ Ceria or pretreated Ceria) was placed 

in the post plasma region and heated to 250 0C in a furnace. For the experimental proof-of-concept, 

concentration of methane and nitrogen was kept low to avoid temperature run-away in laboratory MWP 

reactor. In the industrial-scale settings, due to the presence of active cooling, higher concentration of 

methane and nitrogen can be used as the reactor feed.  

At the beginning of every catalytic reaction, Ag-Pd/Ceria was first heated to 2500C using a furnace 

(Mellen), equipped with a temperature controller in the post plasma region, as shown in Figure 2b and 

2c in a gas flow mixture of 50% H2 and 50% Ar. After an hour, hydrogen flow would be shut off and 

Ar would be allowed to flow through the reactor tube until all of hydrogen was flushed out. An optical 

emission spectrometer (OES) with a spectral range of 200-1100 nm, about 1 nm FWHM resolution and 

equipped with an optical fiber (Ocean Optics, HR2000_ES) was placed at the same location but only 

employed in plasma reactions with and without catalyst. Then, the microwave generator was put on at 

a set power of 450 W and an external spark was used to start the Ar plasma. The reactive gas mixture 

containing (CH4 and N2) would then be fed into the same quartz tube from a separate inlet point. The 

plasma would immediately change color from light blue (Ar plasma) to bright violet (CH4 plasma). The 

typical purple color of N2 plasma was not visible under the brightness of violet system emitted by the 

CH4 plasma. The concentration of the product gas mixture was analyzed using Micro-GC (Agilent 

technologies, 3000, 2-channel) and FTIR-gas analyzer (600SC series, CAI) with DTGS detector type, 

spectral resolution of 0.8 cm-1, and spectral range of 300-7500 cm-1. The micro-GC and the FTIR-gas 

analyzer could analyze samples at the interval of 3 minutes and 1 minute, respectively. The microwave-

enhanced plasma generation system consisted of a 2.45 GHz microwave generator, a sliding short-

circuit tuner and a surface waveguide (Surfaguide, Sairem). The waveguide had an appropriate opening 

to insert a quartz tube (diameter= 0.25 inch, length= 50 cm) containing catalyst material. It was also 

provided with quick connectors for circulation of coolant (air). The picture of the experimental set-up 

is provided in Figure S-24 of supporting information. Every reaction was run for a duration of 20 

minutes. Microwave enhanced-plasma is considered as thermal plasma when operated at atmospheric 
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pressure. The temperature in the discharge region can reach up to 1000 K [37]. Despite the air cooling, 

the discharge region was prone to reaching very high temperature due to ambient pressure conditions. 

The 20-minute run-time was found to be optimum to observe a steady production rate while preventing 

temperature run-away within the micro-wave discharge region. 

The volume% of all the products were recorded directly at the FTIR and the micro-GC. The recorded 

values were then multiplied with the outlet total gas flow rate (102 sccm, monitored using a mass flow 

controller) and the resultant concentration profiles were plotted in Figure S-3 and S-4 of supporting 

information. The absolute selectivity of a given product ‘i’ was calculated using equation 1:

𝑆𝑎𝑏,𝑖 =  
𝐶𝑖

𝐶𝑇
× 100 (1)

where, Sab,i was the absolute selectivity of product ‘i’, Ci was the exit concentration of the product ‘i’, 

CT was the sum of exit concentration of all the products. The products i= C2H4, C2H6, C2H2, NH3, HCN, 

and H2. 

The normalized selectivity of the C and N containing products were calculated using equation 2:

𝑆𝑁,𝑗 =
𝑆𝑗

𝑆𝑇
× 100 (2)

where, SN,j was the normalized selectivity of the products ‘j’ : C2H4, C2H6, C2H2, NH3, and HCN. Sj was 

the selectivity of product ‘j’, and ST was the sum of selectivity of all the products ‘j’. 

2.3 Computational methods

Density functional theory (DFT) calculations were performed using VASP (Vienna Ab-initio 

Simulation Package) software [38] [39]. Perdew-Burke-Ernzerhof (PBE) functionals and the projector-

augmented wave (PAW) method were employed to describe the electron exchange-correlation and the 

ion-electron interactions, respectively [40–42]. The Monkhorst-Pack mesh of (  k-points and 3 × 3 × 1)

the plane-wave energy cutoff of 400 eV were applied to a four-layer p(  Ag-Pd surface. Based on 4 × 4)
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experimental results, the molar ratio of Ag and Pd is 1:1 and they are perfectly mixed in the Ag-Pd 

catalyst. The bottom two layers of the catalytic surface were fixed to their bulk positions and the top 

two layers of the surface were relaxed to electronically interact with the adsorbates. The possible 

adsorption sites (Figure S-6, supporting information) of the Ag-Pd surface include top of Pd, top of Ag, 

bridge of Pd-Pd, bridge of Ag-Ag, bridge of Pd-Ag, fcc and hcp sites at the Pd-Ag interface [43]. The 

catalytic surface was tested using two different lattice constants, including the lattice constant of Ag of 

4.159 Å and that of Pd of 3.953 Å, respectively. The calculated lattice constants of Ag and Pd are in 

agreement with both theoretical (4.136 Å and 3.890 Å) [44,45] and experimental (4.078 Å and 3.924 

Å) [46,47] studies. The configurations were optimized when the electronic energy was converged to 

10-5 eV and the ionic forces were smaller than 0.03 eV/Å.

Computational calculations were used to determine the adsorption configurations, adsorption energies 

and the reaction energies of all the intermediate species and elementary steps involved in hydrocarbon 

production from methane over the catalytic Ag-Pd surface. To investigate how post-plasma reactive 

species induced positively charged Ag-Pd surface will influence ethylene production over ethane 

production from reactant methane, we introduced the external positive electric field to polarize the 

surface to be positively charged. To simulate the positively charged catalytic surface in the supercell 

without adding or removing any charges, we applied the approach proposed by Neugebauer and 

Scheffler, where a dipole layer in the middle of vacuum with opposite charges at each side of the dipole 

layer was inserted [48,49]. Bader charge analysis was also applied in this study to understand the post-

plasma species-induced positive charge effects on the post-plasma catalysis. 

The most favorable energetics of the possible reaction pathways for hydrocarbon synthesis from 

methane over the Ag-Pd surface were first investigated without the positively charged surface effects 

(Figure 8a). Based on the adsorption configurations (Figures S-6 to S-19, supporting information), 

adsorption energies (Table S-2, supporting information), and reaction energies (Table S-3, supporting 

information) of the most favorable reaction pathways, we then applied the positively charged surface 

and optimized the adsorption/reaction during the hydrocarbon production process. The positive surface 
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charge ( ) was ranging from  0 to  with  increment being applied. The binding energy 𝛿 𝛿0 𝛿 +0.6 𝛿 +0.1

 with and without positive charges ( ) can be calculated according to Eqn. (3):[38,43](𝐸𝑎𝑑) 𝛿

𝐸𝑎𝑑 =  𝐸𝑡𝑜𝑡𝑎𝑙 ― 𝐸𝑠𝑙𝑎𝑏 ― 𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 (3)

where  accounts for the total energy of the species over the surface with and without positive 𝐸𝑡𝑜𝑡𝑎𝑙

charges, corresponds to the energy of the surface with and without positive charge effects, and 𝐸𝑠𝑙𝑎𝑏 

 represents the energy of the adsorbate in the gas phase [43]. 𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒

The adsorption energies of reaction-related intermediates as a function of the surface positive charges 

are shown in Figure S-21 and S-22, supporting information. Additionally, the reaction energy with the 

presence of the surface charges ( ) for the elementary reaction  is calculated as 𝛿 𝐴 ∗ + 𝐵 ∗ →𝐶 ∗ + ∗

follows:

                                   

Where , ,  and  represent the total energies of species , ,  and 𝐸𝐴 ∗ (𝛿) 𝐸𝐵 ∗ (𝛿) 𝐸𝐶 ∗ (𝛿) 𝐸 ∗ (𝛿) 𝐴 ∗ 𝐵 ∗ 𝐶 ∗

surface with surface charge effects, respectively. 

The changes in adsorption energies or reaction energies raised by the positively charged surface are 

related to the dipole moments, polarizability, and the surface charges (Eqns. (5)-(6)) [45,47]. 

Theoretically, larger dipole moment and polarizability will possess larger surface charge effects on 

energetics [38]. 

𝐸𝑎𝑑(𝛿) =  𝐸𝑎𝑑 ― 𝜇 ∙ 𝛿 ―
1
2𝛼|𝛿|2 (5)

∆𝐻𝑟𝑥𝑛(𝛿) =  ∆𝐻𝑟𝑥𝑛 ― ∆𝜇𝑟𝑥𝑛 ∙ 𝛿 ―
1
2∆𝛼𝑟𝑥𝑛|𝛿|2 (6)

Here,  and  correspond to the adsorption and reaction energies without surface charge effects, 𝐸𝑎𝑑 ∆𝐻𝑟𝑥𝑛

 and  represent the effective dipole moment and the polarizability for adsorbates adsorption over the 𝜇 𝛼

surface.  Moreover,  and  describe change in the effective dipole moment and polarizability ∆𝜇𝑟𝑥𝑛 ∆𝛼𝑟𝑥𝑛

∆𝐻𝑟𝑥𝑛(𝛿) = 𝐸𝐶 ∗ (𝛿) + 𝐸 ∗ (𝛿) ― 𝐸𝐴 ∗ (𝛿) ― 𝐸𝐵 ∗ (𝛿) (4)
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between products and reactants of the elementary reactions[40,43]. More theoretical details can be 

found in the supporting information.

3. Result and discussion

3.1 Identification of post-plasma species using Optical Emission Spectra (OES)

An optical emission spectrometer (OES) was employed to identify the post plasma species in our 

reaction system.  The OES sensor was placed on the quartz tube around 20 cm away from the MW 

cavity during the plasma reactions. This distance was found to be appropriate to provide ample space 

for placing a furnace safely away from the microwave cavity while the OES could still pick up signals.  

The CN violet system (359.2 nm; 388.34 nm; 416.5 nm) and the C2 swan system (473.7 nm; 516.52 

nm) were the most dominant peaks observed on the spectra as shown in Figure 3 [50].  

Low intensity peaks of molecular N2 (399.84 nm), CH (431 nm) and Ar were also detected [51] [52] 

[53]. Multiple overlapping peaks between 543-620 nm and at 775.9 nm could not be identified. The 

same peaks were also observed in the post plasma region of CH4/Ar plasma. Since the Ar peaks are 

usually observed after 650 nm on OES spectra, these unidentified peaks may belong to CH or C2 

emissions.

3.2 Role of the post-plasma species in product formation

Figure 3: Optical emission spectra of the post-plasma region in a CH4/N2/Ar microwave
plasma generated at 450 W, atmospheric pressure
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Atmospheric CH4/N2/Ar plasmas are known to produce several active species and electrons leading to 

a complex plasma chemistry. There were three sets of reactions carried out to demonstrate the 

interaction between the post-plasma species and the catalyst. The first was a “plasma” reaction without 

any catalyst (Figure 2a). The second reaction was carried out with pretreated CeO2 placed in the post 

plasma region and heated to 250 0C in a furnace, as shown in Figure 2c, designated as “plasma+ CeO2”. 

In the third reaction, pretreated CeO2 was replaced with Ag-Pd/CeO2 in the post plasma region and 

similarly heated to 2500C in a furnace. This reaction was labelled as “Plasma+Ag-Pd/CeO2”. The 

product distribution and normalized selectivity of carbon and nitrogen containing products in all three 

reactions, are shown in Figure 4. Note that hydrogen was the dominant product in all the reactions, 

hence it was omitted to avoid scaling issue. 

As shown in Figure 4(a), acetylene had the highest selectivity of (~75%), followed by HCN with 

selectivity of 22% in plasma reaction. A small amount of ethylene was also produced with a selectivity 

of 3%. In plasma +CeO2 reaction, the selectivity of acetylene, ethylene, and HCN were similar to the 

plasma reaction. In addition, ammonia was produced with a selectivity of almost 6% (Figure 4(b)). The 

product distribution changed considerably in the plasma + Ag-Pd/ CeO2 reaction. The selectivity of 

both acetylene and HCN decreased to 18% and 20%, respectively. Ethylene had the highest selectivity 

of 37%. Ethane was also produced with a selectivity of around 16%, which is less than half of the 

Figure 4: Normalized Selectivity of (a) C containing products, (b) N containing products for plasma only,
plasma + CeO2, and plasma + Ag-Pd/CeO2 reactions
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selectivity of ethylene. As shown in Figure 4 (b), the selectivity of ammonia increased slightly to around 

9%. The production rate of all the products in ml/min are presented in Figure S-3 and S-4 of supporting 

information. 

The plasma discharge within the MW cavity initiates the electron-molecule collisions leading to the 

activation of methane (CH4) and nitrogen (N2). Depending on the electron (e) energy, CH4 can either 

rapidly dissociate into CHx (x=0,1,2,3) and H radicals [54] or get ionized to disintegrate into charged 

CHx
+, C+ and H species [55][56]. The peaks corresponding to H species (486.14 nm, 656.27 nm) are 

not visible on the OES spectra (Figure 3) due to the overlapping peaks of C2 swan system. The excited 

N2 molecules can ionize and dissociate to form species such as N2
+, N+ and N within the discharge 

region [54][56]. The distinctive emission bands corresponding to N2
+ at 358.21 nm and N+ at 399.5 nm 

are not visible on the OES spectra (Figure 3) possibly due to the overlapping peaks of CN violet system. 

As explained later, the atomic N plays an important role in HCN formation and hence must be active in 

the post plasma region. The strong emissions of C2 swan system indicates that the recombination of CH 

radicals continues in the post plasma region. This is confirmed by the presence of CH band on the OES 

spectra [52]. C2H4 may be produced by recombination of the CH2 radicals. The collisions of atomic N 

with the CHx radicals can produce HCN either directly or through the highly unstable H2CN molecule 

[52,56]. It can also be formed through the direct reaction of CN with activated CH4 species [57]. This 

is supported by the distinct CN emissions on the OES spectra collected from the post plasma region. 

Ethane and ammonia were both absent in the product gas mixture of the plasma reactions without 

catalyst. The CH3 radicals may have been rapidly consumed to form HCN before they could recombine 

to form ethane. The NH species which are the precursors to ammonia (NH3) molecules, could have 

recombined to form N2 and H2. A small amount of C2H4 was also observed during the plasma reaction 

without catalyst. Although majority of CH2 radicals were consumed to form CN and HCN, some may 

have recombined to form C2H4.
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In case of plasma + CeO2 and plasma + Ag-Pd/CeO2, NH3 gas was produced in addition to HCN, C2H2 

and H2 which is unlike the plasma reactions without catalyst (Figure S-4a). It is evident that the NH 

radicals were present in the post plasma region and were able to hydrogenate to NH3 in presence of the 

moderately heated CeO2 and Ag-Pd/CeO2 [58]. The collision of CH4 with ionized N2 leads to the 

formation of NH radicals [52][59]. These radicals can also be formed by the combination of N and H 

species. The amount of ammonia gas produced were less than 20 ppm when the same post-plasma 

catalytic reaction was conducted on N2/H2/Ar plasma. Since this amount was ten times higher (~ 250 

ppm) in case of CH4/N2/Ar plasma, it is highly probable that the CH4 and N2 collisions were the major 

source of NH radicals in our reaction system. The OES spectra band for NH radicals (336 nm) was not 

prominent in the post plasma region possibly due to its rapid consumption. The placement of heated 

CeO2 in the post plasma region had no significant effect on the selectivity of HCN, acetylene and 

ethylene. 

In case of plasma + Ag-Pd/Ce2O reaction, the HCN selectivity was reduced. There was a considerable 

reduction in the selectivity of acetylene (Figure 4). Since all the CH radical recombination occurs in the 

post plasma region, it is evident that Ag-Pd/CeO2 plays an important role in hydrogenating these radical 

to produce C2H4. The selective hydrogenation of acetylene (C2H2) on a typical bimetallic catalyst such 

as Ag-Pd/CeO2 is believed to proceed via the adsorption of C2H2 on the catalyst surface. The 

chemisorbed acetylene (C2H2
*) is then converted to vinyl (CHCH2

*) by dissociative adsorption of 

hydrogen (H*). CHCH2
* radical is subsequently hydrogenated on the catalyst surface to produce C2H4. 

The adsorbed ethylene (C2H4
*) can further hydrogenate in presence of H* to generate C2H6 [60]. In our 

reaction system, the vinyl radicals may have formed directly from the adsorption of the post-plasma 

species-CH and CH2 on the active metal sites followed by their hydrogenation to C2H4 and C2H6. The 

formation of H* on Ag-Pd/CeO2 may have been similar to that on CeO2. 

The active bimetallic (Ag-Pd) sites of the moderately heated catalyst must have redirected the post-

plasma CHx (x=0,1) radicals towards C2 production. Since CHx radicals are required to form HCN, the 

decrease in HCN selectivity was observed in this set of post-plasma reaction. The HCN concentration 

in the product gas mixture decreases to around 0.06% in plasma with Ag-Pd/CeO2 reaction (Figure S-
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4b). The NH3 concentration decreased slightly from 250 ppm to around 200 ppm (Figure S-4a) which 

is possibly due to redirection of activated H2 species (H, H*) to vinyl hydrogenation. It is important to 

note that HCN may have been hydrogenated to NH3 and CH4 in presence of the heated catalyst 

[61,62][25] but the NH3 concentration do not increase in the plasma reactions with Ag-Pd/CeO2 when 

compared to the one with CeO2. Additionally, no CH4 was observed in the product gas mixture in all 

the three set of plasma reactions indicating 100% conversion of methane. Hence, the reduction in HCN 

concentration in the product gas stream is primarily due to the redirection of CH and CH2 radicals to C2 

products. 

HCN formation is depending on the CN radical concentration in both plasma and post plasma region. 

The CN radical concentration in the plasma region may be reduced by optimizing the feed gas mixture 

such as keeping methane concentration much higher than nitrogen. This would require better cooling 

system, since high CH4 feed concentration would entail high temperature (>1000 K) within the 

discharge region. In the post plasma region, the redirection of CH and CH2 radicals to C2 products 

decreases HCN formation, meaning more ethylene production would entail reduction in HCN 

selectivity. This would require designing optimum hydrogenation catalyst suitable for the post-plasma 

region. 

Ar is known to ionize faster than other gases within the plasma region. The ionized Ar (Ar+) may quickly 

transfer that charge to other reactive species such as N2, contributing to the formation of positively 

charged ions in the plasma region [63]. In low pressure plasma systems, when Ar is present in the feed 

gas mixture, the peaks for Ar in the OES spectra are prominent, indicative of their high degree of 

ionization and charge-transfer to other plasma species [51]. In our reaction system, the post-plasma 

region does not seem to be rich in ionized Ar species, as observed in the OES spectra (Figure 3). Hence, 

we can assume that Ar, even though essential in maintaining the plasma within the discharge region, 

does not play any major role in the post-plasma reaction. 
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Based on species identified on the OES spectra and the product distribution in the three reactions, the 

hypothesized reaction mechanisms in the three set of reactions were summarized in Figure 5. The 

possible elementary reactions involved in the only plasma condition are shown in blue. The elementary 

reaction steps of plasma + CeO2 are shown in green and blue and that of Ag-Pd/CeO2 catalyst are shown 

in green, blue, and orange.

3.3 Influence of post-plasma species on C2 selectivity

A catalytic reaction without plasma was conducted to further understand the significance of post-plasma 

species in our reaction system. As shown in Figure 2b, the Ag-Pd/CeO2 catalyst was heated to 2500C 

(523 K) and fed with a gas mixture containing 1.5% H2, 1% N2, 0.25% C2H2 balanced with Ar. The 

content of this feed gas was similar to the product gas stream from CH4/N2/Ar plasma reaction. HCN 

could not be added to this feed gas mixture due to safety hazards. If 0.1% HCN could be added to the 

reaction feed mixture to exactly match the product gas mixture of plasma reaction, it may have been 

Figure 5: Hypothesized reaction mechanisms for ammonia, ethylene, HCN and 
ethane generation from methane and dinitrogen. Plasma reactions are shown in 

blue, Plasma + CeO2: green and blue, Plasma+ Ag-Pd/CeO2: green, blue, and 
orange

Page 17 of 32 Catalysis Science & Technology



hydrogenated to ammonia and methane [64]. Since no ammonia and methane were observed in the 

product gas mixture of this set of reaction, it can be safely assumed that if HCN was added in the feed, 

it would have remained unconverted during this reaction possibly due to the low reaction temperature. 

Figure 6. Normalized carbon selectivity among the C-containing products 

The change in the normalized HCN and C2 products (C2H2, C2H4, and C2H6) selectivity between three 

reaction scenarios: plasma, catalyst, and plasma + catalyst can be seen in Figure 6.  In this figure, the 

plasma + Ag-Pd/Ceria reaction is designated as “plasma + catalyst.” The purpose to conduct this 

reaction and compare the selectivity of its C containing products to that of plasma and plasma + catalyst 

reaction was to demonstrate that the plasma + Ag-Pd/Ceria reaction was not merely a two-step reaction 

where the acetylene generated in the plasma reaction was hydrogenated to C2 products: ethylene and 

ethane over the heated catalyst. As shown in Figure 6, the selectivity of acetylene was highest among 

the C2 products in plasma reaction. Ethane was the dominant product in the catalytic reaction without 

plasma. In the plasma + catalyst reaction, the selectivity of ethylene increased considerably to around 

37 %, while that of ethane reduced from 57% in catalyst reaction to 15 % in plasma + catalyst reaction. 

This reaction behavior was a clear indication of the post-plasma species directly influencing the C2 

product selectivity.  Hence, DFT calculations were utilized to explain the interaction between the Ag-

Pd/CeO2 catalyst and the post-plasma species. 
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Density functional theory (DFT) calculations were performed on the hydrocarbon conversion process 

over the Ag-Pd (111) surface and compared with our experimental results. These DFT calculations 

include various adsorption configurations and the corresponding binding energies, the reaction energies, 

and the positively charged surface effects of acetylene, ethylene, and ethane synthesis from methane 

conversion. When the post-plasma species, such as  and , adsorb over the Ag-Pd surface, 𝐶𝐻𝛿 +

𝑥 𝑁𝐻𝛿 +

𝑥

they will attract the electrons from the Ag-Pd surface and consequently, the Ag-Pd surface will become 

positively charged. To clarify this positive charge effect on Ag-Pd surface, XPS analysis were carried 

out on 1. fresh, 2. reduced and the spent Ag-Pd/CeO2 from 3. “catalyst” and 4. “plasma + catalyst” 

reactions and the resultant spectra are presented in Figure 7.

In the Gaussian deconvoluted Pd3d spectra, as shown in Figure 7a, Pd2+ peaks appeared at both Pd3d5/2 

and Pd3d3/2 at 337.2 and 342.5 eV, respectively for the fresh Ag-Pd/CeO2 (sample 1) [65]. The reduced 

catalyst (sample 2) shows splitting of the peaks into Pd2+ and metallic Pd0 at 335.6 and 341.1 eV [66]. 

Figure 7: XPS (a) Pd3d and (b) Ag3d spectra of 1. Fresh Ag-Pd/ Ceria, 2. Reduced under 50% H2 at 250 0C, 
3. Spent Ag-Pd/ Ceria from “catalyst” reaction, 4. Spent Ag-Pd/Ceria from “plasma + catalyst” reaction
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The reduction process must have converted some of the oxidized Pd to metallic Pd on the catalyst 

surface. The intensities of the Pd2+ peaks on the Pd3d spectra of spent Ag-Pd/CeO2 from “catalyst” 

reaction (sample 3) were much lower than that of sample 2, implying that sample 3 surface were mostly 

covered with metallic Pd. In case of the spent Ag-Pd/CeO2 from “plasma + catalyst” reaction (sample 

4), the intensities of Pd2+ peaks were much higher than that of sample 3, while the peak intensities of 

Pd0 slightly decreased. This was indicative of the presence of higher percentage of positively charged 

Pd on the catalyst surface in case of “plasma + catalyst” reaction. 

In case of Ag3d spectra, as shown in Figure 7b, both Ag3d5/2 and Ag3d3/2 bands were deconvoluted into 

3 peaks. The Ag3d5/2 had maxima at 367.9 (Ag0), 368.2 (Ag+ from Ag2O), and 369.1 (Ag3+ from AgO) 

and Ag3d3/2 had maxima at 373.4 (Ag0), 373.9 (Ag+), and 375.1 (Ag3+)[67,68] . The intensities of these 

maxima varied from sample 1 to sample 4. Sample 1 was rich in Ag+ ions indicative of presence of 

Ag2O on the catalyst surface. The treatment of the fresh catalyst with 50% hydrogen at 2500C for 1-

hour partially results in the formation of metallic Ag on sample 2, where Ag0 had higher intensity than 

Ag+ and Ag3+. In case of sample 3, the intensity of Ag3+ reduced considerably and that of Ag0 peak 

remained the highest. Although it is hard to distinguish the spectra of sample 3 from sample 4, the 

intensities of the Ag+ species were found to be slightly higher in sample 4. This may indicate the 

presence of higher concentration of charged Ag on the spent catalyst surface from “plasma + catalyst” 

reaction. 

All the samples, except the fresh catalyst, were under hydrogen rich environment at a reaction 

temperature of 2500C. Despite similar reaction conditions, the higher intensities of the charged Ag and 

Pd species on sample 4 indicate that the interaction of post plasma species with the catalyst surface 

leads to a positive charge effect. 

To investigate the role of post-plasma species interaction with the catalyst surface on tuning the 

selectivity of hydrocarbons (ethylene vs. ethane), we applied DFT to calculate the C2H2 conversion to 

C2H4/C2H6. Based on the observations from four sets of experiments, including reaction occurred under 

plasma without any catalyst, reaction occurred over two different catalysts (CeO2, Ag-Pd/CeO2) at the 

post-plasma region (Figure 4), and reaction occurred over Ag-Pd/CeO2 under thermal heating (Figure 
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6), we confirmed that the interaction between post-plasma species and Ag-Pd mainly tuned the 

selectivity of C2H2 conversion to C2H4/C2H6.

The analysis of the XPS spectra (Figure 7) indicate the presence of   Ag+ and Pd2+ on the catalyst surface 

during the “plasma + catalyst” reaction. The oxidized state of Ag and Pd could either come from the 

oxygen spillover of the CeOx support or the interaction with positively charged post-plasma species 

under the reaction conditions [38]. Then, we first studied the stability of the surface O* species over the 

Ag-Pd from oxygen spillover in our DFT calculations via building a phase diagram (Figure S-5). Our 

results indicated that the O* in the Ag-Pd surface is thermodynamically favorable to be reduced and Ag-

Pd surface can be maintained in a metallic state under the experimental working conditions (250 oC, 

partial pressure of H2 of 6 Pa). This result is consistent with the experimental works reported by Park 

et al. that Au, Cu and Pt nanoparticles remained in their metallic state even after their deposition on the 

reduced CeOx/TiO2(110) surface [69]. This result is also consistent with the theoretical works reported 

by Aranifard et al. that the surface O* species is not stable over the Pt cluster supported by CeOx and 

Pt cluster with O* on the surface will be reduced to metallic Pt under the experimental conditions (i.e., 

100 K to 1300 K and 10-6 bar to 1 bar of partial pressure of H2) [70].

After confirming the Ag-Pd model, we examined the energy diagram without plasma-species induced 

positively charged surface effects of CH4 decomposition into C1 or coupling into C2 hydrocarbon 

species over Ag-Pd (Figure 8a). Our DFT results showed that, when the post-plasma species is C2H2, 

the hydrogenation of C2H2 to C2H6 is more energetically favorable than that of C2H4 over the Ag-Pd 

surface. This explains the over-hydrogenation of acetylene to ethane in the catalyst reaction, leading to 

the highest ethane selectivity among the C-containing products. 

Then, to investigate the role of plasma-species induced positively charged surface effects on the 

selectivity of C2H4 and C2H6 from methane conversion, we polarized the Ag-Pd surface to be positively 

charged, ranging from  to  with  increment. Interestingly, our DFT results showed that the 𝛿0 𝛿 +0.6 𝛿 +0.1

reaction energies of the elementary steps of C2H4 production, including  and 𝐶2𝐻3 +𝐻 ↔ 𝐶2𝐻4 2𝐶𝐻2 ↔ 

 monotonically decreased (Figures 8b, c) as increasing the surface charges of Ag-Pd. While the 𝐶2𝐻4
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reaction energies of the elementary steps of C2H6 production, including  and 𝐶2𝐻5 +𝐻 ↔ 𝐶2𝐻6 2𝐶𝐻3 ↔ 

 monotonically increased (Figures 8d, e) as increasing the surface charges of Ag-Pd. This suggests 𝐶2𝐻6

that a positively charged Ag-Pd surface under the post-plasma condition, will facilitate the synthesis of 

C2H4 production than that of C2H6 production from CH4 plasma. This result is consistent with previous 

theoretical studies reported by Bu et al. suggesting that the introduction of positive charged (100) 

surfaces of Pd, Au, Ag, Ni and Cu catalysts promotes acetylene adsorption and subsequently favored 

the production of ethylene over ethane [71]. Similarly, this result is also in agreement with the 

experimental works reported by Lim et al. that the application of negative electric potentials noticeably 

lowered the activation barriers of ethylene hydrogenation to ethane and significantly enhanced the rate 

of ethylene hydrogenation over Pd/C catalyst [72]. 

Figure 8: DFT calculations on revealing the role of positively charged surface for the C2H2, C2H4 and 
C2H6 formation from methane conversion. (a) The energy diagram of methane decomposition into C1 

or coupling into C2 hydrocarbon species over the Ag-Pd (111) surface. Positively charged surface 
effects on ethylene (b, c) and ethane (d, e) synthesis over the catalytic Ag-Pd surface.
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In addition, the presence of positively charged surface significantly prevents the coke formation during 

methane decomposition. Our DFT energy diagram show that the energetics of carbon formation 

significantly increase by ~0.3 eV with the positive surface charges as compared to the one without 

charge effects (Figure S-22, Table S-2). This result is consistent with previous theoretical report from 

Che et al. that the positively charged Ni surface could reduce coke formation during methane steam 

reforming reaction [38,48,73,74]. This is also consistent with experimental work from Sekine et al., in 

which they stated that the introduction of positive voltage removed the formation of reactive carbon 

(such as  and ) deposition during toluene steam reforming, and significantly suppressed coke 𝐶𝛼 𝐶𝛽

formation during the process [75]. Yet et al. also reported that external positive applied potential reduces 

the surface coverage of carbon and accelerates the rate-determining step of the  bond cleavage in 𝐶 ― 𝐻

methane over IrO2 [76]. The linear relationship between the activation barrier and the reaction energy 

of hydrocarbon-related elementary reactions over different transition metal surfaces, known as the 

 relation, has been determined by many researchers from DFT 𝐵𝑟⌀𝑛𝑠𝑡𝑒𝑑 ― 𝐸𝑣𝑎𝑛𝑠 ― 𝑃𝑜𝑙𝑎𝑛𝑦𝑖 (𝐵𝐸𝑃)

calculations [77] [78][79] [80] [81] [82] [83] [84] [85]. Che et al. also proved that the BEP relation for 

the C-H bond cleavage is still validated when different surface charges were applied via adding external 

electric fields [48]. Such BEP relation could be employed this current work to estimate the kinetic 

behavior (i.e., activation barriers) of C-H bond cleavage and C-C bond formation based on our 

calculated thermodynamics properties (i.e., reaction energy in Figure 8). Therefore, the conclusion 

derived from thermodynamic properties will hold for the kinetic parameters. In our experiments, the 

breakdown of methane begins within the MW cavity where the plasma is generated. The CHx 

(x=0,1,2,3) radicals, hence formed, travel down to the heated catalyst bed. As per the DFT results, these 

radicals will be less likely to form coke at atmospheric pressure and moderate temperature of 250 0C. 

Conclusion

This article has successfully demonstrated the charge effects of post-plasma species and moderately 

heated catalyst in improving the selectivity of ethylene over ethane while reducing unwanted by-product 

such as HCN. DFT calculations were used to determine the post-plasma induced positive charge effects 
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on the catalytic Ag-Pd surface during the post-plasma reaction, leading to better ethylene selectivity 

and reducing its over-hydrogenation to ethane.

To decarbonize the chemical industry, a significant amount of effort is being directed towards non-

oxidative and direct utilization of CH4. Since natural gas is indeed an important raw material for 

chemicals, its efficient utilization can significantly reduce the carbon footprint of chemical industries. 

Microwave enhanced-plasma assisted methane conversion [12] and ammonia synthesis [86] has the 

potential to become modular-scale green alternative to large-scale commercial processes. Despite 

offering several advantages such as fast process dynamics and flexibility, high selectivity towards 

desired products, and reducing unwanted by-products, the commercialization of plasma based chemical 

processing remains a challenge to present day. 

The major bottleneck is the input energy requirement to match the throughput of current industries [5].  

To address this scaling issue, it is advisable to build modular systems at the source of the raw material 

that can be run on intermittent-renewable energy sources and be tuned as per the market demand and 

power availability Furthermore, integrating highly-efficient catalytic material into the plasma reactor 

can contribute to overall energy-efficiency. The current research pertaining to plasma-catalysis, 

specifically non-thermal plasma, have been focused on optimizing energy requirements, conversion, 

and selectivity [87]. There is also an increasing trend in studies that investigate the underlying 

mechanism behind plasma-catalyst synergy using simulations and in-situ analysis [13]. The proof-of-

experiment presented in this paper demonstrated the conversion of methane to two very important end-

products, NH3 and C2H4 without CO2 emissions. Such a reactor could be utilized as small-scale modular 

processing units that can operate with renewable energy at the production stage of natural gas, 

eliminating the bottlenecks associated with transportation. By utilizing DFT calculations, this article 

showed that a better selectivity towards ethylene can be achieved by the charge-effect induced by post-

plasma species on the catalytic surface. Hence establishing a possible reaction mechanism leading to 

better product selectivity. 

Further understanding the underlying mechanism behind plasma and catalyst interaction would help 

optimize the reaction and catalyst design, leading to the development of reaction kinetic models. 
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Designing reactors with low energy and material cost, stability and longevity would lower the overall 

production cost. Overcoming these scientific and engineering challenges is instrumental to wider 

industrial application of plasma catalysis in methane utilization. 
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