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Abstract 

In this work, we have investigated the effect of different supports (activated carbon (AC), α-

Al2O3, ZSM-5 and SiO2) on the plasma-catalytic synthesis of ammonia from N2 and H2 over 

Ru-based catalysts in a dielectric barrier discharge (DBD) plasma reactor. Compared with the 

ammonia synthesis using plasma alone, the presence of the Ru-based catalysts in the DBD 

reactor significantly enhanced the NH3 production and energy yield by 163% to 387.6% with 

a sequence of Ru/AC > Ru/ZSM-5 > Ru/α-Al2O3 > Ru/SiO2. The effect of different operating 

parameters on the plasma-catalytic NH3 production over Ru/AC was also examined. N2 

adsorption-desorption experiment, X-ray diffraction analysis and temperature-programmed 

desorption of CO2 were performed to get insights into the structure-performance relationship 



between the plasma-catalytic NH3 synthesis and Ru-based catalysts. Both textural properties 

and the basicity of the Ru/AC catalyst contribute to the enhanced NH3 production in the hybrid 

plasma-catalytic system. 
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1. Introduction 

Ammonia (NH3) is a crucial chemical feedstock for the production of fertilizers, pesticides 

and many other chemicals. Moreover, due to its unique characteristics of a high energy density, 

clean combustion, and convenience for storage and transportation, ammonia is also regarded 

as a promising alternative clean and sustainable energy storage carrier in the future [1]. 

Currently, the conventional method for industrial-scale NH3 synthesis, namely the Haber-Bosch 

(HB) process, requires high pressures (20-40 MPa) and high temperatures (400-600 °C) in the 

presence of an Fe-based catalyst. As a result, the HB process consumes ~2% of the global 

primary energy supply and produces ~300 million tons of CO2 per year [2, 3]. Great efforts have 

been devoted to developing greener and more sustainable alternatives for ammonia production 

at lower pressures, including biochemical and electrochemical processes. More recently, the 

potential applications of decentralized ammonia (NH3) production using green hydrogen on 

small scales have attracted increasing interest since the process could be driven by renewable 

energy sources such as wind and solar power [4, 5]. 

Non-thermal plasma (NTP) is regarded as a promising and emerging technology for 

ammonia production from N2 and H2 at low temperatures and ambient pressure. Plasma 

processes can be switched on and off instantly due to fast plasma-chemical reactions, thus 

offering great flexibility that can be coupled with renewable energy sources especially 

intermittent renewable energy for decentralized ammonia production. Different types of NTP 

have been investigated for plasma synthesis of ammonia, including dielectric barrier discharge 

(DBD), microwave plasma, radio-frequency plasma, etc. DBD plasma has attracted great 



attention in ammonia synthesis due to its system compactness and scalability, mild operation 

conditions and simplicity of plasma-catalyst integration, which could generate a plasma-

catalytic synergy to greatly improve the performance of chemical reactions [6-8]. The 

enhancement mechanisms of plasma-catalysis have been attributed to the synergistic 

interactions between plasma and catalysts, as the packed catalysts could affect the discharge 

characteristics, which in turn change the chemical reactions and alter the reaction kinetics.  

 

It is widely recognized that catalysts and surface reactions play an important role in 

determining the reaction performance of plasma-catalytic chemical processes including CO2 

conversion, oxidation of volatile organic compounds and NOx abatement [9-11]. More recently, 

various catalysts have been investigated in plasma-catalytic ammonia synthesis. Shah et al. 

investigated the effect of 11 transition metals and low-melting-point metals on plasma 

ammonia production. Ni, Sn and Au showed superior energy efficiency in the plasma-catalytic 

ammonia synthesis [12]. Wang et al. studied the effect of transition metal catalysts (M/Al2O3, 

M=Cu, Ni and Fe) on the plasma-catalytic NH3 synthesis. Ni/Al2O3 showed outstanding catalytic 

activity on the NH3 production, with a 15.2% higher NH3 synthesis rate than that using Fe/Al2O3 

[2]. In addition to transition metal-based catalysts, noble metal (e.g., Ru)-based catalysts have 

also attracted much attention in plasma-catalytic NH3 synthesis due to their high activity. Patil et 

al. evaluated the effect of a wide range of supported metal catalysts on the plasma-catalytic 

ammonia synthesis and found that the activity of these catalysts followed the order of Ru > 

Rh > Ni > Co > Fe > Pd ≫ Mo [21]. Kim et al. studied the plasma-catalytic ammonia synthesis 

over promoted Ru/AC catalysts and reported the effect of metal promoters followed the order 

of Mg > K > Cs > no promoter [13]. Mizushima et al. reported the use of Ru, Pt, Ni and Fe as 

the catalytic active phase improved the NH3 yield by 40-100%, while the presence of Ru 

showed the highest NH3 yield [14]. However, most previous studies focused on improving NH3 

production by changing the active metals of the catalysts, while far less research has been 

conducted to understand the effect of different supports on the plasma-catalytic ammonia 

synthesis. Xie et al. reported that using L-MgO supported Ru catalysts one can reach an 



ammonia synthesis rate of 1.04 g s-1, ~8% higher than that using Ru/Al2O3 at a relatively low 

temperature (300 °C) [15]. Gorky et al. found the presence of zeolitic imidazolate frameworks of 

ZIF-8 and ZIF-67 supports significantly enhanced the ammonia synthesis rate by 30-60% 

compared to Beta, 5A and SAPO zeolites [16]. However, the fundamental understanding of 

different catalyst supports and their physicochemical properties on the plasma-catalytic 

ammonia synthesis is still limited.  

In this work, we have investigated NH3 synthesis from N2 and H2 over supported Ru 

catalysts in a co-axial DBD plasma reactor. Activated carbon (AC), α-Al2O3, ZSM-5 and SiO2 

are chosen as the supports. The effect of these supports on the discharge characteristics, NH3 

concentration and energy yield of the process was investigated at different operating conditions. 

Catalyst characterization including N2 adsorption-desorption, X-ray diffraction (XRD) and 

temperature-programmed desorption of CO2 (CO2-TPD) was performed to understand the 

structure-performance relationship between the catalysts and NH3 synthesis. The key reaction 

performance of the plasma-catalytic synthesis of NH3 in this work is compared with the results 

reported in the literature. 

 

2. Experimental section 

2.1 Catalyst preparation 

In this work, an ultrasonic-enhanced wet impregnation method was used for the 

preparation of the Ru-based catalysts. All chemicals were of analytical grade. To prepare the 

Ru-based catalysts, a weighed amount of RuCl3∙3H2O was firstly dissolved in deionized water 

and magnetically stirred for 1 h to form a transparent solution. Then, a desired amount of the 

support was added into the solution and treated by ultrasonication for 3 h at room temperature. 

After that, the mixture was heated and vigorously stirred in a water bath (80 °C) for 3 h, 

followed by drying in an oven at 110 °C for 12 h. The samples were then calcined in a nitrogen 

gas stream at 500 °C for 5 h, then crushed and sieved to 40-60 meshes. The obtained samples 

were reduced in a 5 vol.% H2/Ar gas stream at a total gas flow rate of 100 mL·min-1 at 500 °C 

for 5 h. The catalysts are denoted as Ru/M where M is the catalyst support (M = AC, α-Al2O3, 



ZSM-5 zeolite and SiO2). The loading amount of Ru was 1 wt.% in this work. 

 

2.2 Catalyst characterization 

N2 adsorption-desorption experiments were conducted at 77 K to obtain the textural 

properties of the Ru/M catalysts (M = AC, α-Al2O3, ZSM-5 zeolite and SiO2) using a 

Micromeritics ASAP 2010 instrument. Each sample was degassed at 200 °C for 5 h before the 

measurement. The specific surface area (SBET) and pore size of the Ru/M catalysts were 

obtained using the Brunauer-Emmett-Teller (BET) equation, while the average pore diameter 

and pore volume of the samples were calculated based on the Barret-Joyner-Hallender (BJH) 

method. The XRD patterns of the Ru/M catalysts were obtained using a Rikagu D/max-2000 

X-ray diffractometer with a Cu-Kα radiation source. All samples were scanned in the 2θ range 

of 10° to 80° with a step size of 0.02°. The basicity of the Ru/M samples was measured by 

CO2-TPD. During the test, each catalyst (100 mg) was pre-treated and degassed at 250 °C in 

an Ar flow for 1 h before being cooled down to 50 °C. The sample was then saturated with 5 

vol.% CO2/Ar at a flow rate of 40 mL�min-1 for 1 h, followed by purging with pure Ar at a flow 

rate of 40 mL�min-1 to remove any weakly adsorbed CO2. Finally, the TPD measurement was 

performed by heating the sample from 50 °C to 800 °C at a heating rate of 10 °C�min-1 in a 

pure Ar flow at a flow rate of 40 mL�min-1. The CO2 desorption amount was determined by 

integrating the CO2-TPD profile. 

 

2.3 Experimental system 

Figure 1 shows a schematic diagram of the experimental setup. The plasma reactor 

consisted of a quartz tube, two polytetrafluoroethylene (PTFE) seals and two electrodes. The 

quartz tube had an outer diameter of 10 mm with a wall thickness of 1 mm. The two PTFE 

seals were placed at both ends of the quartz tube. Aluminum foil with a length of 30 mm was 

wrapped tightly around the quartz tube and served as a ground electrode. A stainless steel (SS) 

rod (high voltage electrode) with a diameter of 4 mm was placed in the center of the quartz 

tube and held by the PTFE seals. The DBD plasma reactor was connected to an AC high voltage 

power supply (CTP-2000K, Suman, China). The Ru/M catalyst (200 mg, 40-60 meshes) was 



packed into the discharge region and held by glass wool in each test. The DBD reactor was fan-

cooled during the experiments, and the temperature on the outer wall of the reactor was around 

100-110 °C as measured by an infrared (IR) temperature camera (UTi165A, UNI-T, China). 

 

Fig. 1. The schematic diagram of the experimental setup. 

 

In this work, N2 (99.99%) and H2 (99.99%) were used as the reactants and their flow rates 

were controlled by mass flow controllers (D07-B, Sevenstars, China). N2 (99.99%) and H2 

(99.99%) were pre-mixed in a mixing chamber before flowing into the DBD reactor. The gas 

flow rate after the plasma reaction was measured using a soap-film flowmeter. A high voltage 

probe (Tektronix P6015A, 1000:1, USA) was used to measure the applied voltage, while a non-

source voltage probe (Tektronix TPP0500, USA) was applied for measuring the voltage drop 

across a capacitor (0.47 μF). All signals were recorded by a Tektronix DPO2014 digital 

oscilloscope. The discharge power was determined using the Q-U Lissajous figure method 

(Eq.1). 

                             (1) 

where Cm is the measuring capacitance (0.47 μF), f is the frequency (10.1 kHz in this work) 

and A is the area of the Lissajous diagram. 

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

                         (2) 

where Q is the total flow rate. 

( ) mP W = f C A´ ´
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The NH3 concentration was measured online using gas chromatography (Fuli 9720, China) 

equipped with a thermal conductivity detector (TCD). All data was measured three times and 

the average value was presented in this work.  

The energy yield (EY) of the plasma NH3 synthesis process is calculated according to Eq. 

(3): 

                 (3) 

where M denotes the molar mass of NH3, Cout is the NH3 concentration measured at the reactor 

outlet and Qafter is the gas flow rate after the reaction measured by a soap-film flowmeter.  

 

3. Results and discussions 

3.1 Catalyst characterization 

Table 1 shows the textural properties of the Ru/M catalysts based on the N2 adsorption-

desorption experiment [17]. The physical properties of the Ru/M catalysts show a significant 

difference due to the presence of different supports. Ru/AC has the highest SBET of 1333.8 m2∙g-

1, followed by the ZSM-5 (358.5 m2∙g-1), α-Al2O3 (6.5 m2∙g-1) and SiO2 (8.3 m2∙g-1) supported 

Ru catalysts. The Ru/AC catalyst shows the highest porous volume of 0.79 cm3∙g-1, which is 

about 3 times the pore volume of Ru/ZSM-5 and Ru/α-Al2O3. Ru/SiO2 has an average pore size 

of 14.2 nm, much larger than that of Ru/ZSM-5 and Ru/AC (2.3-2.4 nm). Similar findings 

regarding the natures of the catalyst supports were reported in the synthesis of SiO2, ZrO2 and 

YSZ supported Ag catalysts [18]. 

Table 1. Physicochemical properties of the Ru/M catalysts. 

Catalyst 
Specific 

surface area 
(m2∙g-1) 

Porous 
volume 

(cm3∙g-1) 

Average 
pore size 

(nm) 

CO2 desorption 
amount 

 (mmol∙g-1) 
Ru/ZSM-5 358.5 0.29 2.3 0.33 
Ru/α-Al2O3 6.5 0.04 9.7 0.16 

Ru/SiO2 8.3 0.03 14.2 0.17 
Ru/AC 1333.8 0.79 2.4 2.71 

 

( )-1g kWh out afterM C Q
Energy Yield =

P
´ ´

×



Fig. 2 shows the XRD patterns of the Ru/M catalysts. The XRD patterns of all the Ru/M 

catalysts show the typical diffraction peaks of the supports, namely orthorhombic ZSM-5 

(JCPDS No. 44-0003), hexagonal α-Al2O3 (JCPDS No.75-1864), hexagonal SiO2 (JCPDS No. 

05-0490), and hexagonal activated carbon (JCPDS No. 50-1086). No identical diffraction 

peaks of Ru species were observed for any of the Ru/M catalysts, which could be ascribed to 

the low Ru loading amount or the high dispersion of Ru particles on the catalyst surface [19]. 

 

 
Fig. 2. XRD patterns of the Ru/M catalysts. 

 

Fig. 3 presents the CO2-TPD profiles of the Ru/M catalysts. The CO2-desorption peaks 

below 250 °C are attributed to the weak basic sites, while the peaks located between 250 °C 

and 500 °C are associated with the medium basic sites [20]. Moreover, the peaks that appeared 

above 500 °C can be ascribed to the presence of strong basic sites [21]. For Ru/AC, a strong 

CO2 desorption peak is observed at 726 °C, while a weak desorption peak is located at 389 °C. 

Ru/ZSM-5 shows two small peaks at 166 °C and 756 °C, indicating the co-existing of strong 

and weak basic sites on the surface of the Ru/ZSM-5 catalyst. For Ru/α-Al2O3 and Ru/SiO2, 

only faint CO2-TPD desorption peaks are observed in the tested temperature range. The CO2 

desorption amount of the Ru/M catalysts is associated with the basicity of the catalysts and is 



determined by the CO2-TPD profiles (Table 1). The Ru/AC catalyst shows the highest CO2 

desorption amount of 2.71 mmol·g-1. The desorption amount of the catalysts follows the order 

of Ru/AC (2.71 mmol·g-1) > Ru/ZSM-5 (0.33 mmol·g-1) > Ru/SiO2 (0.17 mmol·g-1) > Ru/α-

Al2O3 (0.16 mmol·g-1), indicating that Ru/AC has the highest basicity in this work. 

 

 

Fig. 3. CO2-TPD profiles of the Ru/M catalysts. 

 

3.2 Effect of the N2/H2 molar ratio  

The effect of the N2/H2 molar ratio on the plasma-catalytic NH3 synthesis over the Ru/M 

catalysts is presented in Fig. 4. The NH3 concentration is between 102 ppm and 251 ppm in the 

plasma reaction without a catalyst, while the highest NH3 concentration is obtained at the 

optimal N2/H2 molar ratio of 1:1. The presence of the Ru/M catalysts in the DBD reactor 

significantly enhances the NH3 concentration regardless of the N2/H2 molar ratio. It is reported 

that the generation of N radicals is crucial for NH3 synthesis since the dissociation energy (9.75 

eV) of the N≡N triple bond is more than twice the dissociation energy of H2 molecules (4.52 

eV) [13]. In an N2-rich condition, the probability of effective collisions between energetic 

electrons and N2 molecules could be increased, which may further accelerate the generation of 

N radicals and thus NH3 synthesis in the plasma environment. An early study by Bai et al. 



reported a favorable N2/H2 molar ratio of 9:10 in an MgO coated DBD reactor for NH3 

synthesis [22]. Shah et al. also reported that the highest ammonia synthesis rate of 1.4 

μmol∙min-1 was achieved at an N2/H2 ratio of 1:1 despite the presence of 5A zeolite in the 

plasma reactor [23]. 

 

 

Fig. 4. Plasma-catalytic NH3 synthesis over Ru/M catalysts at different N2/H2 molar ratios 

(Discharge power 9 W and gas flow rate 100 mL∙min-1). 

 

3.3 Effect of gas flow rate 

Fig. 5 shows the effect of gas flow rate on the plasma-catalytic NH3 synthesis at a 

discharge power of 9 W and an N2/H2 molar ratio of 1:1. For all cases, the NH3 concentration 

decreases with the increase of the total gas flow rate. Using the Ru/AC catalyst shows the 

highest NH3 concentration of 1544 ppm at 50 mL∙min-1, while further increasing the gas flow 

rate to 150 mL∙min-1 decreases the NH3 concentration to 439 ppm. Similarly, for the case of 

plasma only, the NH3 concentration decreases from 331 ppm to 175 ppm when raising the flow 

rate from 50 mL∙min-1 to 150 mL∙min-1. A higher gas flow rate reduces the residence time of 

reactants in the plasma-catalytic system. As a result, the possibility of effective collisions for 

1) the generation of N radicals and H radicals between electrons and carrier gas molecules, and 



2) the recombination of N radicals and H radicals for NH3 synthesis would be decreased in a 

given plasma reactor under the same reaction conditions regardless of the catalyst type, leading 

to a lower NH3 concentration. Similar phenomena were widely reported in plasma processes 

for NH3 synthesis, CO2 decomposition and oxidation of VOCs, etc. [24]. 

 

Fig. 5. Effect of flow rate on plasma-catalytic NH3 synthesis over Ru/M catalysts (Discharge 

power 9 W and N2/H2 molar ratio 1:1). 

 

3.4 Effect of discharge power  

Fig. 6 shows the Lissajous figures of the discharge with and without the Ru/M catalysts 

at a constant discharge power of 9 W. The shape of the Lissajous figure changes from a 

parallelogram shape to an oval shape when the Ru/M catalyst is packed in the plasma reactor, 

indicating the variation of discharge mode in the presence of the Ru/M catalysts. Kim et al. 

reported that the presence of a supported noble metal catalyst in the plasma reactor could 

expand the discharge region and the discharge mode could be shifted from typical filamentary 

micro-discharge to a combination of surface discharge and weak micro-discharges [25, 26]. At 

a fixed discharge power, the peak-to-peak (pk-pk) applied voltage of the DBD reactor without 

packing is 12.6 kVpk-pk, while it increases to 13.4 kVpk-pk for the DBD reactor packed with 

Ru/ZSM-5, Ru/α-Al2O3 or Ru/SiO2, indicating a decreased current in the presence of these 



catalysts at a fixed discharge power. This phenomenon could be ascribed to the increased 

dielectric constant of the plasma reactor packed with the Ru/ZSM-5, Ru/α-Al2O3 and Ru/SiO2 

catalysts compared to the non-packed DBD reactor [27]. The differences of relative dielectric 

constants between α-Al2O3, SiO2 and AC are quite small as listed in Table 2 and the dielectric 

constant of ZSM-5 is around 100. In the presented work, the Lissajous figures for the Ru/ZSM-

5, Ru/Al2O3 and Ru/SiO2 packed-DBD reactors are almost similar, suggesting the presence of 

these materials provided no significant effect to the electrical characteristics of plasma. It is 

interesting to note that the applied voltage of the DBD coupled with Ru/AC is only 11.6 kVpk-

pk, significantly lower than the other cases in this work. The lower applied voltage for the 

Ru/AC packed DBD reactor could be ascribed to the electrical conductivity of the activated 

carbon support, which could contribute to the charge transfer in the plasma environment, and 

consequently decrease the applied voltage. Hong et al. reported that the charge transfer was 

enhanced by around 80% in a diamond-like carbon-coated Al2O3 packed plasma reactor 

compared to a bare-Al2O3 packed reactor at a fixed applied voltage [28].  

 

Fig. 6. Lissajous figures of Ru/M packed DBD reactors (Discharge power 9 W, N2/H2 molar 

ratio 1:1 and gas flow rate 100 mL·min-1). 

 

Table 2. Relative dielectric constant for materials used as supports of catalysts in this work. 



Support Relative dielectric constant Reference 

ZSM-5 ~100 [29] 

α-Al2O3 9 [27] 

SiO2 3.8 [27] 

AC ~5 [30] 

 

The effect of discharge power on NH3 synthesis over the Ru/M catalysts is shown in Fig. 

7. The NH3 concentration increases monotonically with the increasing discharge power for all 

cases. In the plasma ammonia synthesis without a catalyst, the NH3 concentration ranges from 

31 ppm to 437 ppm when increasing the discharge power from 5 W to 18 W. The presence of 

the Ru/M catalysts in the plasma reactor considerably improves the reaction performance 

compared with the reaction using plasma alone. When packing Ru/AC into the DBD, the NH3 

concentration is varied between 151 ppm and 1788 ppm in the same discharge power range, 

and the highest NH3 concentration is achieved at 18 W. The Ru/ZSM-5, Ru/α-Al2O3 and 

Ru/SiO2 catalysts show lower ammonia concentrations compared to Ru/AC. The energy 

dissipated into the plasma reactor was recognized as the driving force of plasma-induced NH3 

synthesis since it could contribute to the generation of energetic electrons and consequently 

chemically reactive species including N and H radicals, excited N2 species and N2+ ions [1]. 

The increase of discharge power could increase the number density of filamentary micro-

discharges and expand the discharge region, resulting in higher possibilities of effective 

collisions between the plasma species, enhancing the production of NH3 [31]. The energy yield 

of the NH3 synthesis in the plasma-catalytic system increases within the discharge power range 

of 5 W to 9 W, then the energy yield decreases when further increasing the discharge power. 

The highest energy yield of 0.64 g·kWh-1 is achieved at 9 W over Ru/AC, followed by 

Ru/ZSM-5, Ru/SiO2 and Ru/α-Al2O3, as shown in Fig. 7b. This phenomenon could be ascribed 

to the dynamic equilibrium between NH3 decomposition and recombination of N and H radicals 

at a high discharge power. Similar trends have been reported by Peng et al. using an MCM-41 

support for plasma-induced NH3 synthesis [24], and our previous work on catalyst screening 



for NH3 synthesis in a plasma reactor [3].  

 

  
  (a)                                      (b) 

Fig. 7. Effect of discharge power on the plasma-catalytic NH3 synthesis over the Ru/M catalysts: 

(a) NH3 concentration, (b) energy yield of the process (N2/H2 molar ratio 1:1 and gas flow rate 

100 mL·min-1). 

 

The performance of the plasma-catalytic NH3 synthesis shows a distinct enhancement 

over the Ru/M catalysts. In the plasma-catalytic systems where the catalysts are directly in 

contact with the discharge, the local and average electric fields would be enhanced due to the 

higher dielectric constant of the catalysts, especially in the regions near the contact points 

between the catalyst pellets and reactor walls [32]. The intensified electric field could 

contribute to the generation of N and H radicals in the gas phase of the plasma region, 

contributing to the formation of NHx (x = 1 or 2) intermediates and NH3 molecules. Moreover, 

the reactions on the surfaces of the Ru/M catalysts also play a crucial role in the plasma-induced 

process as the radicals and intermediates could be transported and adsorbed on the catalyst 

surfaces and undergo a series of complex surface reactions for NH3 generation [33]. The 

physicochemical properties of the Ru/M catalysts may significantly affect the surface reactions 

in the plasma region. As shown in Table 1, the Ru/AC catalyst possesses the highest SBET, 

followed by Ru/ZSM-5, Ru/α-Al2O3 and Ru/SiO2. A higher SBET value could offer more 

adsorption sites for the reactants and intermediates including N and H radicals, exited N2 



species, etc. Thus, the residence time of these species would be prolonged on the surface of 

Ru/AC compared to the other Ru/M catalysts, resulting in higher possibilities of effective 

collisions for NH3 formation. The CO2-TPD profiles of the Ru/M catalysts show two major 

desorption peaks except for Ru/SiO2. Ru/AC shows the highest CO2 desorption amount, 

indicating it has the strongest basicity among the tested Ru/M catalysts. Previous work reported 

that the weak basic sites are associated with the Brønsted basicity of the lattice-bond OH groups, 

while the medium and strong basic sites could be related to the Lewis basicity from three- or 

four-fold-coordinated O2- anions, showing stronger electron-donating capacity compared with 

the Brønsted basic sites [34]. As a result, the presence of more basic sites, particularly medium 

and strong basic sites, could provide electrons to Ru species during the reaction and contribute 

to the dissociation of N2 molecules [35]. Previous work also confirmed that N2 dissociation 

could be enhanced over catalysts with lower electronegativity [36]. It is worth noting that 

materials with a higher electronegativity tend to accept electrons during the catalytic reactions, 

which may inhibit N2 dissociation and reduce the formation of N species for NH3 synthesis. 

The adsorbed N species could react with the H radicals in the gas phase and on the catalyst 

surfaces to form NH3 molecules. The order of basicity of the Ru/M catalysts is in accordance 

with the activity of the plasma-catalytic NH3 synthesis, indicating that the basicity of the 

catalysts is a very important factor to tune the reaction performance of the plasma-catalytic 

NH3 synthesis.  

 

3.5 Comparisons with previous work 

A comparison of energy yield in the plasma NH3 synthesis over various catalysts is 

summarized in Fig. 8. The energy yield of NH3 synthesis in the cases of plasma only ranges 

from 0.11 g·kWh-1 to 0.28 g·kWh-1 in previous works. Clearly, introducing a catalyst in the 

plasma reactor could considerably improve the energy yield of NH3 synthesis, and the 

composition of catalysts is critical to determine the reaction performance. The energy yield of 

NH3 synthesis over bare supports (without a metal) is much lower compared to the supported 

catalysts. For example, Patil et al. reported an energy yield of 0.34 g·kWh-1 in the plasma-



catalytic NH3 synthesis over BaTiO3 at an SIE of 1.3 kJ·L-1 [37]. The presence of a supported 

active metal phase can significantly improve the energy yield of ammonia. Mehta et al. reported 

that the energy yield of ammonia production using Ni/Al2O3 was 0.89 g·kWh-1, almost twice 

that of the bare Al2O3 support at the same SIE of 6.0 kJ·L-1 [5]. The results show that the doping 

of active metals can significantly enhance the energy yield of the NH3 synthesis. A similar 

finding was also reported by Xie et al. using Ru/L-MgO which gave a higher energy yield of 

1.14 g·kWh-1 compared to that (~0.3 g·kWh-1) using plasma only [15]. In this work, the energy 

yield of ammonia production is about 200% higher than that of the reaction using plasma only. 

This significant enhancement can be attributed to the promotion of the dissociation of N2 and 

H2 molecules on the catalyst surface through the E-R mechanism and L-H mechanism with the 

presence of Ru, which accelerates the reaction of ammonia synthesis. 

In this work, the highest energy yield of 0.63 g·kWh-1 was achieved at an SIE of 5.4 kJ·L-

1 using Ru/AC, which is 21.2% higher than that of using the Ru/ZSM-5 catalyst. Our results 

show that the type of catalyst support could directly affect the performance of the plasma-

catalytic ammonia production. It is worth noting that the value of energy yield is a bit lower 

when compared with our previous work. The difference could be a result of the different 

loading of active metal Ru since a significantly higher amount of Ru (5 wt.%) was used in our 

previous work [20]. However, the energy yield achieved in this work could still be optimized 

further. The performance of the ammonia synthesis rate in the plasma environment not only 

depends on the components of the catalyst but also various parameters, such as reactor 

configuration [38, 39] and operation conditions [40, 41], etc. For example, increasing the 

ammonia synthesis performance by increasing the amount of catalyst used does not seem 

economically viable as it leads to added costs for the catalyst and reactor size. To sum up, the 

balance between the energy yield and NH3 concentration should be taken into account in the 

stated studies, while the optimization of the amount of catalyst used and catalyst compositions 

should be considered for further development and optimization of the plasma-catalytic NH3 

synthesis process. 

 



 

Fig. 8. Comparisons of reaction performances of the plasma-catalytic NH3 synthesis with 

previous studies (The numerals in the parentheses are the corresponding catalyst of the 

presented energy efficiency in the literature, unit: kJ·L-1).  

 

4. Conclusions 

In this work, the effect of various catalyst supports on the plasma-catalytic NH3 synthesis 

over the Ru/M catalysts was studied in a DBD plasma reactor. The NH3 concentration and 

energy yield of the plasma-catalytic process were significantly affected by the different 

supports. Compared with the reaction using plasma alone, the presence of the Ru/M catalysts 

improved the NH3 concentration by 163.4% to 387.6% at an SIE of 5.4 kJ·L-1, and the energy 

yield of ammonia production was increased by 163.1% to 387.0%. The reaction performances 

followed the order of Ru/AC > Ru/ZSM-5 > Ru/α-Al2O3 > Ru/SiO2. The results also showed 

that the optimum N2/H2 molar ratio for NH3 synthesis was 1:1 in this work, and lower gas flow 

rates benefitted NH3 production. The catalyst characterization showed that the enhancement in 

NH3 synthesis in the plasma reactor over the Ru/AC catalyst could be attributed to the larger 

specific surface area, pore volume and stronger basicity of the Ru/AC catalyst.  
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