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Abstract: Non-thermal plasma (NTP) assisted ammonia (NH3) synthesis has been performed in 

a packed-bed dielectric barrier discharge (DBD) reactor. The presence of M/BaTiO3 (M = Fe, Co 

and Ni) catalysts in the DBD reactor significantly improved the NH3 concentration and energy 

efficiency with a sequence of Ni/BaTiO3 > Co/BaTiO3 > Fe/BaTiO3 > BaTiO3. N2 adsorption-

desorption experiment, X-ray diffraction analysis and temperature-programmed desorption of CO2 

were performed to get insight into the relationships between the plasma-assisted NH3 synthesis 

process and M/BaTiO3 catalysts. The improved performance over Ni/BaTiO3 could be attributed to 

abundant basic sites and weaker metal-nitrogen (M-N) bindings on catalyst surfaces, which benefits 

the generation of NHx species and desorption of formed NH3. Response surface methodology (RSM) 

was utilized to assess the contribution of each independent process parameters and explore the 

mutual effects on NH3 synthesis process systematically. The results of analysis of variance (AVONA) 

suggested that plasma discharge power and gas flow rate were the most significant factors in 

affecting the NH3 concentration and energy efficiency of plasma-assisted NH3 synthesis process, 

respectively. Based on the proposed polynomial regression model, the maximum energy efficiency 

of 2.37 g kWh-1 was achieved at the predicted optimal working condition over Ni/BaTiO3. 
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1 Introduction  

Ammonia (NH3) has been widely used as the nitrogen source for fertilizer for hundreds of years. 

Recently, NH3 presents a great potential to be considered as a carbonless fuel since the greenhouse 

gas emissions could be reduced by over 30% for ammonia-driven vehicles compared to those of 

gasoline- or diesel-driven vehicles [1]. Currently, the industrial-scale NH3 synthesis method is 

Haber-Bosch (HB) method, which requires several harsh working conditions, e.g. sustained high 

temperature (500–600 ℃) and high pressure (20–40 MPa). Due to the high energy consumption, 

great efforts have been devoted to develop greener and more sustainable alternatives for NH3 synthesis, 

including biochemical and electrochemical processes, etc [2, 3]. Among these methods, NH3 synthesis 

using non-thermal plasma (NTP) based technology has attracted extensive attention since this 

technology can be driven by renewable energy sources such as wind and solar power. Moreover, the 

plasma-assisted NH3 synthesis process could be started and stopped very quickly by activating and 

deactivating the plasma, and be conducted under ambient conditions on a small-scale to realize the 

decentralized NH3 production. To achieve NH3 synthesis in a continuous fashion and hence improve 

the energy efficiency of the process, the studies published in recent years mainly focused on the 

synthesis of NH3 using dielectric barrier discharge (DBD) plasma [4].  

In the packed-bed DBD system, the optimization of process parameters is the fundamental to 

improve the performance of NH3 synthesis. since the process parameters are directly related to 

electrical characteristics of plasma and could further affect electron-impact reactions, namely the 

initial step of plasma chemistry. Many previous works reported the effects of individual process 



parameters on NH3 synthesis [5–8]. However, these works were inadequate to optimize the plasma-

assisted NH3 synthesis process due to the lack of consideration on the mutual effects of process 

parameters. Recently, response surface methodology (RSM) has been used to study with a specific 

focus on the interactions between input parameters and on the optimization of the process for various 

complex processes. RSM is a statistical model considering the non-linear relationships between the 

multiple input and output variables. Based on the design of experiments (DoE), RSM could 

demonstrate the interactions among various process variables and determine the optimum conditions 

on the multiple responses [9]. RSM has been widely used in various chemical processes to optimize 

the process parameters, such as methane dry reforming [10], VOCs oxidation [11, 12] and NOx 

removal [13]. However, to the best of our knowledge, the application of RSM in the optimization 

of plasma-assisted NH3 synthesis process has not been investigated. 

Catalysts are also of great significance in the plasma-catalysis system. The presence of 

heterogeneous catalyst in the plasma region could generate a synergistic effect, achieving better 

catalytic performance than the sum of performance achieved using plasma and heterogeneous 

catalyst individually. The synergistic effect could be attributed to both the enhancement of plasma 

discharge and the interactions between the active species and catalysts [14–16]. Currently, Ru based 

catalysts are regarded as the second-generation highly effective catalysts for NH3 synthesis via HB 

method. However, the industrial-scale application of Ru based catalysts is hindered due to the high 

price and scarcity of Ru metal. Since the vibrational excited species generated in plasma could break 

the thermal dynamic limitations in conventional thermal catalytic process, the optimal active metal 

are predicted to be metals that bind nitrogen more weakly (e.g. Co or Ni) compared with Ru [17]. 

Hence, these transition metals have attracted wide attention and expected to be ideal substitutes for 



conventional noble metal for plasma-assisted NH3 synthesis to obtain optimum catalytic activity 

and better economic performance. On the other hand, barium titanate (BaTiO3) is a typical 

ferroelectric material with a wide range of application in thermal and photo catalysis due to its high 

oxygen storage capacity and basic sites [18–20]. Our previous work reported that the utilization of 

bare BaTiO3 as the packing material achieved higher NH3 synthesis rate and energy efficiency 

without varying any process parameter in plasma-assisted NH3 synthesis. The reason could be 

attributed to that the electric field in plasma region was improved in presence of BaTiO3 due to its 

high dielectric constant [21]. In continuation of our previous work, the transition metal doped 

M/BaTiO3 catalyst is expected to achieve an improved performance in plasma-assisted NH3 

synthesis since the presence active metal optimized physical-chemical properties of the catalyst. 

In this work, the effects of process parameters on plasma-assisted NH3 synthesis process in a 

M/BaTiO3 (M = Fe, Co and Ni) packed DBD reactor are reported. Various catalyst characterizations 

including N2 adsorption-desorption, X-ray diffraction (XRD) and temperature programmed 

desorption of CO2 (CO2-TPD) are performed to understand the physical-chemical proprieties of 

M/BaTiO3 catalysts and their effects on plasma-assisted NH3 synthesis. The central composite 

design (CCD) model and response surface methodology (RSM) have been proposed to reveal the 

mutual effects among plasma discharge power, grounded electrode length, catalyst packing ratio 

and gas flow rate in terms of the NH3 concentration and energy efficiency of the plasma-assisted 

NH3 synthesis process. The analysis of variance (ANOVA) is utilized to quantifiably evaluate the 

contribution of each process parameter and the potential correlations between them.  

 

2 Experimental 



2.1 Experimental setup 

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

Fig. 1 is the schematic diagram of the experimental set-up. A quartz tube with the inner 

diameter of 8 mm and the thickness of 2 mm was used as the dielectric barrier. Two PTFE seals 

were placed at both ends of the quartz tube. A stainless rod with the diameter of 4 mm was used as 

the high voltage electrode and connected with the power supply (Suman CTP2000K, China). A 

stainless-steel mesh was wrapped around the quartz tube and used as the grounded electrode. 

Catalyst samples were placed in the plasma region and fixed by quartz wool. During the experiments, 

the catalyst preparation and characterization methods were presented in supporting information 

(Section 1). An external capacitor (Cext = 0.47 μF) was used to determine 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, USA). All electrical signals were sampled by a four-channel digital oscilloscope 

(Tektronix TDS2024C, USA). Zero grade (purity > 99.999%) N2 and H2 were provided from gas 

cylinders and regulated by mass flow controllers (Sevenstars D07-B, China). Before being 

introduced to the reactor, the gas streams were mixed in a mixing chamber. In this work, the molar 

ratio of N2 and H2 was fixed at 1:1. The gas products were analyzed by two-channel gas 



chromatography (Fuli 9790Ⅱ, China) equipped with a thermal conductivity detector (TCD). The 

optical emission spectra (OES) were measured using an optical spectrometer (Ideaoptics PG2000EX, 

China).  

 
2.2 Parameter definition and calculation 

The discharge power (Pdis.) could be calculated as: 

 (1) 

where Cext is external capacitance (0.47 μF) and f is the frequency of AC discharge, and A is the area 

of the Lissajous figure. In this work, the frequency of AC discharge (f) was kept at 9.5 kHz.  

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

 (2) 

where Q denotes total flow rate (ml min-1). 

The energy efficiency of plasma-assisted NH3 synthesis process is calculated according to the 

following equation: 

 (3) 

where M denotes the molar mass of NH3 (g mol-1), Cout is the NH3 concentration measured at the 

reactor outlet and Qafter is the gas flow rate after the reaction, which was measured by a soap-film 

flowmeter. The coefficient “24” denotes the gas molar volume of 24 l mol-1 at the room temperature 

(around 20 ℃), while the coefficient “60” is used to converse minute to second. 

The catalyst packing ratio (β) is defined as the ratio of catalyst volume (Vcat.) to the volume of 

plasma discharge region (Vdis.), and is calculated by the following equation: 
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Several electrical parameters were deduced from the Lissajous figure as presented in Fig. S1. 

In the discharge-off phase (lines DA and CB), the slope presents the total equivalent capacitance of 

the DBD (Ccell). The slope of lines AB and CD presents the effective capacitance (Ceff) of the DBD 

reactor when the filamentary microdischarge presents.  

 
2.3 Experimental design of CCD-RSM 

To evaluate the contribution of each independent parameter and their mutual effects on plasma-

assisted NH3 synthesis process, a 4-factor and 5-level CCD model has been employed. In the 

proposed CCD model, 30 experimental sets were employed for response surface modeling, and the 

center point was repeated 6 times. The ranges and levels of the four process parameters were given 

in Table 1. The experimental matrix of the CCD and corresponding experiment results were given 

in Table S1. ANOVA was carried out to check the adequacy of proposed model. Both CCD 

experimental design and AVONA analysis were achieved using Matlab. 

Table 1. Experimental range and levels of independent variables based on CCD. 

Symbols Variables 
Ranges and levels 

-2 -1 0 1 2 

A (Pdis.) Plasma discharge power (W) 5 10 15 20 25 

B (F) Gas flow rate (ml min-1) 60 80 100 120 140 

C (β) Catalyst packing ratio (vol.%) 20 40 60 80 100 

D (L) Grounded electrode length (mm) 10 20 30 40 50 

 

3 Results 

3.1 Effect of independent process parameters on NH3 synthesis 

3.1.1 Effect of plasma discharge power 

cat.

dis.

 (vol.%) V
V

b =



 

 
Fig. 2. Effect of plasma discharge power on (a) NH3 concentration; (b) energy efficiency.  

(weight of catalyst used = 650 mg, grounded electrode length = 40 mm and gas flow rate = 100 ml 
min-1) 

Fig. 2(a) and 2(b) present the effect of plasma discharge power on NH3 concentration and 

energy efficiency over different M/BaTiO3 catalysts, respectively. The NH3 concentration increases 

significantly as SIE increases irrespective of the catalysts used. On the contrary, a higher plasma 

discharge power results in decreased energy efficiency.  

Quartz wool was used to fix catalysts when employing M/BaTiO3 in this work. The case of 

quartz wool only acted as a reference group. As with the case of quartz wool only, when plasma 

discharge power increases from 5 to 25 W, the NH3 concentration increases from 511 to 1555 ppm 

while the energy efficiency decreases from 0.43 to 0.26 g kWh-1. Compared with the case of quartz 

wool packed only, the utilization of BaTiO3 achieves a higher NH3 concentration, which increases 

from 555 to 1848 ppm in the same plasma discharge power range. It was widely reported that the 

presence of active metal could significantly improve the performance in plasma-assisted catalytic 

processes [14, 22, 23]. In this work, a significant enhancement in NH3 synthesis performance is also 

achieved since Fe, Co and Ni were doped on BaTiO3. At a fixed plasma discharge power, the 

achieved NH3 concentration and energy efficiency of the process increases in the order of BaTiO3 

< Fe/BaTiO3 < Co/BaTiO3 < Ni/BaTiO3. For the case of Ni/BaTiO3, the highest concentration of 



2912 ppm and lowest energy efficiency of 0.49 g kWh-1 are achieved at the power of 25 W. 

 

3.1.2 Effect of grounded electrode length 

 
Fig. 3. Effect of grounded electrode length on (a) NH3 concentration; (b) energy efficiency.  

(weight of catalyst used = 650 mg, plasma discharge power = 15 W and gas flow rate = 100 ml 
min-1) 

The effect of grounded electrode length on NH3 concentration and energy efficiency is shown 

in Fig. 3. Surprisingly, as the grounded electrode length increases, the NH3 concentration presents 

a trend of monotonically decreasing at a fixed plasma discharge power of 15 W, rather than increases 

as reported in various plasma-assisted process [24, 25]. For the case of Ni/BaTiO3, when the 

grounded electrode length is increased from 0 to 50 mm, the NH3 concentration decreases from 

2444 to 1574 ppm. Meanwhile, the energy efficiency decreases from 0.69 to 0.44 g kWh-1. Wang et 

al. also reported that when the grounded electrode length increased from 100 to 200 mm, the 

conversion of methane decreased from 20.28% to 13.03% in a micro-DBD plasma reactor at the 

discharge power of 20 W [26]. 

Although the increased grounded electrode length would vary the electrical characteristics of 

plasma (e.g. higher Ceff and Qtrans with longer grounded electrode as presented in Fig. S2), which 

may improve the uniformity of plasma and impose positive effects on NH3 synthesis process.[27, 

28] It is also observed that the breakdown voltage dramatically reduces in the DBD reactor with 



longer electrode. In particular, when the grounded electrode length increases from 10 to 50 mm, the 

breakdown voltage decreases from 0.89 to 0.64 kV, indicating a reduction rate of 28% in electric 

field strength with longer grounded electrode. Meanwhile, the mean electron energy decreases from 

1.88 to 1.27 eV and the proportion of energetic electrons in plasma also dramatically decreases (as 

presented in Fig. S3). The results suggest that the generation of reactive N species is inhibited as the 

electrode length increases due to the insufficient electron energy for N2 activation. 

 

3.1.3 Effect of gas flow rate and catalyst packing ratio 

 
Fig. 4. Effect of gas flow rate on (a) NH3 concentration; (b) energy efficiency. 

(weight of catalyst used = 650 mg, grounded electrode length = 40 mm and plasma discharge 
power = 15 W) 

The gas flow rate and catalyst packing ratio are also considered as significant factors affecting 

NH3 synthesis performance, as they are directly related to the processing capacity of the DBD 

reactor [29]. Fig. 4(a) shows the effect of gas flow rate on NH3 concentration. For the case of 

Ni/BaTiO3 packed reactor, the NH3 concentration decreases from 2814 to 1990 ppm when gas flow 

rate increases from 60 to 140 ml min-1. This phenomenon suggests that at a fixed plasma discharge 

power, lower gas flow rate is conducive to promote NH3 generation. The reason could be attributed 

to the fact that the residence time for each N2 and H2 molecule in plasma region is prolonged once 

the gas flow rate decreases, which leads to higher probabilities for both gas molecule dissociation 



and combination of reactive species to generate NHx (x = 1 or 2) intermediates [30]. The generation 

of NHx is the key step of NH3 formation process in plasma environment [16, 31]. As shown in Fig. 

4(b), in contrast to the decreasing trend of NH3 concentration, the energy efficiency increases as the 

gas flow rate increases. In the Ni/BaTiO3 packed DBD reactor, as the gas flow rate increases from 

60 to 140 ml min-1, the energy efficiency increases from 0.48 to 0.68 g kWh-1. Similar phenomenon 

was reported by Peng et al. in plasma-assisted NH3 synthesis process that higher gas flow rate could 

improve the energy efficiency of NH3 synthesis [5]. 

 

Fig. 5. Effect of catalyst packing ratio on (a) NH3 concentration; (b) energy efficiency. 
(plasma discharge power = 15 W, grounded electrode length = 40 mm and gas flow rate = 100 ml 

min-1) 

Fig. 5(a) and (b) present the effect of catalyst packing ratio on NH3 concentration and energy 

efficiency. The plasma-assisted NH3 synthesis process was tightly related to the catalyst used 

amount. Both higher NH3 concentration and energy efficiency were achieved by increasing catalyst 

packing ratio at the constant grounded electrode length and gas flow rate. Specifically, with the 

packing ratio increases from 20 to 100 vol.%, the NH3 concentration increases from 2414 to 3627 

ppm while the energy efficiency increases from 0.68 to 1.03 g kWh-1 in presence of Ni/BaTiO3. 

Similar phenomenon was widely reported in plasma-assisted CO2 conversion and CO elimination 

[32, 33]. 



 

3.2 Model fitting and ANOVA analysis of CCD-RSM 

In this work, the optimization of the plasma-assisted NH3 synthesis is carried out in the 

presence of the most active catalyst of Ni/BaTiO3 using the CCD method. The designed 

experimental matrix and corresponding results are summarized in Table S1. Based on the fitting of 

experimental data from the designed experimental matrix, polynomial regression models are 

proposed, which can be summarized as the following equations: 

 (5) 

 

(6) 

The NH3 concentration and energy efficiency of the plasma-assisted NH3 synthesis process are 

denoted as the responses of “Y1 and Y2”, respectively, while the terms of A, B, C and D stand for 

the factors of plasma discharge power, gas flow rate, catalyst packing ratio and grounded electrode 

length, respectively. The sign “+” in front of each term in equation (5) and (6) indicates that this 

term has a positive effect on the corresponding response, while “-” represents its negative effect on 

the response. The adequacy and significance of the fitting regression models are estimated via the 

analysis of variance (ANOVA) method as displayed in the following table. 

Table 2. ANOVA results for the proposed model 

Source 
NH3 Concentration (Y1)  Energy efficiency (Y2) 

Sum of 
Squares 

F-Value p-Value 
 Sum of 

Squares 
F-Value p-Value 

 
Model 2.22×107 145.69 < 0.0001  1.07 49.42 < 0.0001 
  A 1.53×107 1405.77 < 0.0001  0.18 114.79 < 0.0001 
  B 1.38×106 126.61 < 0.0001  0.34 219.99 < 0.0001 
  C 5.4626×104 5.03 0.0405  0.011 7.23 0.0168 
  D 1.57×106 144.20 < 0.0001  0.17 112.67 < 0.0001 

  AB 5.89×103 0.54 0.4728  5.19×10-5 0.034 0.8571 

2 2 2 2

Y1 = 113.5 + 401.9A - 22.47083B + 63.12917C - 127.9667D - 0.19187AB - 1.80937AC - 2.25125AD 
     - 0.30297BC - 0.15656BD + 0.58344CD - 1.56958A  + 0.18128B  - 0.17341C  + 2.79885D

-3 -5

-4 -3 -5 -5 -4

-4 2

Y2 = - 0.014777 + 0.039632A + 6.15229 10 B + 0.017343C - 0.038684D - 1.800094 10 AB 
      - 5.69128 10 AC - 1.25938 10 AD - 8.38445 10 BC + 5.40547 10 BD + 2.01052 10 CD 
      + 5.63349 10 A  

´ ´

´ ´ ´ ´ ´

´ -5 2 -5 2 -4 2+ 1.7394 10 B  - 4.47792 10 C  + 8.10425 10 D´ ´ ´



  AC 5.24×105 48.23 < 0.0001  0.052 33.52 < 0.0001 
  AD 2.03×105 18.66 0.0006  0.063 41.04 < 0.0001 
  BC 2.35×105 21.63 0.0003  0.018 11.64 0.0039 
  BD 1.5687×104 1.44 0.2481  1.87×10-3 1.21 0.2887 
  CD 2.18×105 20.06 0.0004  0.026 16.73 0.0010 
  A² 4.2233×104 3.89 0.0674  5.44×10-3 3.52 0.0803 
  B² 1.44×105 13.28 0.0024  1.33×10-3 0.86 0.3687 
  C² 1.32×105 12.15 0.0033  8.80×10-3 5.69 0.0307 
  D² 2.15×106 197.82 < 0.0001  0.18 116.53 < 0.0001 

Residual 1.63×105    0.023   
Lack of Fit 1.03×105 0.85 0.6159  0.018 1.89 0.2500 
Pure Error 6.0429×104    4.85×10-3 5 9.70×10-4 
Cor. Total 2.23×107    1.09 29  
R² = 0.9927 C.V. % = 3.23  R² = 0.9788 C.V. % = 4.25 

Adj-R² = 0.9859 Pred-R² = 0.9696  Adj-R² = 0.9590 Pred-R² = 0.8970 
Adeq-Precision = 45.902  Adeq-Precision = 26.810 

 

The p-value is used to evaluate the significance of the model terms. For the best mathematical 

fitted model, the p-value obtained from ANOVA should be less than 0.05 [34]. The F-value is the 

ratio of “mean square” to “residual” of the model. The p-value of both NH3 concentration (F-value 

= 145.69) and energy efficiency (F-value = 49.42) are less than 0.0001, indicating that the models 

are statistically significant in fitting the experimental data with the Fischer’s F-test [35]. The 

veracity for proposed models can also been confirmed by the p-value of the “Lack of Fit”. The p-

values of “Lack of Fit” are 0.6159 and 0.2500 for the terms of NH3 concentration and energy 

efficiency, respectively, implying that the value of “lack of fit” is not significant and the proposed 

model is proved to have the high capability of prediction.  

The correlation coefficients of R2 and Adj-R2 could be used to determine the matching quality 

between the experimental data and proposed model [36]. The R2 and Adj-R2 of the proposed models 

for NH3 concentration are 0.9927 and 0.9859, respectively, while the values are 0.9788 and 0.9590 

for the energy efficiency, respectively. A high R2 value above 0.90 is preferred for a mathematical 



fitted model [37]. The differences between Adj-R2 and Pred-R2 of the fitting models for both NH3 

concentration and energy efficiency is less than 0.2, advocating the stability and validity for the 

regression models [38]. 

The relative dispersion for these experimental points from the prediction based on the model 

can be determined by the coefficient of variation (C.V.), which should not be higher than 10% [12]. 

In the proposed model, low C.V. values for NH3 concentration (3.23%) and energy efficiency 

(4.25%) confirm the experimental results are of high repeatability. The values of “Adeq-Precision” 

reach 46.902 for NH3 concentration and 26.810 for energy efficiency, indicating that the proposed 

models could fit experimental data well and the signal to noise ratio is adequate (>4) [39]. Hence, 

the proposed polynomial regression models are demonstrated to be satisfactorily fitted to the 

experimental data. 

 

4 Discussions 

4.1 Mechanisms of plasma-assisted NH3 synthesis over Ni/BaTiO3 

 
Fig. 6. Optical emission spectra for N2-H2 plasma over M/BaTiO3. 

(weight of catalyst used = 650 mg, grounded electrode length = 40 mm, gas flow rate = 100 ml 
min-1 and plasma discharge power = 15 W) 



 
Fig. 7. Normalized relative intensity of N+ 

2 , H·, N·, NH· and NH3 in plasma-assisted NH3 
synthesis. 

(weight of catalyst used = 650 mg, grounded electrode length = 40 mm, gas flow rate = 100 ml 
min-1 and plasma discharge power = 15 W) 

Optical emission spectra (Fig. 6) were measured to determine the relative concentration of 

reactive species in the presence of M/BaTiO3. The selected characterization peaks in determining of 

reactive species (i.e. N·, H·, N+ 
2  and NH·) were illustrated in section 5 of supporting information. 

In order to compare the relative concentration of the reactive species, the intensities of N·, H·, N+ 
2  

and NH· spectrum lines in the presence of M/BaTiO3 were normalized and presented in Fig. 7. The 

relative maximum concentration for these reactive species is obtained in the presence of Ni/BaTiO3. 

Among the M/BaTiO3 catalysts, the normalized relative concentration of N·, H·, NH· and N+ 
2  

following the order of BaTiO3 < Fe/BaTiO3 < Co/BaTiO3 < Ni/BaTiO3. During the heterogeneous 

catalytic reaction of plasma-assisted NH3 synthesis, reactions that taking place on the catalyst 

surfaces are believed to significantly enhance the reaction rate via interactions between the reactants 

and active sites on the surface of the catalyst [40]. These active sites operate via E-R (Eley-Rideal) 

and L-H (Langmuir-Hinshelwood) mechanisms, i.e. reactive species (e.g. NHx, Hα, N+ 
2 , etc.) could 

be adsorbed from gas phase onto the surface of catalyst to improve the localized concentration of 

reactants for NH3 synthesis [16]. The results in Fig. 7 indicate that compared with other catalyst 



samples, more reactive species were generated in the presence of Ni/BaTiO3. These reactive species 

could be involved in surface reactions, react with each other and tend to generate NHx species to 

promote NH3 synthesis [41]. 

The doped metal significantly improved total pore volume and average pore size of the 

obtained catalysts (as listed in Table S3). The reason could be attributed to the porous metal oxide 

on the surface of catalyst, which brings more micro-pores to catalysts and benefits NH3 synthesis 

[18, 42]. As presented in Fig. S5, the unvaried XRD patterns suggest that during the preparation 

process of M/BaTiO3, the structure of BaTiO3 support was maintained, while its high dielectric 

constant could enhance the electric field during plasma discharge process. Our previous work also 

reported that the performance of plasma-assisted NH3 synthesis is closely correlated to the basicity 

of the catalysts [43, 44]. The results from CO2-TPD profiles (as presented in Fig. S6) suggest that 

the Ni/BaTiO3 has the highest amount of basicity and abundant strong basic sites. The basic sites 

acted as the role of an electron donor that tend to transfer electrons to active metal near the basic 

sites and therefore promote the metal to be an electron-enriched state. When N2 was chemically 

adsorbed on active metal surface, the electron could be transferred to the π*-antibonding orbital of 

N2 molecule, and therefore weaken nitrogen triple bond [45, 46]. Afterwards, the dissociation of N2 

could be facilitated and further promote NH3 synthesis.  

Furthermore, the bonding energy of metal-nitrogen (M-N) bonds for Fe, Co and Ni follows the 

order of Fe > Co > Ni [47]. The dissociative adsorption of NH3 on the catalyst surface would occur 

more easily with a stronger M-N bond, since a lower M-N bond energy would contribute to NH3 

synthesis by promoting the desorption of formed NH3 form catalyst surface [16]. The order of NH3 

concentration in plasma-assisted reactions over M/BaTiO3 follows the order of Ni/BaTiO3 > 



Co/BaTiO3 > Fe/BaTiO3, which is in accordance with the descent trend of M-N bond energy. This 

phenomenon suggests the use of Ni may improve NH3 synthesis rate by inhibiting the 

decomposition of NH3. 

4.2 The mutual effects of the process parameters on responses 

 
Fig. 8. The response surface plots of the interaction between process parameters on the response 

of NH3 concentration. 



 
Fig. 9. The response surface plots of the interaction between process parameters on the response 

of energy efficiency. 
 

Fig. 8 and 9 are the response surface plots of NH3 concentration and energy efficiency over 

Ni/BaTiO3 catalyst, respectively. Considering the contribution of each independent variable, it is 

visible that the NH3 concentration and energy efficiency are more remarkably affected by plasma 

discharge power and gas flow rate, respectively. The dominant contribution of plasma discharge 

power on NH3 concentration can also be confirmed by the highest F-value of 1405.77 among the 

four independent variables. The effect of gas flow rate and grounded electrode length is also 

significant to both NH3 concentration and energy efficiency due to their high F-value. 

As presented in Fig. 8(a) and 9(a), as plasma discharge power increases, NH3 concentration 

decreases whereas the energy efficiency increases continuously. The increase trend of NH3 

concentration with plasma discharge power can be ascribed that the generation of more intense 



discharge filaments and energetic electrons occurs with increasing discharge power, which in turn 

promotes the generation of chemically reactive species, e.g. N· and H· [23, 48, 49]. The decrease in 

energy efficiency can be explained by the following aspects: (1) Under the condition of high  

plasma discharge power, the increased power dissipated into the synthesis reaction might not be 

enough to increase the synthesis rate of NH3, which caused the plateau in NH3 concentration and a 

relatively dramatic decrease in energy efficiency [50]. (2) The electron-impact NH3 decomposition 

was aggravated at high plasma discharge power and led to a waste of energy [21]. (3) High plasma 

discharge power led to a temperature increase within the plasma region, which may cause a low 

energy utilization and inhibit forward reaction of NH3 synthesis [6, 21, 51]. 

As presented in Fig. 8(b) and 9(b), both high plasma discharge power and catalyst packing ratio 

present positive effect in NH3 concentration and energy efficiency. However, under the condition of 

high plasma discharge power, the energy efficiency turns to decrease with the increasing catalyst 

packing ratio. It is well known that in a plasma-catalysis system, chemically reactive species have 

two reaction pathways of (1) homogeneous reaction in gas phase; (2) heterogeneous reaction with 

adsorbed species onto the catalyst surface via E-R and L-H mechanisms. In both cases, the reactive 

species undergo complex reactions with each other to form the NH3 [14]. For the gas phase reactions, 

with the increasing plasma discharge power, mean electron energy and probability of the generation 

of high energetic electrons would increase. The improved electron energy could promote the 

dissociation of N2 and H2, contributing the generation of reactive species, e.g. N·, H· and NHx 

radicals in gas phase. The heterogeneous pathways are greatly dependent on catalysts. As the 

catalyst packing ratio increases, more active sites could be introduced to plasma region and available 

for the surface-involved reactions in plasma region. With the increasing amount of catalyst packed 



in plasma region, the possibilities for the dissociative adsorption of N2 and H2 on catalyst surface 

could be effectively improved. These dissociative adsorption reactions on catalyst surface could 

improve the localized concentration of reactive species, and therefore promote the formation of NHx 

species in kinetics through heterogeneous reactions [52].  

 Such an enhancement of energy efficiency with catalyst packing ratio could not always be 

observed. On one hand, an increasing packing ratio of M/BaTiO3 could enhance the electric field 

without varying any other parameters, and hence be advantageous to the NH3 synthesis under the 

suitable plasma discharge power. On the other hand, once the plasma discharge power was higher 

than the optimum value, the increasing amount of M/BaTiO3 would result in an excessive electric 

field due to its high dielectric constant, which further aggravates electron-impact NH3 

decomposition and is responsible for the descending NH3 concentration and energy efficiency, 

which has been detailed discussed in our previous work [21]. Hence, as presented in Fig. 8(b), 

increasing catalyst packing ratio could significantly promote NH3 synthesis then achieve a higher 

NH3 concentration even at a lower plasma discharge power. But at higher plasma discharge power, 

the increased catalyst packing ratio may result in a descending trend of NH3 concentration due to 

the aggravation of NH3 decomposition and inhibition of NH3 formation.  

The results in Fig. 8(c) and Fig. 9(c), both NH3 concentration and energy efficiency presence 

the U-shaped curves as electrode length increases. Since the catalyst packing ratio is fixed, the 

increasing grounded electrode length not only leads to an enlarged plasma region, but also more 

catalyst used in plasma region. To some extent, this situation is similar to that increasing the catalyst 

packing ratio only, but the insufficient electron energy would be exaggerated due to the enlarged 

plasma region at a fixed plasma discharge power, and thus lead to a dramatically decrement in NH3 



concentration and energy efficiency initially. With the further increasing grounded electrode length, 

both NH3 concentration and energy efficiency turns from decrease to increase, which may be 

attributed to that the increasing the amount of catalyst exposes more active sites in plasma region 

and promotes NH3 formation through heterogeneous reaction. Since the p-value for NH3 

concentration and energy efficiency are both lower than 0.05, the F-values of term “AD” for NH3 

concentration (18.66) and energy efficiency (41.04) indicate that the effect of “AD” is more 

significant on energy efficiency. 

The results in Fig. 8(d) and 9(d) indicate that as gas flow rate increases, the NH3 concentration 

decreases whereas the energy efficiency increases. With the increasing number of N2 and H2 

molecules flowed into plasma region at higher gas flow rate, more gas molecules could be activated 

when flow through plasma region per unit time. Afterwards, the possibilities of effective collisions 

between N and H reactive species increase, leading to higher NH3 production rate. Therefore, a 

higher energy efficiency could be achieved by increasing gas flow rate. It is also reported by Xie et 

al. that in the packed-bed DBD reactor, the external diffusion resistance of N2 and H2 gases on the 

catalyst was reduced with increasing gas flow rate, which improved the reaction rate of NH3 

synthesis [53]. 

 

4.3 Comparison of optimized reaction performance with other 

literature 

The optimum working condition for plasma-assisted NH3 synthesis are determined by the 

proposed model based on the energy efficiency. The predicted optimum condition for energy 

efficiency is Pdis. = 5 W, F = 139.33 ml min-1, β = 100 vol.% and L = 50 mm, while the predicted 



maximum energy efficiency is 2.37 g kWh-1. The experiments were conducted under the above 

predicted optimum conditions for three times in order to confirm the validity of the proposed model. 

The obtained energy efficiency is 2.35 g kWh-1 with a relative error of 3.4% to 3.0%, implying the 

well matching between the actual results and the predicted results from the proposed model. 

 
Fig. 10. Comparison of economic performances of plasma-assisted NH3 synthesis with previous 

studies. 

A comparison of economic performance of the plasma-assisted NH3 synthesis process is 

presented in Fig. 10. The economic performance was assessed in term of the highest energy 

efficiency reported in previous works. Mehta et al. reported that the energy efficiency for DBD 

plasma assisted NH3 synthesis using Ni/Al2O3 was 0.89 g kWh-1, almost twice of that using Al2O3 

support at the same SIE of 6.0 kJ l-1 [54]. Shah et al. reported that the peak energy efficiency for 

energy synthesis using Ni-MOF-74 as catalyst was 1.3 g kWh-1 at 50 W in the RF plasma-catalysis 

system [55]. Wang et al. achieved the energy efficiency of 0.44 g kWh-1 in a DBD reactor using 

Ni/Al2O3 at the SIE of 26.8 kJ l-1 [16]. Xie et al. reported the maximum yield of 0.68 g kWh-1 in 

their work occurs at the energy density of 1.4 kJ l-1 in the Ru/Al2O3-packed DBD reactor [56]. It 

was also Xie et al. that using Ru/L-MgO packed DBD reactor obtained a higher energy yield of 1.29 



g kWh-1 at 5.2 kJ l-1 compared to that (~0.3 g kWh-1) in the case of plasma only [53]. Our previous 

work reported that the highest energy yield of 0.63 g kWh-1 is achieved at an SIE of 5.4 kJ l-1 using 

Ru/AC in a DBD reactor, which is 21.2% higher than that of using the Ru/ZSM-5 catalyst [42]. 

Koubuta et al. achieved the energy efficiency of 1.16 g kWh-1 using microwave plasma at high 

temperature of 790–1240 K [57]. Bai et al. achieved their greatest energy efficiency using a 

microgap DBD reactor, which the surface of barrier is sprayed α-A2O3 layer [58]. In this work, the 

highest energy efficiency at the predicted optimum condition obtained from proposed model is 2.37 

g kWh-1 at 2.16 kJ l-1 using Ni/BaTiO3 in a DBD reactor. Compared with the presented works, a 

competitive energy efficiency was achieved after process optimization using CCD-RSM in this 

work. The promising opportunities for further improvement in economic performance are expected 

to hinge on the development of effective catalysts specialized in plasma-assisted NH3 synthesis 

process using RSM. 

 

5 Conclusions 

Plasma-assisted NH3 synthesis has been conducted over transition metal (M = Fe, Co and Ni) 

doped M/BaTiO3 catalyst at ambient temperature and pressure. The presence of M/BaTiO3 catalyst 

significantly enhanced NH3 concentration and energy efficiency, compared that using plasma alone. 

In this work, the NH3 concentration was observed in the order of Ni/BaTiO3 > Co/BaTiO3 > 

Fe/BaTiO3 > BaTiO3. The highest NH3 concentration of 2192 ppm and energy efficiency of 0.78 g 

kWh-1 were achieved at 25 W and 5 W in the presence of Ni/BaTiO3, respectively. Compared at the 

same operation condition of 25W and 100 ml min-1, the NH3 concentration and energy efficiency 

achieved by packing Ni/BaTiO3 were around 1.9 times higher than that of quartz wool. The 



enhanced performance of Ni/BaTiO3 could be attributed to the abundant basic sites and weaker M-

N bond on its surface, which could benefit the dissociation reactions to generate reactive species in 

plasma environment together with the desorption of formed NH3. The higher specific surface area 

and pore volume would also be responsible for the higher NH3 concentration and energy efficiency 

in presence of Ni/BaTiO3. 

The interactions between process parameters on NH3 concentration and energy efficiency were 

systematically studied by CCD-RSM. The results of AVONA analysis indicated that the plasma 

discharge power and discharge length have more pronounced effect on NH3 concentration, whereas 

gas flow rate and plasma discharge power play a dominant role in energy efficiency. Based on the 

proposed model, the predicted optimum energy efficiency of 2.37 g kWh-1 could be achieved at the 

working conditions of Pdis. = 5 W, F = 139.33 ml min-1, β = 100 vol.% and L = 50 mm, which is 

much higher than the energy efficiency from various literature.  
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