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Abstract 

The effect of argon (Ar) addition on plasma-assisted ammonia (NH3) synthesis in a packed-bed 

dielectric barrier discharge (DBD) reactor is investigated in this work. Both higher normalized NH3 

concentration and N2 conversion are achieved by adding Ar to N2–H2 plasma. The 18.6% increment 

of normalized NH3 concentration and 15% increment of N2 conversion are realized with 30 vol.% 

Ar addition compared with the case of N2–H2 plasma only, indicating that Ar addition would 

contribute to NH3 formation. The mechanisms of NH3 synthesis with Ar addition are proposed based 

on electrical characteristics and electron energy distribution function of the N2–H2–Ar plasma. The 

intensity of microdischarges, mean electron energy and quantity of energetic electrons increase upon 

Ar addition. Hence, the electron-impact reactions would be enhanced upon Ar addition. Meanwhile, 

the effective capacitance of the plasma reactor is improved, which suggests Ar addition contributes 

to achieve fully-bridged plasma discharge and transfer energy into chemical process in plasma. 

Moreover, the presence of Ar generates Penning excitation and ionization reactions, which would 

benefit N2 conversion and then accelerate NH3 formation as well.  
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1. Introduction 

Ammonia (NH3) is the second largest chemical products in the world and one of the most 

common precursors to manufacture many useful products including plastic, polyester fiber, fertilizer 

and medicine[1–3]. Recently, ammonia has attracted extensive attention to be used as a clean fuel[4–

6]. The use of NH3 in combustion processes, such as internal combustion engines, gas turbines and 

firepower electricity production as the alternative of fossil fuels, can be a promising solution in 

reduction of carbon emission[7–9]. 

Conventional industrial-scale NH3 synthesis method is Haber-Bosch (HB) method. However, 

the HB method requires harsh reaction conditions, e.g. sustained high temperature (500–600℃) and 

high pressure (20–40 MPa). As a result, the HB method consumes ultra-large amount of energy 

(1%–2% of world’s primary energy supply)[10]. In the past few decades, several alternative 

methods have been used in NH3 synthesis as the substitutes of HB method, including biochemical 

process, electro-chemical process and non-thermal plasma (NTP) assisted process. Among these 

methods, NTP assisted method is particularly promising to alternate the conventional HB method 

due to the mild operation conditions and good economy. The NTP is contributed to the generation 

of highly reactive species and breaking the limits of thermodynamics[11]. A variety of NTPs have 

been investigated for NH3 synthesis, including dielectric barrier discharge (DBD)[12, 13], radio 

frequency discharge[14, 15] and glow discharge[16] plasmas. Among them, the DBD plasma is 

particularly applicable due to its feasibility to integrate with catalysts or dilution gases. 

 It has been recognized that the addition of dilution gas could affect the electrical 



characteristics of plasma, while the electrical characteristics could accelerate the reaction kinetics 

in turn. For example, Ramakers et al. studied the effect of argon or helium addition on the electrical 

parameters in plasma-assisted CO2 conversion. The 95% Ar addition reduced the breakdown voltage 

to 1.05 kV, while the breakdown voltage is 2.06 kV for pure CO2 plasma. The lower breakdown 

voltage suggested that a larger fraction of applied power can be used effectively for CO2 conversion. 

As the result, when the Ar content increased from 0 vol.% to 50 vol.%, the CO2 conversion increased 

by 80%[17]. Moss et al. reported the effects of Ar addition on CO2 conversion and reported that the 

addition of Ar produced a substantial increment in rate constants of CO2 dissociation via electron 

impact. At the SIE of 0.2 eV/molecule, compared with pure CO2 plasma, the energy efficiency was 

1.25-fold higher upon 50 vol.% Ar addition[18]. Chen et al. reported that the addition of Ar into O2 

plasma would lead to a higher discharge power at a fixed applied voltage. For instance, compared 

to that without Ar addition, 2 times improvement in plasma discharge power was achieved once 50 

vol.% Ar was added, while the O3 concentration was 14.05% higher when Vpk is 15 kV[19]. 

Recently, some researchers have recognized that the employment of dilution gas could improve 

the conversion of reactants towards targeted products. Zeng et al. investigated the effect of argon 

addition on plasma-catalytic hydrogenation of CO2 for the co-generation of CO and CH4. It was 

reported that the addition of Ar in the feed gas enhanced the conversion of CO2 and the production 

efficiency. For instance, raising the Ar content from 0 vol.% to 60 vol.% significantly reduced the 

CO/CH4 molar ratio from 24 to 12[11]. Kholodkova et al. researched the effect of Ar addition on 

the dissociation of oxygen molecules. The results indicated that an increase in the inert gas content 

in plasma caused a monotonic growth of the degree of dissociation of oxygen molecules, while the 

overall rate of production of oxygen atoms at an oxygen content of over 50 vol.% remained 



constant[20]. However, many challenges still remain for revealing the mechanisms of interaction 

between reactants and plasma.  

In this work, the effects of Ar as a dilution gas on the plasma-assisted NH3 synthesis have 

investigated in terms of NH3 concentration and N2 conversion. The mechanisms of effect of Ar 

addition on NH3 synthesis are explained by studying electrical characterization of the plasma, 

optical emission spectra plasma and electron energy distribution function (EEDF) calculated by 

BOLSIG+. 

 

2. Experimental setup 

2.1. Experimental system 

 

Fig. 1 Experimental setup for the plasma-assisted synthesis of NH3 

Fig. 1 is the schematic diagram of the experimental system setup. The reactor was a coaxial 

packed-bed DBD reactor. A quartz tube with the inner diameter of 8 mm and the thickness of 2 mm 

was used as the dielectric barrier. The reactor was packed with quartz wool, while the length of the 

packed region was kept at 40 mm. A stainless rod with the diameter of 4 mm was used as the high 



voltage electrode and connected with the power supply (Suman CTP2000K). Stainless steel mesh 

with the length of 40 mm was wrapped around the quartz tube and served as the outer electrode. An 

external capacitor (Cext = 0.47 μF) was connected between the outer electrode and ground. The 

voltage across the external capacitor was measured to obtain the quantity of transferred charges 

(Qtrans) during the plasma discharge process. Both the voltage across the external capacitor and the 

applied voltage across the reactor were measured by high voltage probes (Tektronix TPP0502). All 

electrical signals were sampled by a four-channel digital oscilloscope (Tektronix TDS2024C). The 

discharge power was obtained by calculation of areas of the Q-U Lissajous figure. 

Zero grade (purity > 99.999%) N2, H2 and Ar were provided from gas cylinders and regulated 

by mass flow controllers (Sevenstars D07-B). Before being introduced to the reactor, the gas streams 

were mixed in a mixing chamber. The gas products were analyzed by two-channel gas 

chromatography (Fuli 9790Ⅱ), which was equipped with a thermal conductivity detector (TCD). 

The gas concentration was measured 5 times and given average value. The optimal emission 

spectrum was measured using a spectrometer (Ideaoptics PG2000-PRO-EX). Electron energy loss 

fraction and mean electron energy were calculated by BOLSIG+[21]. 

 
2.2. Parameters calculation 

An equivalent circuit developed from our previous work is used to simplify and describe the 

pack-bed DBD reactor in this work[11]. The reactor is considered to be composed by four capacitors 

as shown in Fig. 2.  



 

Fig. 2. Equivalent circuit diagram for the discharge zone of reactor 

The capacitance of the reactor in plasma-off phase (Ctotal) could be calculated by following 

equation: 

 (1) 

where Cquarz is the capacitance of quartz tube. CN2
, CH2

, CAr and Cpacking are the capacitances of 

nitrogen, hydrogen, argon and the packing materials, respectively. 

The total capacitance of the reactor (Ccell), effective capacitance of (Ceff), peak-to-peak voltage 

(Upk), quantity of transferred charges (Qtrans), quantity of discharged charges (Qdis) and the minimum 

voltage at the beginning of charge transferring (Umin) of the plasma discharge process could be 

obtained from the Lissajous figure (as shown in Fig. 3). 
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Fig. 3. Schematic figure for the derivation of electrical parameters from the Q–U Lissajous 

The discharge power based on the Lissajous method could be calculated by [22]: 

 (2) 

where Cext is external capacitance (0.47 μF), f is the frequency of AC discharge. In this work, the 

frequency of AC discharge was kept in the range of 9.2 to 9.8 kHz. A is the area of the Lissajous 

figures.  

The specific input energy (SIE) of the plasma-assisted process is as follow: 

 (3) 

where Q denotes total flow rate and is fixed at 0.1 L·min-1. 

The voltage applied on the gap of the reactor can be calculated as follow: 

 (4) 

where Ugap is the voltage across the gap of the reactor, Uapp is the applied voltage, Uquartz is the 
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voltage applied on quartz tube and Uext is the voltage across the external capacitance. 

The following equations are used to calculated Cgas and Ub: 

 (5) 

where Cgas is the actual capacitance of the gas mixtures. 

 
(6) 

where Ub is the breakdown voltage of the DBD reactor. 

The reduced electric field strength (E/N) is calculated by: 

 (7) 

where N is the number density of gas molecules, which is approximately 2.4 × 1025 m3 at atmosphere 

pressure and temperature. dg is the equivalent gap thicknesses of gas phase in the packed region. 

The N2 conversion rate is defined as follows: 

 (8) 

where CNH3
 is the outlet concentration of NH3, CN2

 is the input concentration of N2. 

The electron energy loss fraction is defined as follow: 

 (9) 

where Etotal is the energy of electrons, Ei (i could be excitation or ionization) is the electron energy 

spent on the excitation or ionization of the feed gases. 

    The normalized NH3 concentration (Cnorm) is as follow[23]: 
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where r(H2+N2) denotes the total proportion of N2 and H2 in feed gases. 

3. Results and discussions 

3.1. Effect of Ar addition on electrical characteristics 

 

Fig. 4. Effect of Ar addition on current profiles at the SIE of 15 kJ·L-1. 

Fig. 4 illustrates the current profiles for N2–H2–Ar plasma with different Ar content. It is visible 

that the current waveform is the sinusoidal waveform. Numerous spikes are presented in the current 

peaks every half-period, indicating the presence of microdischarges. The higher spikes suggest the 

intensified filimentary discharges or superposition of several microdischarges occurring 

simultaneously[24]. The amplitude of sinusoidal current, as well as the intensity of filamentary 

microdischarges, is significantly higher with Ar addition. When the Ar content is 30 vol.%, the time-

averaged intensity of the microdischarges in the positive period of the current waveform is 11.88 

mA at the peak of positive half-period, which is 7.22% and 37.49% higher than the cases of 20 vol.% 

and 0 vol.% Ar addition, respectively. It could be inferred that a larger fraction of charges is 

transferred into the plasma upon Ar addition, as could also be deduced from the Lissajous figures. 
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Fig. 5. Lissajous figures for DBD reactors with different Ar content 

(SIE = 15 kJ·L-1, gas flow rate = 100 mL·min-1, N2/H2 = 1:1) 
 

Table 1. Electrical parameters of plasma upon Ar addition, as deduced from the Lissajous figures 
in figure 5. 

 

 

 

Fig. 5 shows the Lissajous figures of the reactor with different Ar content at the SIE of 15 kJ·L-

1. The electrical parameters of plasma upon Ar addition are listed in Table 1. The shape of the 

Lissajous figure changes upon Ar addition, which suggests the changes in the electrical 

characteristics of plasma including Ctotal, Ceff, and Qtrans. The Qtrans is 0.34 μC when 30 vol.% Ar is 

added, which is 17.24% higher than that without Ar addition. Similar phenomenon was reported by 

Li et al. that both the intensity of the microdischarges, as well as the amount of transferred charges 

are significantly higher than in the case of Ar–CO2 mixtures[25]. In addition, the breakdown voltage 

decreases from 1.06 kV to 0.84 kV upon 30 vol.% Ar addition. This is in good agreement with other 

works[11, 17] and could be explained that the average electric field strength is increased when Ar 

Content Qtrans (μC) Ceff (pF) Ctotal (pF) Ub (kV) 
 0 vol.% Ar 0.29 90.91 47.11 1.06 
10 vol.% Ar 0.30 96.36 49.31 0.98 
20 vol.% Ar 0.33 103.66 45.16 0.92 
30 vol.% Ar 0.34 117.65 44.91 0.84 



accounts for a larger proportion of the mixed gases[26]. 

   Ideally, the Ceff equals to the capacitance of the dielectric barrier when the discharge gap is fully 

bridged by plasma[27]. However, we find that the Ceff value is lower than the capacitance of quartz 

tube in this work. This phenomenon might be caused by the nonuniform formation of the 

microdischarges in the plasma region[28]. A similar observation was reported by Zhang et al. that  

a homogeneous diffuse plasma with a larger area was generated by adding Ar to N2 plasma[29]. In 

this case, many charges could not be transferred into the plasma and would cause a waste of energy. 

A larger effective capacitance of 44.39 pF is achieved upon 30 vol.% Ar addition, which is 16.89% 

higher than the case without Ar addition. The higher Ceff suggests the addition of Ar is found to 

bridge the gap between the electrodes and enhance the charge transfer between them[11].  

 

3.2. Effect of Ar addition on electron energy 

 



 
Fig. 6. Effect of Ar content on electrical parameters of plasma (a) mean electron energy; (b) EEDF 

(SIE = 15 kJ·L-1, gas flow rate = 100 mL·min-1, N2/H2 = 1:1) 

The mean electron energy and EEDF for the cases with different Ar content are presented in 

Fig. 6. The red points in Fig. 6(a) correspond to the mean electron energy for the cases with different 

content at the same SIE of 15 kJ·L-1. It is obvious that with the increasing content of Ar, the mean 

electron energy is improving, which corresponds to the higher average electric field. Particularly, 

since the Ar content increases in the range of 0 vol.% to 30 vol.%, the mean electron energy grows 

from 2.62 eV to 3.02 eV. This phenomenon could be explained by the lower probability of the 

electrons for inelastic collisions with Ar and for recombination with Ar ions, which results in a 

longer mean free path of the electrons upon Ar addition. Hence, the electrons could be further 

accelerated at the same E/N[17]. Fig. 6(b) presents the EEDF for the cases upon different Ar content 

corresponding to the red points in Fig. 6(a). Although the E/N is decreasing following the increase 

of Ar content in feed gases, the electron energy distribution function shift with an increase in 

electron density in the high-energy tail of the distribution function, indicating the fraction of the 

electrons with higher energy is increasing with higher Ar content[30]. In the plasma, electrons would 

transfer their energy to gas molecules via the electron-impact reactions, mainly including rotational 

and vibrational, and electronic excitation with lower energy states[19]. Hence, with the increasing 



Ar content, more chemically reactive species can be generated in the plasma region via electron 

impacts to drive the plasma chemical reactions. 

 

3.3. OES for N2–H2–Ar plasma 

 

 



 
Fig. 7. Optical emission spectra for N2–H2–Ar plasma with different Ar content (a) typical 

spectrum for N2–H2–Ar plasma in theory; (b) and (c) effect of Ar content on plasma spectra 
(SIE = 15 kJ·L-1, gas flow rate = 100 mL·min-1, and gas feed ratio is 1:1. Black, green, red and 

blue lines are for the cases of 0, 10, 20 and 30 vol.% Ar contents, respectively.) 

Fig. 7 is the optical emission spectra (OES) for N2–H2–Ar plasma, recorded at the SIE of 15 

kJ·L-1. Fig. 7(a) presents the theoretically spectrum for N2–H2–Ar plasma. Line assignments with 

identified spectral features are obtained from literature values of the spectroscopic constants[31–

37]. The intensity of characteristic spectrum lines presents relative concentrations of the 

corresponding species. Fig. 7(b) and 7(c) presents the spectra for N2–H2–Ar plasma with different 

Ar content in this work. The main features of the spectra are the second positive system (SPS) N2 

(C3Πu→B3Πg), the first positive system (FPS) N2 (B3Πu→A3∑g), the first negative system (FNS) 

N2
+ (B2∑+ 

u →X2Π+ 
g ) and Ar Ⅰ band. The peaks within the wavelength ranging from 292 nm to 428 nm 

mainly belong to the FPS and SNS system of N2. This phenomenon indicates that N2 have been 

excited (N* 
2 ) and ionized (N+ 

2 ). The presence of Ar atomic lines (at 750.4 and 811.5 nm) suggests the 

excitation of Ar and the generation of Ar* (3P2 ,3P0). With the increasing content of Ar, the intensity 

of Ar (811.5 nm) line is increasing. This phenomenon indicates more Ar atoms are excited by 

electron-impact. Theoretically, the concentration of H active species could be determined by the 

intensities of Hα and Hβ characteristic lines. However, these lines are hardly noticeable or partially 



overlapped by the Ar lines in this work. As far as we know, there is no previous work in which 

emission from atomic H was clearly detected in packed-bed DBD reactor under the similar operation 

conditions and gas composition. Similar phenomena were also reported by Miotk et al.[38], and 

Gomez-Ramirez et al.[39]. 

 The NH· band head at 336 nm could also be identified as a shoulder peak at a N2 characteristic 

peak. It has been proved that the NH· radical is mainly generated from the combination of N· and 

H· (R1)[39, 40]. Therefore, identification of NH characteristic peak not only suggests the generation 

of NH·, but also the generation of H·. On the other hand, the dissociation energy for N2 is much 

higher than that for H2. The identification of N atomic line suggests the dissociation of N2, which 

also indicates the generation of H· would happen in the plasma theoretically. 

 (R1) 

 

3.4. Effect of Ar addition on N2 conversion and NH3 formation 
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Fig. 8. Effect of Ar addition on (a) NH3 concentration; (b) N2 conversion; and (c) normalized NH3 
concentration 

Fig. 8(a) presents the effect of Ar addition on NH3 concentration at different SIE. When the 

SIE increases from 3 kJ·L-1 to 15 kJ·L-1, the NH3 concentration increases in the range of 602 ppm 

to 1604 ppm without Ar addition. Compared at the SIE of 15 kJ·L-1, the NH3 concentration only 

decreases by 4.13% while the gas mixture is diluted by 10 vol.% Ar. Clearly, NH3 concentration 

decreases upon Ar addition, which could be attributed to the dilution of formed NH3 by Ar[24]. Fig. 



8(b) depicts the conversion of N2 upon Ar addition. At a fixed SIE, the N2 conversion increases with 

the increasing Ar content. For example, at the SIE of 15 kJ·L-1, the highest N2 conversion is 0.18% 

with 30 vol.% Ar addition, which is 18.79% higher than that without Ar addition. This phenomenon 

suggests that N2 could be easily transformed upon Ar addition. Hence, it can be concluded that a 

higher Ar content would promote NH3 formation, which can be further elucidated by Fig. 8(c).  

Fig. 8(c) presents the normalized NH3 concentration with different Ar content. At a fixed SIE, 

the Cnorm is increasing monotonically following the increasing Ar content. The highest Cnorm is 

achieved at the SIE of 15 kJ·L-1 with 30 vol.% Ar content, which is 18.62% higher than that of pure 

N2–H2 plasma. The increasing value of Cnorm indicates more NH3 is generated per unit volume of 

N2 and H2 by adding Ar to the feed gas. One of the reasons is that the addition of Ar could firstly 

affect the electrical characteristics of plasma, while these electrical characteristics would in turn 

affect electron-impact reactions, the initial steps of plasma chemistry. As described in section 3.1, 

both higher Ceff and Qtrans are obtained upon Ar addition, indicating that more energy could be 

injected into the plasma for chemical reactions, as less power would be dissipated for gas 

breakdown[11, 41]. Meanwhile, the addition of Ar leads to the improvement in both mean electron 

energy and the quantity of energetic electrons as well. As the result, the generation of various neutral 

and charged products as given in R2–R5, including excited species like N* 
2 , H* 

2 , N·, H· radicals and 

ions, would be accelerated upon Ar addition. In the plasma, for electron with low energies, the 

highest reaction rates are expected for elastic scattering and vibrational excitation since these 

reactions show the largest collisional cross sections[42]. Therefore, the concentration of molecules 

in excitation state, e.g. N* 
2  and H* 

2 , is considered to be much higher. These species could be easily 

dissociated (i.e. R3) then combine with each other, contributing the formation of NHx (x = 1 or 2) 



as the intermediates and consequently NH3 molecules (i.e. R6)[40, 43, 44]. The EEDF for electron 

with high energy is considerably smaller, suggesting that the rate constants for electron-impact 

ionization reactions (generating N+ 
2  and H+ 

2 , R4) are orders of magnitude smaller than electron-

impact excitation reactions[45]. These charged molecules would be involved in ion-molecule 

reactions, yielding H· radical and N2H+ ions (R5)[46]. 

  (R2) 

 (R3) 

 (R4) 

 (R5) 

 (R6) 

Except for the enhancement in electron-impact reactions, it is worth to mention that in the N2–

H2–Ar mixtures, Penning excitation and ionization reactions would be responsible for the 

enhancement in N2 dissociation and consequently NH3 formation as well. As proved in the previous 

section, a portion of the energy is transferred from the electrons to the excitation/ionization modes 

of the Ar. Previous study reported that once the argon atom is energized, the stored energy of Ar* or 

Ar+ could be utilized to Penning excitation and dissociation reactions (e.g. R7–R9)[46]. Furthermore, 

there would exist charge transfer of the Ar+ ions with N2 and H2, yielding N+ 
2 , H+ 

2  and H+ 
3

 ions (i.e. 

R10 and R11)[47, 48]. These Penning reactions would also contribute to the generation of 

chemically active species, which would further accelerate the formation of immediate species and 

consequently NH3 molecules.  

  (R7) 
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As shown in Fig. 8, compared with the case of 0 vol.% Ar addition, the intensity of N atomic 

line keeps increasing even the N2 concentration is diluted by 10 vol.% Ar addition. It has been 

proved that N atoms are mainly generated from the dissociation of N+ 
2  in plasma[40, 48]. By 

combining the information obtained from Fig. 7 and 8, the increasing intensity of N atomic line 

suggests N2 excitation-ionization reactions are enhanced upon Ar addition. Therefore, compared 

with that of N2–H2 plasma, the N2 conversion is improved by 4.53% to 8.13% upon Ar addition. 

Similar phenomenon was also reported by Li et al. that with 87% Ar dilution, the conversion of N2 

increased more than five times with 1.5 times increase in energy consumption comparing with no 

dilution condition[25]. The higher concentration of N· species could promote the formation of NHx 

species (i.e. R6)[35]. In this work, upon 10 vol.% Ar addition, the intensity of NH line slightly 

decreases by 3.71%, which could be attributed to that the NH· species generates initially and then 

diluted by the Ar. The generation of NH· radical, which is the important intermediate of NH3 

formation, could accelerate NH3 formation in gas phase[40, 49]. As the result, with the Ar content 

increases from 10 vol.% to 30 vol.%, the Cnorm increase by 6.22% to 18.62% compared with that of 

N2–H2 plasma, which suggests that by utilizing the beneficial effect of argon addition, much higher 

yields of ammonia could be achieved.  

 

4. Conclusions 

Plasma-assisted NH3 synthesis has been carried out in a packed-bed DBD reactor upon Ar 

+
2 2N  or H + Ar 2N  or 2H + Ar+® × ×

2 2 2 2N  or H + Ar N  or H + Ar+ + +®

2 32H + Ar  H + H + Ar+ +® ×



addition. The effect of the Ar addition on NH3 concentration has been investigated in terms of 

normalized NH3 concentration and N2 conversion. Both normalized NH3 concentration and N2 

conversion are monotonically increasing with the increasing Ar content, which suggests Ar addition 

is beneficial for NH3 formation. At the SIE of 15 kJ·L-1, the normalized NH3 concentration is 1824 

ppm with 30 vol.% Ar addition, which is 18.62% higher than that of N2–H2 plasma only. Compared 

with the case of N2–H2 plasma only, the N2 conversion is improved by 4.53% to 8.13% upon Ar 

addition. 

The mechanisms of effect of Ar addition on plasma-assisted NH3 synthesis are illustrated. The 

electron-impact reactions are enhanced due to the increase number of energetic electrons, quantity 

of transferred charges, and the discharge power injected into plasma upon Ar addition. It is worth to 

mention that besides of enhancement in electron-impact reactions, Penning excitation and ionization 

reactions would also be responsible for the conversion of feed gases and consequently NH3 

formation when Ar is added in gas mixtures. All these effects can explain the higher normalized 

NH3 concentration achieved upon Ar addition.  
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