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Abstract:

The energy consumption of nitrogen fixation industry accounts for 2% of the world. The development of new nitrogen fixation
technology based on renewable energy is of great significance for realizing energy conservation and emission reduction. The
synthesis of ammonia by H-B method has low energy consumption and large scale, but the reaction conditions of high
temperature and high pressure with catalysts and the high requirements for the stability of the power system make it
incompatible with the regional and instability properties of renewable energy such as photovoltaic and wind power. The new
nitrogen fixation technology represented by plasma technology and photoelectric catalytic nitrogen fixation technology has
made remarkable progresses, with the advantages of mild conditions and environment friendliness, which provides a new
direction for the future development of nitrogen fixation technology. The review of nitrogen fixation technology development,
e.g. photoelectric catalytic nitrogen fixation and the photoelectric catalytic nitrogen fixation are presented. The analysis of the
nitrogen fixation mechanism, energy consumption are introduced, which is expected to reduce the feasibility of nitrogen
fixation energy consumption. This paper systematically summarizes the research status and looks forward the future
development trend. It’s proposed that the coordinated nitrogen fixation by non-equilibrium plasma and catalyst will be the key
to reduce the energy consumption and improve the yield of plasma nitrogen fixation, which has a broad development prospect.
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INTRODUCTION

Nitrogen fixation is an important process to solve the global population survival problem. Biological nitrogen fixation and
lightning nitrogen fixation in nature cannot meet the growing demand of human beings. Artificial nitrogen fixation technologies,
e.g. Birkeland-Eyde (B-E) oxidizes nitrogen fixation [1-3] and Haber-Bosch (H-B) for synthetic ammonia [4], are a typical
representative of the current large-scale industrial nitrogen fixation technology and have been greatly developed. In 1903,
Birkenland and Eydem produced the first nitric acid factory in Notodden using a thermal plasma arc method [3]. The air through
the thermal plasma reaction chamber is discharged to generate high concentration NOx. Then the reaction gas is quickly been
cooled to "freeze" the desired product, and finally enters the tower system to be absorbed by water or dilute nitric acid to produce
nitric acid. The energy consumption of Birkeland-Eyde oxidized nitrogen fixation is about 2.4-3.8 MJ/molIN. However, the high
energy consumption, difficult production control and short plasma electrode life become important factors limiting the
development of B-E oxidized nitrogen fixation technology.

H-B ammonia synthesis nitrogen fixation process is the synthesis of ammonia using nitrogen and hydrogen at high temperature
(400-600°C), high pressure (about 30 MPa) and catalyst (iron), which is the most important synthetic ammaonia nitrogen fixation
technology in the world [5]. For more than 100 years since the beginning of the 20th century, H-B process synthetic ammonia-
nitrogen fixation technology has supported more than 40% of the worlds population [6-7]. As one of the world’s basic industries,
China accounts for 27% of the ammonia production. Hydrogen is the main raw material supporting the synthetic ammonia
industry, still coming from coal, natural gas and coke oven gas. Its annual energy consumption accounts for 2% of the world’s
energy, and causes serious air pollution and a large amount of CO2 and other greenhouse gas emissions [8]. In recent years, with
the rapid development of photovoltaic, wind power technology, large-scale green renewable energy electrolysis water hydrogen
synthesis ammonia process brought great opportunities for traditional ammonia industry. However, H-B process containing high
temperature, high pressure, catalyst and harsh reaction conditions, and the intermittent and instability of photovoltaic, wind
power and other renewable energy are still difficult to reconcile the contradiction. In the short term to achieve large-scale green
transformation has great difficulties [9-11]. Therefore, seeking a green and sustainable nitrogen fixation technology that is
environmentally friendly, milder, less energy consumption, more efficient and easy to large-scale production has become an
urgent pursuit of researchers all over the world. Based on this, this paper systematically reviews the new nitrogen fixation
technology and research progress, analyzes the mechanism and energy consumption of nitrogen fixation technology, and finally
summarizes the future development prospect of new nitrogen fixation technologies, so as to provide reference for the design of
large-scale nitrogen fixation technology with lower energy consumption.
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NEW NITROGEN-FIXATION TECHNOLOGY AND ITS RESEARCH PROGRESS
Research Progress of Photoelectric Catalytic Nitrogen Fixation Technology

Scholars from all over the world are actively exploring photo-catalysis [12-17], photo-electrocatalysis [18-21], electro-catalysis
[22-31] for N2 reduction to make NHs. Schrauzer et al [16] found that under UV light irradiation, the semiconductor TiO-based
photo-catalyst shows the abilities to induce the nitrogen reduction for ammonia synthesis. As shown in figure 1 (a), the basic
principle of the photo-catalytic synthesis of ammonia is that the photo-catalyst absorbs photons which can produce pair of photo-
electron-hole. The carriers diffuse and transfer from the inside of the catalyst to the surface. The photoelectron reacts with the
nitrogen adsorbed on the surface of the catalyst, which gradually hydroodize and protonate nitrogen and eventually generate
ammonia. The process of photo-catalytic nitrogen reduction is limited by the diffusion and separation of photo-electrons and
charge carriers. Most studies of photo-catalysts is to shorten the diffusion distance of charge carriers and reduce the composition
probability of photo-electron and hole. Therefore, the researchers attempted to introduce external electric field to suppress the
photo-catalytic electron and hole in the diffusion process which was called photoelectric catalysis as shown in figure 1(b). Three
electrodes were adopted to achieve photoelectric catalytic nitrogen reduction with catalyst working as photo-cathode and water
decomposition occurs on the anode reverse electrode.
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Figure 1. Basic principles of the photocatalysis (a) and photoelectric-catalysis reaction processes(b)

Photoelectric catalysis can directly convert solar energy into chemical energy, which is of positive significance to reduce the
energy consumption of the synthetic ammonia industry. However, the critical challenge is the lack of NRR catalyst with high
Faraday efficiency. Previous research has focused on how to enhance the adsorption and activation capacity of nitrogen on
catalysts. Although a variety of catalytic materials have demonstrated electro-catalytic NRR properties, however the NHjs yield
and Faraday efficiency are still unsatisfactory. In heterogeneous catalytic system, it is much complex due to the complexity of
the phase interface and mutual transfer process of electron in the catalyst and reactant between delocalized/localized state. The
proton transfer process also need to consider the phase interface and solvent chemical environment factors, which lead to the
complexity of the reaction process and difficulty to clearly define. Proton transfer has a significant influence on the kinetic
characteristics and the reaction path of the photo-catalytic reactions [19]. Vasileios Kyriakou et al. designed an integrated BaZrOs
matrix proton ceramic membrane reactor (PCMR) with the reactor inner wall as the first catalyst (nickel-based catalyst) [25].
Steam and methane mixed in the reactor and produced hydrogen ions, electrons and CO; on the surface of the catalyst. The
resulting electrons are transmitted to the surface of the second catalyst (vanadium, nitrogen and iron) on the outer wall of the
reactor. Thus the adsorbed positively charged hydrogen ions transferred to the outer wall. Hydrogen ions, electrons and nitrogen
molecules form ammonia on the surface of the second catalyst. The whole reaction is carried out at atmospheric pressure and at
the temperature of 600°C, and the energy consumption is only 1/2 of that of the water vapor recombination method. The exhaust
gas produced by the reaction is CO,. The method combines the mechanism of the electro-catalytic reaction to reduce the energy
consumption and exhaust emissions. However it’s still hard to meet the actual production demand due to the slow synthetic
ammonia reaction rate and high reaction temperature. The key to solve the problem is to improve the catalytic activity of catalyst
under mild conditions.
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Figure 2. Schematic diagram of the electrocatalytic ammonia synthesis reaction

Suryanto et al. attempted to produce NH3 by N2 at room temperature and atmosphere as shown in figure 2 [32]. The reaction is
based on the electro-chemical nitrogen reduction reaction (NRR), fully considering the influences of solvent type on the solubility
of nitrogen in solvent, the type and concentration of proton carrier on the NRR reaction, and the side reaction products during
the NRR reaction. Although this study achieved good results in terms of ammonia yield and running stability, it is difficult to
find the electrode anode region to avoid solvent oxidation. More appropriate and stable solvent is needed to improve reliability.
Therefore, to achieve high selectivity, high energy efficiency and high yield in the process of electro-chemical synthesis of
ammonia will mainly depend on the combined design of electrode, catalyst and electrolyte. The conventional methods require
high electron energy of 15.6 eV to make the N ionization yield N2*, or 9.75 eV to isolate N atoms. In contrast, the excitation of
the N2 requires only 6.17 eV of electron energy. To excite N2 to No* only needs 0.29 eV of energy by particle collision. However,
given that the dissociation energy of the first N-N bond in the bond is 410 kJ mol, the electron energy in photo-catalysis and
electro-catalysis is not sufficient to directly break the bond under mild conditions. It is common to undergo an alternating or end-
association process, where the N = Nbond breaks only after the N-H bond is formed, which makes the reaction rate relatively
slow.

Photo-catalytic nitrogen fixation technology simulates the principle of biological nitrogen fixation and directly converts solar
energy into chemical energy. Using nitrogen and water as raw materials, it is an effective way for sustainable ammonia synthesis
under mild reaction conditions. The carrier of photoelectron-hole pair generated in the process will be transferred from the inside
of the catalyst to the surface. The nitrogen is gradually transferred to the surface of the catalyst through dissolution, diffusion
process before ammonia synthesis through processes of activation, decomposition, dissociation, desorption and deattachment
[33-35]. In the heterogeneous reaction system, promoting the nitrogen dissolved diffusion, adsorption and activation is the key
to improve the reaction rate and efficiency. The catalyst material of two-dimensional structure helps to reduce the possibility of
recombination of electron and hole in migration. By the introduction of nitrogen atoms and Ru active sites on TiO, with nanosheet
structure, the separation efficiency of the carriers and thus the activity are significantly improved. The doping treatment of the
catalyst can generate the defect sites and enhance the reducing performance of the nitrogen gas [36-37]. Although photoelectric
catalysis can realize the direct transition from sunlight to nitrogen fixation products, the high energy required for dissociation
leading to the low photo-catalytic efficiency results in the uncertainty of the industrialization prospect. Researchers have used a
variety of methods to design highly active photo-active nitrogen fixation catalysts. However, the activity of the existing photo-
catalytic nitrogen reduction and synthesis of ammonia is still low. At present, the catalyst with high activity, high selectivity and
high stability are still explored. The catalyst system designed by doping and adding additives, as well as the optimization of
reaction speed control, are still expected to combine with renewable energy technology to achieve industrial production of
ammonia.

Research Progress in Plasma Nitrogen-Fixing Technology

Compared with H-B synthetic ammonia under high temperature, high pressure and catalyst conditions, plasma nitrogen fixing
method for the reaction conditions are relatively mild, which is easy to realize the distributed production of ammonia. More
importantly, the stability requirement of the external power is relatively low. In the background of the rapid development of
green sustainable energy, plasma nitrogen fixing technology has been paid increasingly extensive attentions and in-depth studies
[38-42]. To achieve nitrogen fixation reaction is inevitably accompanied by high energy consumption and other problems [9]
because nitrogen molecules are extremely stable with bond energy of 946 kJ/mol. Low-temperature plasma is rich in high energy
electrons and high concentration of free radicals, which can break the bond through the collision of high energy electrons at mild
pressure and temperature and then fix the nitrogen to NOx or NH3 through oxidation or hydrogenation. Theoretically, the process
has lower energy consumption for nitrogen fixation [5,43-45]. Plasma has non-equilibrium characteristics and excellent reactivity.
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According to the different discharge device and excitation mode, the low-temperature plasma technology used for nitrogen
fixation mainly includes spark discharge [46,47], corona discharge [48-49], glow discharge [50], dielectric barrier discharge
(DBD) [51-56], radio-frequency discharge [57], arc [1-3,58], microwave [59-63], pulsing controlled plasma [64-65], and the
plasma system coupled with catalyst [52,59,66]. Figure 3 lists the typical reactors of B-E structure, sliding arc structure, sliding
arc-DBD structure and microwave structure, which have been studied and applied in the field of plasma oxidation and nitrogen
fixation.
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Figure 3. Typical plasma structure. (a) B-E thermal plasma; (b) sliding arc plasma structure; (c) Arc plasma at elevated
pressure; (d) Microwave plasma

Low-temperature plasma can be mainly divided into thermodynamic equilibrium (quasi-equilibrium) and non-equilibrium states
[67], according to the difference of the electron temperature Te and the gas temperature Th. In the thermodynamic equilibrium
or quasi-equilibrium states, Te is close to Th and the gas temperature is high. While in the non-equilibrium plasma, Te is much
greater than the Th and the gas temperature is low or even close to room temperature. The DC thermal plasma used in the B-E
nitrogen oxidation fixation process belongs to the former. Although the energy loss generated by high temperature gas can be
reduced by efficient heat transfer, how to achieve a more efficient nitrogen fixation process at lower gas temperature is still the
unremitting pursuit of domestic and foreign researchers. Numerous research works have been carried out on the type of plasma
generation. The types of plasma generation mainly include spark discharge, DC glow, dielectric barrier discharge, radio
frequency plasma, pulse discharge, arc plasma, microwave plasma, laser-induced plasma and plasma generated by liquid phase
environment. As can be seen from Table 1, the sliding arc, dc arc and microwave plasma in quasi-thermodynamic equilibrium
plasma get more attention, and the energy consumption of nitrogen fixation of 2.4-4.8 MJ/molN is comparable to that of B-E
process. The energy consumption of RF plasma is 24-108 MJ/molIN [57] which may be attributed to the lower plasma conversion
efficiency of the RF plasma and the inefficient energy recovery in the experiments. Sliding arc plasma is a structure that the
plasma discharge state frequently starts and stops through air flow. The schematic structural diagram can be found in Figure 3
(b). Because of the rapid transfer of arc roots and the rapid cooling of air flow, the plasma gas temperature is lower than the
conventional thermal arc plasma and higher than the cold plasma. Sliding arc plasma can utilize vibration dynamic nitrogen
particles at atmospheric pressure, known as a more promising mode of nitrogen fixation. The best reported NOx yield and energy
consumption were respectively about 5.5% and 2.5 MJ/molIN, which is equivalent to the lowest energy consumption of the B-E
process [43]. In non-thermodynamically equilibrium plasma, nitrogen fixation energy consumption has a large span ranging from
0.28 to 1673 MJ/molN. The highest NO yield of microwave plasma with low pressure magnetic confinement reaches 14%, which
still maintains the lowest record of 0.28 MJ/moIN [42]. The reason may be that the low pressure magnetic confinement
microwave plasma can obtain good electron resonance heating effect, and the electron temperature can reach more than 10eV
which is slightly higher than the NN bond energy 946 kJ/mol, i.e. 9.8eV. However, the maintenance of magnetic field
confinement microwave plasma requires expensive vacuum equipment, which is difficult to realize the promotion and application
in industry [39]. The reason for the high energy consumption of nitrogen fixation in the pulse corona plasma type may be the
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low plasma density and electron temperature, and the plasma energy is more dissipated in the form of sound, light and heat, and
fails to effectively form NOx by stimulating nitrogen through electrons. DBD plasma is a common way to produce cold plasma
with high density plasma at a lower gas temperature by placing a single or multiple dielectric plate between two electrodes to
limit the rapid growth of current. The temperature of DBD plasma gas is low which results in the lower energy loss caused by
temperature rise. But in general, the rate of the ionization rate of DBD plasma is 1-2 orders of magnitude lower than that of
thermal plasma, which leads to a reduction of nitrogen fixation efficiency of electron excited nitrogen molecules and high energy
consumption of nitrogen fixation ranging from 56 to 140 MJ/molIN [5,53].

Table 1. Several typical low-temperature plasma nitrogen fixation techniques

Energy Thermodynamic
Discharge type NOx potency/% | consumption/(MJ-mol- Srmocy Reference
1-N-1) equilibrium states

Spark — 20.27-40 Non-equilibrium [68,69]

Needle plate — 7 Non-equilibrium [50]

DC glow electrode
Needle electrode 0.7 2.8 Non-equilibrium [51]
DBD 0.36 56-140 Non-equilibrium [5]
DBD

AI203-DBD 0.5 18 Non-equilibrium [53]
RF — 24-108 Quasi-equilibrium [57,69]

ns spark — 5-7.7 Non-equilibrium [50]

Pulse corona — 180 Non-equilibrium [48]

Impulsive Negative pulse 1673 Non-equilibrium [66]

corona

Positive pulse corona 1057 Non-equilibrium [66]
Pulse sliding arc 1-2 2.8-4.8 Quasi-equilibrium [64,65]

Conventional 0.6 3.76 Quasi-equilibrium [59]

Magnetic s
Microwave confinement 14 0.28 Non-equilibrium [43]
Mo03 Colle}boratwe 6 0.84 Quasi-equilibrium [59]
coupling

DC thermal arc 2 2.4-4.1 Quasi-equilibrium [1-3]

Arc Propeller arc plasma 0.4 4.2 Quasi-equilibrium [50]
Sliding arc 1.5 3.6 Quasi-equilibrium [70,71]

laser-produced plasma — 8.9 Non-equilibrium [72]
Plasma-phase liquid nitrogen fixation — 13.35-50.25 Non-equilibrium [73-75]

A large number of theoretical and experimental studies show that the synergistic effect of catalyst and plasma is expected to
reduce nitrogen fixation energy consumption due to a synergistic effect [8, 53, 59]. N2 at the lower vibration level under the
coupling between the plasma and the catalyst. The particle reaction rate will be significantly increased to achieve the massive
decomposition of nitrogen molecules on the surface of the catalyst. Liu K [53, 54] developed the monary, binary and ternary
composite catalysts of different components Mn/Co/W elements coupled with DBD plasma. The results showed that the catalyst
provided a large amount of oxygen vacancies for full oxidation of NOx including Mn3WCo/y-Al203. The maximum total
nitrogen concentration of cooperative nitrogen fixation was increased by 71.6%, and the energy consumption was reduced by
21.7%. Kim [59] developed a microwave plasma system coupling with the MoO3 catalyst with the nitrogen fixation energy and
the NOx concentration of 0.84 MJ/moIN and 6%, respectively.
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Pulse power technology and power supply technology are constantly developing. The pulse-modulate spark discharge [50], slide
arc discharge [64,65], magnetron glow discharge were used to study the transition of NOx. Luo [76] investigated the effect of
pulse modulation on nitrogen fixation efficiency of air discharge in RF air plasma. As shown in figure 4(a), it is found that the
nitrogen fixation efficiency decreases with the increase of pulse frequency. NOx concentration gradually increases with the duty
cycle, and the nitrogen fixation efficiency reaches 5.22 MJ/moIN. Pei [50] achieved a minimum energy consumption of 2.9
MIJ/molN using pulse modulation rotating spark plasma. Vervloessem [77] reached 0.42 MJ/moIN by using high-speed airflow
coupled pulse spark oxidation (shown in Figure 4 (b)). Britun [78] reached minimum energy consumption of 0.34 MJ/molN by
pulse spark plasma which is similar to the theoretical value of 0.29 MJ/molIN. Although the pulsed spark plasma has the
advantages of low energy consumption, compact and easy extension, the NOx concentration and yield still need to be optimized.
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Figure 4. Pulse power technology on oxidation nitrogen fixation. (a) nitrogen fixation energy consumption of pulse modulated
rotating spark discharge plasma; (b) schematic diagram of nitrogen fixing device coupled with high-speed airflow.

Plasmonium synthesis by direct nitrogen fixation is another important method of nitrogen fixation [9,39,79-83] using N2 and H2
as the reactants to synthesize NH3. In the traditional H-B ammonia synthesis process, high temperature, high pressure and
catalyst are required. N, and H; in the low temperature plasma environment can react under milder conditions, which need to
bring N2 and H2 to form the NH and NH2 by electron dissociation and excitation. And finally NH2 and H react to generate
ammonia in which electrons need to break N and H-H bonds to form more active reactive species. However, the electron
temperature of low plasma is about 1-2 eV at constant pressure. As a result, using the appropriate catalyst is promising to reduce
the reaction barrier, energy consumption and improve the ammonia yield [5]. Synthetic ammonia reaction is volume increase
and exothermic reaction. In order to reduce energy consumption, it tends to use the non-equilibrium characteristics of low
temperature plasma. Although it is easier to obtain a plasma environment with lower temperature and higher electron temperature
at low pressure, the researchers mostly used DBD plasma structure in order to avoid using expensive vacuum system, which is
easy to operate and scale at atmospheric pressure, and also conducive to achieve synergistic nitrogen fixation in combination
with catalysts. The catalysts including MgO, a-alumina, feroelectric material, Rh/y-alumina, and Ru-Mg/y-alumina [79-83], for
cooperative DBD plasma ammonia synthesis has a wide energy consumption span ranging from 1.7 to 576 MJ/molN. Numerous
findings suggest that catalyst-carrier and promoter systems are more conducive to reducing the dissociation barrier of N2, which
improves the catalytic activity of the heterogeneous catalyst system and improves the efficiency and conversion rate of ammonia
synthesis. The complex chemical reaction in the plasma system leads to the diversity of the plasma catalytic reaction products,

so choosing the appropriate plasma type and the catalyst type adapted to this environment will be the key to improve the synthesis
efficiency.

ANALYSIS of the Plasma Nitrogen Fixation Mechanism and Energy Consumption Analysis

NOx synthesis depends on decomposition. Electron excitation reactions are divided into five main types [7]: direct decomposition
of electron collision (1), electron excitation decomposition (2-4), electron and ion composite decomposition (5), excited state
collision decomposition (6) and vibrational decomposition (7).

e+N,—e+2N,7,>9.75eV (1)
etN,—etNy(v=1), T;>0.29 eV ()
e+Ny—e+2N 3)
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etN,—2e+N3, T.>15.6eV 4)
2e+N; —et+2N %)
N5+N;—N,+2N (6)

N, (v)+M—2N+M (7)

The theoretical energy consumption of plasma nitrogen fixation is as low as 0.2 MJ/molIN, which is the minimum energy required
for No+0,— 2NO, with AH»=180 kJ/mol. The reaction energy barrier of the Zeldovich reaction is the key to determine the
energy consumption of plasma nitrogen fixation [7,12,84]. Wang [23] found that the reduced electric field can regulate the
vibration excitation level of nitrogen molecules, and then carry out the Zeldovich reaction more efficiently. Different plasma
types have different characteristics, such as the low temperature of the plasma source gas represented by the discharge structure
and discharge form of DBD, electric spark and corona discharge, and low pressure glow discharge. The reaction between gas
components mainly depends on the electron energy, while the electron temperature at atmospheric pressure plasma is generally
1-2eV, i.e., 0.09-0.19 M J/mol, which is far lower than the dissociation energy of nitrogen and oxygen. Although the electron
energy has a certain distribution in the high energy region, the proportion is very low and can be ignored. Therefore, the yield of
nitrogen fixation obtained from atmospheric pressure plasma is generally only about 1%, while for low pressure microwave
plasma can reach 14% [43]. In the reaction process of oxidation and nitrogen fixation, the collisions between electrons, active
particles and other particles produce nitrogen atoms and oxygen atoms, and then the desorption process will release NO.
Therefore, increasing the electron temperature and the concentration of active free radicals will also be the key to achieve lower
nitrogen fixation energy consumption.

et0,—0+0+e, T, >5.12 eV ®)
0+0,+M—0;+M “

In the process of atmospheric pressure plasma with high-frequency electron collisions, the gas temperature similar to the electron
temperature while its energy transfer to neutral particles after sufficient collision of electrons. Atmospheric pressure microwave
plasma, dc thermal arc plasma represented by the quasi equilibrium plasma, the gas temperature can reach to 1000-3000 degrees
or even higher. Thermal NOx formation mechanism will dominate [59]. The generation of thermal NOx is closely related to
temperature. N2 reacts with O2 under high temperature combustion conditions, which is the main generation way of NOx in
high temperature combustion equipment (e.g., combustion chamber). It is mainly affected by three factors: flame temperature,
nitrogen and oxygen ratio, and the residence time of the gas in the high temperature area. It has been shown that the generation
of thermal NOx has a critical temperature of 1800 K. When the temperature is below this limit, the generation of NOx is less.
Once the temperature exceeds this limit, the production of NOx will increase sharply with the rise of temperature, showing
almost exponential growth trend. Whenever the temperature increases by 100 degrees from the limit, the generation of NOx
increases by 6 to 7 times. Different from the thermal NOx generation mechanism, electronic action and temperature effect and
synergistic effect in low temperature plasma, the NOx generation mechanism in low temperature plasma still needs a lot of
experimental and theoretical research [85].

In the mechanism of ammonia and nitrogen fixation in plasma synthesis, the main reaction processes include[5]:

N,—2N" (10)
H,—2H" (1n
N“+H —NH (12)
NH+H"—NH, (13)
NH>+H"—NH,; (14)

It can be seen that the NH radical is the precursor in the NH3 synthesis system. In plasma, NH groups are formed by N and H
atoms which are essential species. The dissociation energy of hydrogen molecules (4.52 eV) is relatively low, while the ionization
energy (15.6 eV) and dissociation energy (9.75 eV) of nitrogen molecules are both high. In order to obtain more precursors, N2
is reduced through the assistance and synergy of plasma and catalyst. Dissociation barrier promotes the surface adsorption
reaction, and then the synthesis of ammonia and nitrogen fixation have become the focus of current research. Hong [86, 87]
found that free radicals react with vibrational excitation molecules and are a key factor affecting the synthesis of ammonia.
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In the context of the vigorous development of renewable energy, although the price of electricity has been greatly controlled, the
development of nitrogen-fixing technology with low energy consumption and high efficiency is still the direction pursued by
researchers worldwide. According to the theoretical estimates, the energy consumption of non-thermal plasma nitrogen fixation
is about 0.2 MJ/moIN. Based on the N>+O,—2NO reaction (i. e., the enthalpy of NO formation), the theoretical energy
consumption of thermal plasma and the H-B process is 0.72 MJ/moIN and 0.35 MJ/molN, respectively. However, the current
energy consumption for non-thermal plasma nitrogen fixation, thermal plasma and the H-B process, is about 2.4 MJ/molN, 2.4-
3.1 MJ/molN and 0.6-0.7 MJ/molN, respectively. At present, the H-B method is the most mature ammonia synthesis process
with an annual output of nearly 200 million tons. Up to now, the nitrogen fixation technology by non-thermal plasma and plasma
coupling with catalyst is still attracting much attention and been developed to further reduce the nitrogen fixation energy
consumption.

CONCLUSIONS AND PROSPECTS

This paper summarizes the characteristics, mechanisms, advantages and key problems of photoelectric catalytic nitrogen fixation
and plasma oxidation nitrogen fixation/synthetic ammonia nitrogen fixation technology. Plasma nitrogen fixation and
photoelectric catalytic nitrogen fixation technology has obvious advantages compared with traditional H-B method, such as
easier modular structure, relatively mild reaction conditions, lower demand for power stability. Through the use of mature and
stable photovoltaic, wind power and other renewable energy, nitrogen fixation, synthetic ammonia energy-resources and large-
scale energy storage, it has gathered worldwide attention in the realization of energy independence and zero green-house gas
emission. However, the energy consumption of new nitrogen fixation technology represented by plasma nitrogen fixation
technology is still very high. Although there are reports showing that the energy consumption of plasma nitrogen fixation is close
to the lowest theoretical nitrogen fixation energy consumption, the concentration and output of nitrogen fixation products need
to be greatly improved, and the possibility of replacing H-B ammonia synthesis process is low in the short term. Although
photoelectric catalysis is expected to directly use light energy to fix nitrogen, but the nitrogen fixation efficiency is still very low
compared with the plasma nitrogen fixation technology which has a higher development potential. However, how to reduce the
energy consumption of nitrogen fixation and improve the concentration and yield of plasma nitrogen fixation products is the
focus of current domestic and foreign research. The deep understanding of the reaction mechanism of plasma nitrogen fixation
and photoelectric catalytic nitrogen fixation, and the exploration of catalyst synergistic nitrogen fixation mechanism is help to
promote the development of nitrogen fixation technology. Plasma catalytic ammonia synthesis process uses hydrogen as raw
material, which will still be unable to get rid of the dilemma of difficult hydrogen storage and transportation in the short term.
Since 1908, the thermal plasma nitrogen fixing technology based on the B-E process route has been developed, and the nitrogen
fixing energy consumption is the lowest to 2.4 MJ/molIN. However, the process is difficult to large-scale promotion due to the
limited service life of thermal plasma equipment. It is estimated that the theoretical energy consumption of 0.72 MJ/molN is still
twice of that of H-B theoretical value. Based on the non-equilibrium plasma nitrogen fixation technology through NO synthesis
key process Zeldovich reaction has higher prospects for development. The development of new low temperature plasma
technology to effectively control the plasma density, electron temperature and free radical energy in active gas distribution, and
promote the synergy effect of non-equilibrium plasma and efficient catalyst, will be the key to improve the efficiency of nitrogen
fixation and reduce the energy consumption of nitrogen fixation.
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