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Abstract 

Ammonia, being the second largest produced industrial chemical, is used as a raw material for many 

chemicals. Besides, there is a growing interest in the applications of ammonia as electrical energy storage 

chemical, as fuel, and in selective catalytic reduction of NOx. These applications demand on-site distributed 

ammonia production under mild process conditions. In this paper, we investigated 16 different transition 

metal and oxide catalysts supported on γ-Al2O3 for plasma-catalytic ammonia production in a dielectric 

barrier discharge (DBD) reactor. This paper discusses the influence of the feed ratio (N2/H2), specific energy 

input, reaction temperature, metal loading, and gas flow rates on the yield and energy efficiency of ammonia 

production. The optimum N2/H2 feed flow ratio was either 1 or 2 depending on the catalyst – substantially 

above ammonia stoichiometry of 0.33. The concentration of ammonia formed was proportional to the 

specific energy input. Increasing the reaction temperature or decreasing gas flow rates resulted in a lower 

specific production due to ammonia decomposition. The most efficient catalysts were found to be 2 wt% 

Rh/Al2O3 among platinum-group metals and 5 wt% Ni/Al2O3 among transitional metals. With the 2 wt% Rh 

catalyst, 1.43 vol% ammonia was produced with an energy efficiency of 0.94 g kWh-1. The observed 

behaviour was explained by a combination of gas phase and catalytic ammonia formation reactions with 
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plasma-activated nitrogen species. Plasma catalysts provide a synergetic effect by activation of hydrogen 

on the surface requiring lower-energy nitrogen species. 

 

KEYWORDS: plasma catalysis, ammonia production, catalytic DBD reactor, supported transition metal 

oxides, energy efficiency, Haber-Bosch. 

1. Introduction 

Reactive nitrogen in the form of ammonia is an essential element for life on Earth;1,2 it is the second-largest 

chemical compound produced and is essential for the global economy.3 Ammonia is used as a starting 

material for the production of many chemical compounds such as fertilisers, explosives, and in many 

industries such as pulp and paper, refrigeration, pharmaceuticals, fibers and plastics, mining and 

metallurgy. Ammonia is produced on a major scale via the Haber-Bosch process at 450-600 oC and 150-

350 bar in the presence of a catalyst in megaton-scale centralised production facilities.4 With the global 

population set to exceed 9 billion by 2050, ammonia is destined to become a focal point for intensification 

of agriculture and chemical industries.56  

In addition to these well-established applications, ammonia attracts attention as an energy storage 

chemical,7 fuel,8 and as a reducing agent in selective catalytic reduction (SCR) of NOx produced by 

automobiles.9 These applications demand distributed ammonia production under mild process conditions 

and on a smaller scale using electricity from renewable sources1,10,11 because the Haber-Bosch process is 

not a viable option. Therefore, it is imperative to look for an alternative ammonia production process with 

zero CO2 emissions, close to electricity generation, and at a point-of-use, as demanded by these emerging 

applications.6,12,13  

Over the last century, several alternative approaches have been developed for CO2-free ammonia 

synthesis under mild operating conditions such as electron-driven electro- and photo-catalysis, 

homogeneous and enzyme catalysis.14 Among these alternative approaches, non-thermal plasma (NTP) 

generated by renewable electricity is an appealing option for small scale and distributed production.15–19 

NTPs are characterised by an excessively high electron temperature, while the bulk of the gas remains at 

a mild temperature. These non-equilibrium properties enable thermodynamically unfavourable chemical 

reactions under mild conditions such as atmospheric pressure and low temperature.20,21 In addition, NTP 

offers an opportunity to use catalysts to benefit surface reactions and increased selectivity towards the 

desired product.22–24 Such a combination of NTP with a catalyst (plasma catalysis) often yields synergetic 

effects with the efficiency of the combined system exceeding that of the constituent parts.23–27  

The ease of catalyst screening and simplicity of operation motivated many plasma catalysis studies for 

ammonia synthesis in a dielectric barrier discharge (DBD) reactor.28–31 Most of the reported literature 

studies use relatively inert (or ferroelectric) materials conventionally considered as catalyst support.31–35 

These materials, nevertheless, show significant improvements in nitrogen fixation due to their effect on the 



plasma formation.31,36 Mizushima et al.37 showed that loading active metals on the support can yield higher 

ammonia concentration and can also improve the energy yield. The ammonia yield was reported to increase 

in the following order Ru > Ni > Pt > Fe > only Al2O3.37 Recently, Peng et al.38 used 10% Ru+Cs/MgO 

catalyst and Hong et al.39 reported ammonia over a functional carbon-coated catalyst. Iwamoto et al.40  and 

Mehata et al.41 attempted to explain the differences in reactivity between various metals and evaluated it 

through DFT calculations and microkinetic modelling.  

Even though the plasma-assisted ammonia syntheses have long been investigated using various plasma 

catalysts, the nature of the support-catalyst effect is largely unknown; the performance of different 

supported catalysts and reasons of their synergy is scarcely available. Moreover, no detailed studies exist 

that explain the influence of the feed composition, temperature and metal loading. In this paper, we aim to 

study the role of active component in heterogeneously-catalysed plasma-catalytic ammonia synthesis. To 

achieve this and distinguish between the electrical and curvature effects of various materials, we used 

supported catalysts with low metal loading deposited on the same particles of γ-alumina. 

2. Experimental section 

Pelletized γ-Al2O3 was purchased from Mateck GMBH, crushed, and sieved into a 250-350 µm fraction. 

The particle size fraction was selected to have an optimum performance in the reactor, low-pressure drop, 

and high product yield.31,36 The supported catalysts were prepared using wet impregnation and calcined at 

450 oC, more details are in the Supplementary S1. The catalysts obtained are referred by the weight loading 

of the active metal and its type, for example, 2 Ru for 2 wt% Ru/ γ-Al2O3.  

Fig. 1 shows a one-sided DBD plasma-catalytic reactor. The reactor has an axial high-voltage electrode (a 

stainless-steel rod, 6 mm outer diameter) and a ground electrode (a stainless mesh wrapped around the 

quartz reactor body, 10 mm inner diameter). The catalysts are placed directly in the plasma discharge zone 

of the DBD reactor (100 mm) and kept in-place with quartz wool plugs (Carl Roth GmbH) positioned outside 

the catalyst bed.31,36 The reactor was positioned in a tube furnace to heat only the catalyst zone while 

keeping the reactor ends outside of the furnace (Supplementary S2). 

 



Fig. 1. A scheme of the experimental set-up with a one-sided dielectric barrier discharge (DBD) plasma 
reactor. 

The reactants, N2 and H2 gases (Linde, 99.9%), controlled with mass-flow controllers were fed into the 

reactor and the voltage was applied at a frequency of 21 kHz and the pulse width 25 µs. The flow rates of 

gases are reported under the normal temperature and pressure conditions. The product gases were 

analysed with a Fourier transform infrared spectrophotometer (Shimadzu IRTracer-100) in a Specac gas 

cell with KBr windows. The only product detected was ammonia and its concentration was quantified at the 

wavelength of 965 cm-1 calibrated with a series of reference gas mixtures.  

All the voltage and current signals were logged with a 4 channel PicoScope® 3000 oscilloscope. The applied 

voltage (measured with a Tektronix P6015A probe), the voltage across a 100 nF capacitor, and operational 

frequency allowed estimating power consumed by the DBD plasma reactor using the method reported by 

Manley.42 The total power (ptot), specific energy input (SEI), and the energy consumption per mole of 

ammonia produced (E) were calculated using equations (1-3), where f is the applied voltage frequency, V 

is the applied voltage, Cp - the capacitor value, Qgas is the total volumetric gas flow rate, CNH3 is the 

concentration of ammonia produced. 

𝑝𝑡𝑜𝑡 = 𝑓 𝐶𝑝 ∫ 𝑉(𝑡)𝑑𝑡
𝑜𝑛𝑒 𝑐𝑦𝑐𝑙𝑒

, (1) 

𝑆𝐸𝐼 =
𝑝𝑡𝑜𝑡

𝑄𝑔𝑎𝑠
⁄ , (2) 

𝐸 =
𝑝𝑡𝑜𝑡

𝑄𝑔𝑎𝑠  𝐶𝑁𝐻3
⁄ ,  (3) 

Prior to every experiment, the catalyst was in situ reduced at a fixed energy input of 42 W in a flow of 

hydrogen of 0.2 L min-1 for 30 min. All experiments were performed twice with reproducibility above ±5%. 

The temperature of the plasma region and the outgoing gas were monitored with thermocouples and an 

infrared camera. The highest temperature of the packed bed and the central electrode was found to be 420 

oC, while the gas outlet temperature was always below 26 oC. Blank experiments without plasma, but 

thermal heating to 400 oC, showed no NH3 formation with all the catalysts. Therefore, all NH3 detected was 

formed only during plasma or plasma-catalytic processes.  

The light emitted by the plasma discharge was collected with an optical fibre and analysed with an HR2000+ 

spectrometer at 10 s integration time and 0.2 nm pixel-1 resolution. Confocal collection optics improved the 

signal-to-noise ratio and a spatial resolution to about 1 mm.  

All the catalysts were characterized before and after plasma exposure. To investigate the effect of the 

plasma discharge on the catalyst morphology, the catalysts were studied with nitrogen physisorption and 

scanning electron microscopy coupled with energy-dispersive spectroscopy (SEM-EDX). The state of the 

supported metal and metal oxide particles was analysed with transmission electron microscopy (TEM), and 

the oxidation state – with temperature-programmed reduction (TPR). The experimental details and 

information obtained are provided in Supplementary S3. 



3. Results and discussion 

 Oxidation state of the catalyst and feed ratio optimisation 

Before carrying out plasma ammonia synthesis, we studied the effect of hydrogen plasma treatment on the 

catalysts. The results of the temperature-programmed reduction experiments of the catalysts before and 

after the plasma exposure are shown in Supplementary S3, summarised in Table 1. 

Table 1. The fraction of the metal oxide to metal reduction in a hydrogen plasma. 

Catalyst Reduction (%) 

2 Pt 98.6 

2 Pd 100 

2 Rh 99.0 

2 Ru 100 

10 Ni 57.7 

10 Fe 52.4 

10 W 50.0 

10 Mo 20.4 

10 Mn 46.7 

5 Co 75.8 

5 Cu 84.5 

5 V 23.6 
 

The platinum-group catalysts were completely or mostly reduced by the H2 plasma. For example, a low-

temperature reduction peak below 200 oC in the 2 Pt catalyst disappeared after plasma treatment. The 

reduction of active metals was likely attained thermally as well because the catalyst temperature reached 

420 ºC during the plasma treatment; however, other plasma-specific reduction mechanisms could have 

been also present.43 Most other metal oxides (Table 1) were also significantly reduced in plasma, in 

agreement with literature.44–52 The oxides of W, Mo, V, and Mn were only partially reduced because they 

require a temperature of above at 800 oC in H2 for complete reduction. The Ni, Cu, Fe, Co catalysts likely 

contained metal sites on their surface while the bulk reduction was limited by diffusion limitations of 

hydrogen through the oxides. The catalyst characterisation before and after the plasma treatment 

(Supplementary S3) shows no significant changes.  

The characterisation (Supplementary S3) also shows surface area and porosity for the catalysts were close 

likely because they were determined by the alumina support. A relatively low loading of active component 

onto the same support ensures similar bulk properties of the catalysts and allows us to decouple the bulk 

electronic and electrical properties from the surface chemistry. The bulk properties determined by the 

support were similar, while the surface properties determined by the active material were varied in the 

current study to study the effect of surface chemistry.  



Starting with the catalysts reduced ex-situ at 800 oC, we optimized the volumetric feed N2/H2 ratio in the 

range of 4 to 0.33 at a fixed total flow rate and a constant power input. Fig. 2 shows the effect of the feed 

ratio on the ammonia concentration for selected catalysts, all catalysts are shown in Supplementary S4. 

The catalysts significantly affected the ammonia concentration demonstrating an effect on the plasma 

reaction – the optimum feed ratio (the N2/H2 ratio resulting in the highest ammonia concentration) was either 

1 or 2.  

The reactor without any catalyst showed the optimum feed ratio of 1. The reactor filled only with the catalyst 

support (γ-Al2O3) showed the same optimum feed ratio, but a significantly higher concentration of ammonia. 

The optimum feed ratio varied for the best performing platinum-group catalysts. The 2 Rh, 2 Ru, and 2 Pt 

catalysts showed the optimum ratio of 2, while the less effective 2 Pd catalyst had the optimum ratio of 1 

(Fig. 2A). 

The optimum feed ratio for other transition metal catalysts was also either 1 or 2. The catalysts such as 

10 Ni, 10 Co and 10 Mo increased the concentration of ammonia obtained compared to the catalyst support 

and showed the optimum feed ratio of 2 (Fig. 2B). The 10 W catalyst suppressed the ammonia formation 

compared to the support, while the 10 Mn and 10 Fe catalysts showed a lower ammonia formation even 

compared to the empty reactor. We used the feed ratio of either 1 or 2 in the subsequent experiments – the 

optimum ratio for each catalyst. Such changes in the feed ratio, however, had a minor effect because the 

ammonia concentration changed by less than 4 % 

 

Fig. 2. The effect of the N2 to H2 volumetric feed ratio on ammonia formation in a plasma-catalytic reactor 
packed with various alumina-supported catalysts at the total flow rate of 0.18 L min-1. 

The optimum N2/H2 feed ratio for the plasma-catalytic (1 – 2) and thermal (0.33) reactions are notably 

different – it indicates various reaction mechanisms – as also reported by: Plasma Chem Plasma Proc V20, 

511, 2000; Plasma Process Polymer V14, e1600157, 2017; J Phys D: Applied Physics, V53, 014008 

(2020). The required high N2 concentration may be understood considering that ammonia formation is 

determined by activation of nitrogen molecules in the plasma because the nitrogen dissociation energy of 

9.76 eV is substantially higher than that of hydrogen ( 4.48 eV).53,54 The increasing N2 concentration likely 

leads to a higher probability of its activation, and in turn higher ammonia formation.  Increasing the N2 



concentration (or the feed ratio) above the optimum point likely decreases the availability of hydrogen for 

the ammonia formation. 

 Effect of the plasma energy input and catalyst loading 

The feed ratio study already gives strong indications that plasma ammonia synthesis has a reaction 

mechanism substantially different from that of the thermal reaction. Therefore, we studied the effect of 

plasma energy input on ammonia production (Fig. 3 for the selected catalysts, all catalysts are presented 

in Supplementary S5). The results demonstrate that catalysts play a major role in plasma ammonia 

synthesis. At a comparable energy input, the 2 Ru catalyst showed almost 30 % higher ammonia 

concentration compared to the alumina catalyst support. The concentration of ammonia formed was 

proportional to the energy input and the slopes for the empty reactor was the lowest.  

The formation of ammonia without any catalyst shows that ammonia could be formed in the gas-phase 

reaction. In the presence of catalysts, the ammonia formation increases further indicating either the 

presence of surface (heterogeneous) ammonia formation or enhancement of gas-phase ammonia 

formation by the catalysts. The plasma enhancement by the catalysts is a possibility discussed further and 

strongly suggested by the enhanced ammonia formation by the alumina support – a rather chemically inert 

material that unlikely to show a significant surface reaction. A further increase in ammonia formation by the 

addition of several percent of active metal (2 Ru and 5 Co catalysts) is likely caused by the surface reactions 

of the excited species. The reason is that the bulk properties of the catalysts stay similar to that of the 

support and a notable change in plasma properties is unlikely. The effects of catalysts on plasma are 

discussed further.  

 

Fig. 3. Ammonia concentration obtained in a plasma-catalytic reactor as a function of specific plasma energy 
input for selected cases at a fixed linear gas velocity. 

For most of the catalysts studied, ammonia concentration was proportional to the plasma input as shown 

in Fig. 3 for the 5 Co catalyst. In some cases, however, an increase in the input energy beyond a certain 

threshold had either a minor or even a detrimental effect on ammonia formation. For the 2 Ru catalyst, for 

example, increasing energy input beyond 15 kJ L-1 did not increase ammonia formation likely because of 

thermal decomposition of ammonia at a higher temperature. Importantly, for a lower plasma energy input, 



the concentration of ammonia formed over the 2 Ru catalyst was also proportional to the plasma energy. 

Therefore, the effect of catalysts on plasma ammonia formation can be characterised by a single value of 

plasma ammonia formation efficiency – the slope of the linear part of the plot. 

Table 2 compares the plasma ammonia formation efficiency for selected catalysts with the full table 

presented in Supplementary S5. First of all, the data show that doubling the metal loading in the Ni, Fe, Co, 

or Mo catalysts has a negligible effect on the plasma ammonia formation, resulting in the same plasma 

efficiency. Roland et al.55 and Zhang et al.56 showed that the electrical discharge does not penetrate into 

the pores smaller than about 0.8 μm. Hence, discharges must be primarily formed between the 300 μm 

catalyst support particles resulting in contribution mainly from the external catalyst surface.  

Table 2. Comparison of plasma ammonia formation efficiency (k) – the slope of plots in Fig. 3 for selected 
catalysts at the total flow rate of 0.18 L min-1. 

Catalyst k (nLNH3 J-1) 

2 Ru 554 

2 Rh 514 

10 Ni 506 

5 Ni 495 

2 Pt 491 

10 Co 484 

10 Fe 484 

2 Pd 483 

5 Co 468 

5 Mo 446 

10 Mo 445 

Al2O3 422 

No catalyst 298 

10 Mn 273 

 

It is interesting to compare the catalyst activity sequence in thermal ammonia formation and in plasma. In 

the conventional Haber-Bosch process where the rate-limiting step is dissociative adsorption of nitrogen 

molecules, the following catalyst sequence is observed: Ru > Rh > Fe > Co > Mo > Ni ≫ Pd.57,58 In case of 

the plasma catalysis studied, the activity sequence is different, being Ru > Rh > Ni > Co > Fe > Pd ≫ Mo. 

The most notable differences in the positions of Pd and Mo suggest that nitrogen activation on the catalyst 

surface is not the rate-limiting stage in plasma-assisted ammonia synthesis. This is further supported by 

the absence of ammonia formation without plasma. 

The observed catalyst sequence can be compared to the binding energy of molecular hydrogen which is 

Pt < Ru < Pd < Ni < Fe < Mo.59 This sequence is close to that observed in plasma-catalytic ammonia 

synthesis with a few notable exceptions, such as Pd, which was found to be less active compared to the 

Fe catalyst. The differences may be explained by the effect of the active metal on plasma generation.36 



Overall, the data indicate that in plasma-catalytic ammonia synthesis, nitrogen is predominately activated 

in plasma and reacts with hydrogen species activated on the surface of heterogeneous catalysts. However, 

there is a notable formation of ammonia even in the blank experiments and on the alumina catalyst 

indicating that a parallel gas-phase (homogeneous) ammonia formation also takes place. 

 Effect of flow rate and the reaction temperature 

At the next step, we studied the effect of gas feed flow rate on the plasma-catalytic ammonia formation for 

the most efficient base-metal 5 Ni catalyst and the platinum-group 2 Rh catalyst. The 2 Rh catalyst has an 

activity similar to that of Ru but does not show a pronounced ammonia decomposition at the increased 

plasma energy input.  

Fig. 4 demonstrates that the behaviour of both catalysts was comparable – the ammonia formation was 

proportional to the plasma energy input up to certain energy. At high gas flow rates of 1 and 0.6 L min-1, 

the slope in the ammonia concentration was independent of the flow rate corresponding to the intrinsic 

catalyst activity which was higher for Rh compared to Ni. A decreasing gas flow rate, however, resulted in 

a deviation from the observed trend and a lower ammonia generation efficiency possibly due to the thermal 

decomposition of ammonia. 

 

Fig. 4. The effect of the total gas flow rate (N2/H2 = 2 vol.) on ammonia plasma formation over the (A) 2 Rh and 

(B) 5 Ni catalysts in a plasma-catalytic reactor. 

The effect of the reaction temperature (measured externally at the reactor wall) on plasma-catalytic 

ammonia formation was studied by heating the plasma reactor externally (with a furnace), the performance 

of selected catalysts shown in Fig. 5. The full plot for all the catalysts studied is presented in the 

Supplementary Information S6, Fig. S19. Generally, the concentration of ammonia increased slightly with 

temperature followed by a sharp decline. The optimum temperature (temperature corresponding to the 

highest ammonia concentration) significantly depended on the catalyst. The empty reactor showed a 

consistent small increase in ammonia concentration with reaction temperature, while the reactor filled with 

the alumina support showed a small decline after 300 oC – similar for the 2 Rh and 10 Ni catalysts. The 

2 Ru and 10 Mn catalysts demonstrated a continuous decline in ammonia formation with temperature. 



Therefore, the experiments confirm that the declining ammonia concentration at higher plasma energy can 

be explained by thermal ammonia decomposition. 

 

 

 

Fig. 5. Ammonia concentration obtained in a plasma-catalytic reactor concentration as a function of the 
reaction temperature (measured externally at the reactor wall) at a fixed input voltage and total gas feed flow 

rate of 0.18 L min-1. 

The observed phenomena of declining ammonia concentration with temperature can be explained with Le 

Chatelier's principle. Ammonia synthesis is an exothermic reaction; hence, an increasing temperature shifts 

equilibrium towards the starting materials. In the conventional Haber-Bosch thermal ammonia synthesis, a 

high reaction temperature (400-500 oC) is required to increase the reaction rates, while the shift in the 

equilibrium position is counterbalanced by high pressure (>100 bar).30 Similarly, the observed decrease in 

ammonia concentration with temperature (Fig. 5), might be explained by thermodynamic effects of shifting 

equilibrium position. In this case, we can expect, however, reaching a certain equilibrium-limited line 

independent of the catalysts studied which was not observed experimentally. Therefore, the effect of 

reaction temperature might have been caused by local equilibria in the plasma vicinity. A higher reaction 

temperature may also result in lower hydrogen adsorption on the catalyst surface, thus reducing the 

probability of the heterogeneous reaction with activated nitrogen species. 

The experimental data shows that the reactor temperature should be maintained in the range of 250 - 300 

ºC for most catalysts in order to achieve the highest concentration of NH3. The concentration increases at 

a such temperature, however, is small and external heating may be economically unjustified. On the other 

hand, the increasing plasma energy input raises the temperature and a reactor cooling should be employed 

to keep the temperature below 300 oC. 

 Effect of catalyst on the plasma characteristics 

The previous sections showed that the catalysts affect ammonia formation significantly via surface reaction. 

The catalysts, however, may also affect the plasma formation as observed in the nitrogen oxidation 

reaction.36 In a DBD reactor packed with γ-Al2O3, filamentary micro discharges are predominant with 



considerably higher energy electrons compared to Townsend-like discharges.60 The filamentary discharges 

are more efficient in plasma ammonia formation, and the ammonia formation efficiency may be increased 

by if the plasma energy is directed exclusively to the filamentary discharges. 

Fig. 6 shows the voltage-current plots for several catalysts studied. Here, the number and intensity of the 

discharges can be assessed by the spikes in the current and voltage. The data show that the intensity and 

the number of filaments increase in the reactor filled with the alumina support compared to the empty 

reactor. This observation indicates that a higher ammonia formation efficiency observed in Fig. 3 is likely 

caused by the enhanced plasma formation.  

 

Fig. 6. Applied voltage (black), voltage across measuring capacitor (red), and current (blue) observed in a 
plasma-catalytic reactor packed with a range of alumina-supported catalysts, catalyst support (alumina), and 

without any materials. 

The metals added on the support resulted in a notable effect on plasma formation. The most obvious 

difference is seen when comparing the reactor filled with Al2O3, 10 Mn, and 10 Fe catalysts. The latter two 

catalysts show a dramatic decrease in the discharges – almost complete absence of spikes in current 

indicates a non-filamentary Townsend-like discharge. The best-performing platinum-group catalysts show 

plasma discharge with characteristic filamentary discharges evidenced by a large number of high-intensity 

spikes.  

The number of plasma discharges alone does not seem to be a determining factor in plasma ammonia 

formation because the 2 Ru catalysts showed notably weaker discharges compared to the 2 Rh catalyst 

despite their comparable ammonia formation efficiency. On the contrary, 5 Cu catalyst showed more 

intensive discharges compared to the 10 Ni catalyst while the latter was forming significantly more 

ammonia.  



Therefore, the data show that the supported active metals affect the plasma generation. The inefficient 

plasma catalysts such as 10 Fe or 10 Mn notably suppress plasma generation. More efficient catalysts, 

however, do not show a correlation with the plasma generation indicating a significant effect of surface 

catalyst phenomena onto the ammonia plasma synthesis. 

 Energy Efficiency for plasma-catalytic ammonia synthesis 

Table 3 shows, in effect, the energy efficiency of plasma-catalytic process forming ammonia in the current 

studies and the literature sources. The lowest energy consumption of 32 MJ mol-1 at an ammonia 

concentration of 0.3 vol% was achieved in this study for the 2 % Rh catalyst at a total gas flow rate of 1 L 

min-1, which corresponds to 1.9 g of ammonia per kWh. Increasing ammonia concentration to 1.43 vol% 

required almost doubling the energy input to 65 MJ mol-1 due to thermal decomposition of ammonia. The 

energy efficiency of plasma ammonia realized in this study is amongst the highest that are reported in the 

literature. However, it is worth noting that these values are far from the benchmark Haber-Bosch process, 

which consumes only 0.5 MJ mol-1 for the entire process including energy-intensive H2 production by steam 

reforming. The Haber-Bosch also operates under a higher per pass N2 conversion of 10-15%. Nevertheless, 

the plasma synthetic process operating under ambient pressure and requiring only a source of electricity is 

a promising alternative for smaller-scale decentralized production where large capital investment into 

Haber-Bosch plant cannot be justified. 

Table 3. Comparison of the energy consumption required for plasma ammonia synthesis in dielectric-barrier 
discharge (DBD) reactors. 

Reactor  
Experimental 
conditions 

Feed 
gases 

Products and concentration 
Energy 
(MJ/mol) 

Ref. 

Packed DBD 
reactor 

MgO + glass beads. 
Qtotal

a = 40 mL min-1 
(10 mL min-1 Ar) 

N2 + H2 

+ Ar 
NH3 at 0.57 vol%, per pass H2 
conversion of 4.2 % 

576 33 

Packed DBD 
reactor 

Ferroelectric 

material. Qtotal
a = 

11.5 mL min-1 at 
N2/H2 = 1/3 

N2 + H2 
NH3 at 3.3 vol%, per pass of 
N2 conversion of 7% 

408 35 

Packed DBD 
reactor 

Functional carbon 
coatings on α-
Al2O3. Qtotal

a = 50 
mL min-1, 
N2/H2=1/3. 

N2 + H2 NH3 at 1.2 vol%. 350 39 

DBD reactor 
with catalytic 
membrane 

Various active 
metals supported 
on the alumina 
membrane. Qtotal

a = 
30 mL min-1, 
N2/H2=1/3 

N2 + H2 
NH3 at 1.2 vol% (no N2H4 
detected), per pass N2 
conversion of 2.4 % 

250 37 



DBD reactor 
with catalytic 
membrane 

Qtotal
a = 40 mL min-

1, N2/H2 = 1/3 
N2 + H2 

NH3 at 2.0 vol% (no N2H4 
detected), per pass N2 
conversion of 4.0 % 

192 30 

Packed DBD 
reactor 

Ferroelectric 
material (PZT and 

BaTiO3). Qtotal
a = 

38.3 mL min-1, 
N2/H2 = 1/1. 

N2 + H2 
NH3 at 2.8 vol%, per pass N2 
conversion of 2.7%  

136 34 

Micro-gap 
DBD reactor 

Qtotal
a = 500 mL 

min-1. 
CH4 + 
N2 

Products are H2 and NH3 (0.8 
vol%) 

109 29 

Packed DBD 
reactor 

2 wt% Rh/γ -Al2O3. 

Qtotal
a = 100 mL 

min-1, N2/H2=2/1  
N2 + H2 

NH3 at 1.4 vol%, per pass N2 
conversion of 1.1% 

65 This work 

Packed DBD 
reactor 

γ -Al2O3. Qtotal
a = 

400 mL min-1. 
N2+H2 

NH3 at 0.35 vol%, per pass N2 
conversion of 0.26% 

52 31 

Packed DBD 
reactor 

2 wt% Rh/γ -Al2O3. 

Qtotal
a = 1000 mL 

min-1, N2/H2=2/1. 
N2 + H2 

NH3 at 0.27 vol%, per pass N2 
conversion of 0.4% 

32 This Work 

Packed DBD 
reactor 

10 wt% Ru/MgO 
with Cs promoter. 
Qtotal

a = 4000 mL 
min-1, N2/H2=3/1. 

N2 + H2 NH3 at 3.7 vol%  27 38 

Packed DBD 
reactor 

Ru(2)-Mg(5)/ γ -
Al2O3, N2/H2=4/1, 
at temperature 
<250 oC 

N2 + H2 
NH3 at 1500 PPM at 36 
g/kWh 
 

1.7 

Plasma 
Process 
Polymer 
V14 (6), 
e1600157, 
2017 

 

 Spectroscopic study of the plasma-catalytic ammonia formation mechanism: rewrite this 
section! 

Fig. 7 shows optical emission spectra of the plasma generated in the plasma-catalytic reactors for selected 

catalysts. The emission lines observed correspond to electron transitions in the neutral N2 molecules, 

ionised N2 molecules, and ionised N atoms.61–63 The shape of the lines with strong peaks and tails towards 

the lower wavelengths is caused by the combination of rotational and vibrational excitation along with the 

electronic transitions.64 No emission from the H2 species was observed because only a few low-intensity 

lines could be observed in the spectral region studied. The broad line at 337 nm indicates the presence of 

excited NH* radicals with the emission line of 336.0 nm. The emission lines were observed for all the cases 

studied: when no catalyst was placed into the reactor, in the presence of only the alumina support and for 

active Rh or inactive Mn catalysts.  



 

Fig. 7. Optical emission spectra observed in a plasma-catalytic for selected cases. 

The emission intensity normalised by the input plasma power, however, was dramatically different as shown 

in the zoomed-in lines of the N2+ and N2 A3∏ to X3∑ transitions, Fig. 7. The highest emission intensity was 

observed when no catalyst was placed into the reactor. This observation may seem surprising; however, it 

can be easily explained by an extensive factor – signal accumulation from the whole reactor volume 

compared to only a narrow region near the reactor wall in case of the packed reactor. The light emitted from 

within the reactor could not penetrate through the packed material. 

Comparing the emission lines from the packed reactors, the most intensive N2+ emission line was observed 

for the least active 10 Mn catalyst while the other materials showed a similar, about 30% lower, emission 

intensity. The lines corresponding to the excited N2 species at 337 nm were notably different. The most 

intensive emission was observed for the catalyst support, the most active 2 Rh and 10 Ni catalysts showed 

a slightly lower intensity, while the inactive 10 Mn catalyst showed minor emission.  

Fig. 8 summarises the observed data on ammonia plasma-catalytic formation. (The mechanistic aspects of 

each reaction stage is provided in reviews.65,66) On the application of an electric potential to a packed DBD 

reactor, plasma generates high-energy electrons. Plasma formation, however, is affected by the catalyst 

properties.36 Even in the case of supported catalysts studied that contain only 5-10 wt% of active material, 

the effect of a catalyst on plasma cannot be discarded as demonstrated by the 10 Mn and 10 Fe catalysts. 

Those catalysts notably inhibit plasma formation and generate low-energy Townsend discharges compared 

to filamentous discharges observed for other catalysts. 



 

Fig. 8. Scheme of the key processes occurring during plasma-catalytic ammonia formation. 

The high-energy electrons collide with the molecules of the gas phase – notably H2 and N2. Excitation of 

H2 molecules results in eventual thermal energy dissipation via molecular collisions and does not produce 

ammonia due to insufficient energy for N2 activation. The decrease in nitrogen activation with the addition 

of hydrogen had also been observed in microwave studies.67 Hence, the N2/H2 initial ratio in the plasma 

processes should be kept well above the stoichiometric ratio of 0.33 – at 1 or 2 to minimise energy 

dissipation via H2 collisions.  

The collision of N2 molecules with high-energy electrons can lead to excitation, ionisation or even 

dissociation. The excited N2 species have two parallel reaction routes of (i) homogeneous reaction with H2 

molecules or (ii) heterogeneous reaction with H2 adsorbed onto the catalyst surface. In both cases, the 

resulting NHx excited molecules undergo further reactions with H2 to obtain the desired NH3 products.68,69 

In the presence of the catalysts, NH3 molecules can be adsorbed onto the catalyst surface and decompose 

thermally if the reaction temperature exceeds a threshold value of about 250-300 oC (Fig. 5).  

 

4. Conclusions 

A range of catalysts have been systematically screened for plasma-assisted ammonia synthesis in a 

packed dielectric barrier discharge (DBD) reactor at atmospheric pressure. The efficiency of plasma-

catalytic ammonia formation depends significantly on the initial N2/H2 feed ratio which should be in the 

range of 1-2 for maximum ammonia production. The gas feed ratio is substantially above the stoichiometric 

ratio of 0.33 due to the possible energy dissipation by activation of hydrogen. The most active plasma 

catalysts (2 wt% Rh/Al2O3 and 10 wt% Ni/Al2O3) showed a significant synergetic increase in the ammonia 

concentration by 95% and 85%, respectively, compared to the empty plasma reactor or by 32% and 24% 

compared to the γ-Al2O3 catalyst support. 

Increasing the metal loading showed virtually no effect on the ammonia produced, which indicates that the 

formation of microdischarges takes place in the inter-particle pores rendering the catalyst pores 

inaccessible for nitrogen fixation. The effect of temperature on the performance of all the catalysts was also 

investigated. The results show that the concentration of ammonia decreases at higher temperatures, 

indicating an increased rate of ammonia decomposition. For the experimental conditions employed in this 

study, varying the flow rate by almost an order of magnitude revealed a minor dependence on the residence 

time in the reactor likely because the plasma processes were much faster than the residence time. 



The synergetic plasma-catalyst effect observed is associated with the reactions between the nitrogen 

molecules activated in plasma with hydrogen molecules activated over the catalyst surface. The surface 

reaction takes place in parallel with the gas-phase reaction between the plasma-activated nitrogen species 

and hydrogen molecules. However, no non-plasma ammonia formation was observed under the conditions 

studied. On the contrary, thermal decomposition of the ammonia was noticed for most catalysts, notably, 2 

wt% Ru/γ-Al2O3. Due to the possibility of thermal decomposition, the plasma energy efficiency of ammonia 

formation was constant up to certain energy input and then declined. The threshold plasma energy 

corresponded to the gas temperature in the plasma reactor sufficient for ammonia thermal catalytic 

decomposition. The catalysts also influenced the formation of plasma and even substantially suppressed it 

as observed for the 10 wt% Mn/Al2O3 and 10 wt% Fe/Al2O3 catalysts.  

At the optimum conditions, the ammonia concentration of 1.43 vol% was achieved in this study in a single-

pass ambient pressure experiment over the 2 wt% Rh/γ-Al2O3. The corresponding ammonia formation 

energy efficiency was 65 MJ mol-1 and the per pass hydrogen conversion of 6.4%. This result is among the 

best performances reported in the literature on plasma catalysis and shows the way for the distributed in-

situ manufacturing of small amounts of ammonia. Replace this with new analysis! 
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