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Abstract

Plasma-assisted nitrogen fixation has emerged as a promising alternative to conventional
nitrogen fixation methods. In this study, we investigate the feasibility of plasma-assisted
nitrogen fixation using an AC-driven dielectric barrier discharge generated from the micro-
tips of a specially designed fast-modulated pyramid-shaped electrode. The obtained result
is compared with the conventional flat electrode. Our results demonstrate that pyramid-
shaped micro-tip electrodes can excite more nitrogen molecules than flat electrodes. Thus,
pyramid electrodes have 58% more nitrogen oxides yield efficiency at 32% less energy
cost. The highest nitrogen fixation is attained at 60% to 70% of oxygen concentration in
nitrogen-feeding gas. These findings suggest that discharge through microtip is a promis-
ing and viable technology that could play a significant role in reducing the energy cost of
the plasma-assisted nitrogen fixation method to meet the growing demand for sustainable
nitrogen-based fertilizers.
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Introduction

Nitrogen is the fourth most prevalent element in a living cell after carbon, oxygen, and
hydrogen [1]. Animals acquire nitrogen by consuming plants or other animals that have
eaten plants, while plants obtain nitrogen from the soil. Despite the fact that our atmos-
phere is predominantly made up of nitrogen (about 78%), plants cannot directly absorb it
from the air. Additionally, over-farming has led to the depletion of nitrogen from farmland,
resulting in reduced crop yields [2]. One potential solution is to replenish the soil with
nitrogen, but it must first be fixed through natural or artificial means [3, 4]. While natural
nitrogen fixation occurs, it is not adequate to meet the demand, which has spurred research-
ers to concentrate on developing artificial nitrogen fixation techniques.

In 1903 AD, the Birkeland Eyde process was used to perform the first industrial nitrogen
fixation by passing air through an electric arc to produce nitric acid [5, 6]. However, due to
the high energy consumption (300-500 GJ/t) and limited renewable energy sources avail-
able at the time, this method was not sustainable [7, 8]. In 1908 AD, Nobel prize laureate
Fritz Haber and Carl Bosch invented the Haber-Bosch (H-B) process [9]. In which, over an
iron-based catalyst nitrogen reacts with hydrogen at 150-300 atm pressure and 400-500 °C
temperature [10]. Following the industrial implementation of the H-B process in 1913 AD,
a revolution was witnessed in the chemical industry sector. As of now, annual 140 million
tons of ammonia are being synthesized by this process at an energy cost of 18 GJ/t to 100
Gl/t [7, 8], which accounts for 29% of total nitrogen fixed on Earth [11]. Approximately
80% of this ammonia is used to create fertilizers to feed 40% of the worldwide popula-
tion [12]. Behind this, the H-B process consumes 2% of the worldwide petroleum which
is 80% of the total energy used in the chemical industries. The H-B process is not only
centralized and energy/cost-intensive, but it is also environmentally hazardous [13]. During
the steam transformation of methane to generate hydrogen, more than 200 million tons of
carbon dioxide (CO,) gas is released which contributes 75% of the annual greenhouse gas
emissions in the earth [10]. To overcomes all these costs, energy, and environment-related
issue, scientists are looking for an alternative sustainable and localized fixation technology.

Numerous studies on dielectric barrier discharge (DBD) have suggested that it may be a
viable alternative to high temperatures and pressures for the redox transformation of nitro-
gen [14-22]. The energy impact collision between the molecular nitrogen and electrons has
sufficient energy to break or weaken the nitrogen triple bond (N = N) in DBD. The weak-
ened triple bond can then be broken with successive collisions [23]. This atomic nitrogen
can easily either oxidize into nitric oxides (NO), nitrite (NO,), nitrate (NO;), or reduced
into ammonia (NH;), which can all be used as fertilizers [24]. Theoretically, plasma-
assisted nitrogen fixation has the lowest energy consumption rate (3—6 GJ/t) in comparison
to other technology [8]. Besides this, it can operate in atmospheric conditions, uses sustain-
able energy, doesn’t release greenhouse gases, is simple to use, and localized production
(on-site, on-demand) is also conceivable [25].

Plasma-synthesized fertilizer is a cutting-edge advancement in agricultural technology
that offers a sustainable and eco-friendly alternative to traditional chemical fertilizers. By
using plasma technology, nitrogen from the air can convert into NOy, in the gas phase which
is readily soluble in water, forming nitrite (NO}) and nitrate (NO7). These compounds can
serve as a source of nitrogen for plants (nitrogen fertilizer), although directly using them
as fertilizers is not a common practice because of their acidity. To make them more suit-
able and safe for agricultural use, they undergo a straightforward process of conversion
into compounds like Ammonium Nitrate or other metal salts such as Calcium Nitrate or
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Magnesium Nitrate [3]. These transformed forms of nitrite and nitrate are commonly uti-
lized as fertilizers. This method not only reduces the environmental impact associated with
the production and use of chemical fertilizers but also improves nutrient absorption by
plants, leading to enhanced crop yields [26-28]. Additionally, plasma can facilitate seed
germination and accelerate plant growth, contributing to improved agricultural productiv-
ity. Moreover, plasma treatments have been found to increase the drought and stress toler-
ance of crops, making them more resilient to challenging environmental conditions. By
leveraging the power of plasma, agriculture can transition towards a more efficient, sus-
tainable, and eco-conscious approach, addressing global food security and environmental
concerns [27].

The behavior and characteristics of a plasma can be significantly influenced by the
shape of the electrode. Amri et al. (2019) have emphasized the importance of electrode
shape, with specific attention to cylindrical, spiral, and screw types of electrodes for vari-
ous applications [29]. In a recent study, Gilbart et al. (2022) investigated the effects of
electrode width on the deposited power, induced flow, and spatial distribution of reactive
species in a surface barrier discharge array. They found that decreasing electrode width led
to an increase in power density and oscillatory flow [30]. Takayama et al. (2006) employed
pyramid-shaped electrodes to reduce breakdown voltage and control ozone concentration
by adding small pyramids to the surface of cylindrical electrodes [31]. Other research-
ers, such as Liu et al. (2014, 2013) and Takaki et al. (2004), have also investigated the
effects of electrode shape, including the use of double hexagon needle-array electrodes and
right-pyramid electrodes, respectively [32-34]. However, most of these studies focused on
pointed electrode shapes that were not as sharp as those used in our experiment. Further-
more, the impact of sharp electrode shapes on nitrogen fixation has not been thoroughly
explored in previous research.

In this study, we fabricated a charge injector DBD by engraving pyramid-shaped micro
(p) tips on the HV electrode. The sharp edges of these tips were expected to increase the
rate of secondary electron and field emission, leading to higher vibrational states of nitro-
gen molecules. The excited nitrogen molecules can easily react with oxygen molecules
at normal temperatures and pressure. Additionally, micro-electrode dielectric barrier dis-
charges (p-DBDs) are advantageous because they have high production efficiency. It is
challenging and expensive to fabricate electrodes with very sharp tips. Therefore, when
designing the structure, we made an effort to select the maximum sharp edge with the least
financial burden. To evaluate the practical benefits of p-DBDs, we compared the results of
the pyramid p-electrode DBD with a conventional flat electrode DBD.

Experimental Setup and Methodology

Two identical setups, flat electrode DBD, and pyramid p-electrode DBD were used in
the experiment. Photograph of flat and p-tip pyramid containing HV electrode is shown
in Fig. 1a and b, respectively. Pyramid tips were designed and fabricated by the Univer-
sity of Adelaide with the help of ANFF-SA, University of South Australia. To demonstrate
charge injection phenomena, we engraved 160 regular pyramids in a periodic pattern on
a Titanium coin. Dimensions and orientations of pyramids are shown in Fig. 1c and d.
At a distance of 0.5 mm, there are pyramids with 1 mm? base 1 mm height. There are no
infinitely sharp points that exist in reality and achieving extreme sharpness at atmospheric
pressure is highly susceptible to damage. For our experiment, the curvature radius of the
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Fig. 1 A photograph of a a flat electrode and b pyramid array electrode. ¢ Vertical and d horizontal view of
pyramids and their dimensions

pyramid tip was set at 25 pm. This allowed us to strike a balance between achieving a
sharp tip and avoiding excessive vulnerability to damage. These two flat and pyramid sur-
faces are connected to the HV electrode. Figure 2a presents the schematic diagram of the
DBD plasma reactor used in the experiment, (b) shows a photograph of the plasma reactor,
and (c) illustrates the peripheral of the reactor and all instrumental setups. To avoid the arc-
ing in between the edge of the HV electrode and the ground electrode, the circular disc of
the ground electrode covered by the dielectric layer is quite wider than the HV electrode.
The ground electrode, covered with 200 pm thick dielectric layer (Mica sheet), was circular
with a 25 cm diameter, while the HV disc had a 23 cm diameter to prevent arcing at the
edge. Both electrodes were enclosed in a cylindrical quartz window with a sealed periph-
eral region.

The gap distance between the HV electrode and the ground electrode was maintained
with the help of the adjustable screw located at the top of the HV electrode. The input gas
was supplied from the back of the ground electrode, and the output gas was taken from
the back of the HV electrode. To investigate the effect of different oxygen and nitrogen
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Fig.2 Schematic of a interior of a plasma reactor, b photograph of the plasma reactor, and ¢ plasma reactor
morphology and instrumental setup

admixtures on plasma discharge chemistry, eight different conditions were studied by vary-
ing the oxygen and nitrogen flow rates while keeping the total flow rate constant at 140
sccm. Eight different oxygen concentrations in feeding gas [0 sccm O, + 140 sccm N, (0%
0,), 30 sccm O, + 110 sccm N, (22% O,), 50 sccm O, + 90 sccm N, (36% O,), 70 sccm
0O, + 70 scem N, (50% O,), 90 sccm O, + 50 sccm N, (64% O,), 100 sccm O, + 40 sccm
N, (71% O,), 110 sccm O, + 30 sccm N, (78% O,), and 140 sccm O, + 0 sccm N, (100%
0,)] were performed at 0.5 mm gap distance. Gas flow in the reactor was regulated using a
Bronkhorst mass flow controller.

To maintain a constant temperature of 20 °C, water flow was regulated for the electrode.
A 10 nF capacitor was introduced to the ground line for monitoring the electric charges
generated in the plasma. Redline Technologies’ G2000 high-voltage power generator
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produced sinusoidal waves of varying amplitudes and frequencies, powering the plasma
reactor at a fixed frequency of 68 kHz in this experiment. The Pearson 6600 current trans-
former and Tektronix P6015A 1000X high voltage probe were employed to measure cur-
rent and voltage, respectively, and the signals were captured using a pico-tec oscilloscope
(pico-scope 3000 series). The voltage and current signals were plotted in a two-dimen-
sional graph to generate a Lissajous figure. The area of this figure was used to calculate the
mean energy dissipation (power) during gas discharge.

Optical emission spectroscopy (OES) is used to analyze the elemental composition of a
sample by measuring the light emitted by the sample when excited by an external energy
source. Plasma excites the atoms and ions in the sample, causing them to emit light at spe-
cific wavelengths. The emitted light is then separated into different wavelengths by a spec-
trometer, allowing for the identification and quantification of the elements present in the
sample. OES is a rapid and simple technique widely used for detecting reactive and excited
species in the plasma phase. For this experiment, a Princeton Instruments FERGIE fiber
optic spectrometer (FER-SCI-1024BX-UR) equipped with a 1200 lines/mm grating and a
25 pm slit width was used to cover a wide range (180-1100) with a resolution of ~ 0.26
nm. Light emission from the plasma was detected through an optical fiber located 5 mm
perpendicular to the reactor window. Rotational temperature estimation was carried out by
selecting rotational levels from the 0-2 vibrational band of N, C3Hu(v =0) - B3Hg(v =0).
The particular nitrogen rotational band has been provided in [35], and the process of esti-
mating the rotational temperature is explained in detail in [36]. Similarly, to determine the
vibrational temperature, OES intensities of N; (B — X) were utilized in the LIFBASE spec-
troscopic simulation software from SRI internationals.

Fourier transform infrared spectroscopy (FTIR) is a widely used technique for the anal-
ysis of the molecular composition of a sample by detecting the absorption or transmis-
sion of infrared light. The peaks visible in the FTIR spectrum correspond to the vibra-
tional frequencies of the molecular bonds in the sample, allowing for the identification of
the functional groups present. In this study, the NOy (NO, NO,) gas generated during the
experiment was analyzed using FTIR with a SHIMADZU IRTracer-100 instrument. The
plasma output gas was introduced into a thermogravimetric analyzer (TGA) equipped with
a temperature controller module from Pike-Technology, USA (https://www.piketech.com).
The evolved gases from the TGA at 20°C were passed through a heated transfer line into a
flow cell with a 10 cm path length and 38.5 ml volume, which was placed inside the infra-
red spectrometer for analysis. This flow cell allows the continuous flow of sample gas into
an infrared beam, and the transmittance of the sample gas through the path of the infrared
beam is recorded. The transmittance of FTIR spectra with a resolution of 0.5 cm™!, was
only recorded once the signal had stabilized. Each FTIR spectrum is an average of these
16 scans and we analyzed 5 sets of scans. The concentrations of NO and NO, were meas-
ured using the standard calibration curve method. Following a similar approach employed
by Hill et al. for the quantitative measurement of OH radicals [37]. In this experiment,
FTIR spectra of various known concentrations of NO and NO, obtained from precision cal-
ibration gas mixtures were recorded along with their corresponding transmittance values.
Afterward, we generated a calibration curve by plotting concentrations against transmit-
tance data. Subsequently, we determined the concentrations of NO and NO, in the actual
experimental samples by measuring their transmittance values, similar to the method used
by Pei et al. [38].

The concentrations of NO and NO, in this experiment were expressed in mg/L. Where,
mg/L = [parts per million (ppm) X density in Kg/m®]/1000. Accordingly, 1 mg/L of NO
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corresponds to 746 ppm, while NO, is approximately equivalent to 488 ppm. The real-time
synthesis rate of gas phase NOy in g/hour is determined by multiplying the concentration
of NOy in g/L with the flow rate in L/hour. Finally, the energy yield for NOy synthesis was
calculated in grams per kilowatt-hour [g/kWh]. This was done by dividing the NOy synthe-
sis rate in g/hour by the power in kW, using Eq. 1.

NOysynthesis rate (g/hour)
Evield =

: Power (kW) M

In this experiment, the energy yield refers to the amount of NOy produced in grams when
one kilowatt-hour (1 kWh) of electricity is consumed, which is equivalent to 3.6 x10°
Joules. The reciprocal of the energy yield obtained from Eq. 1 represents the real-time
energy cost of gas phase NOy in kWh/g. To determine the energy cost in Joules per gram
(J/g), the reciprocal of the energy yield is multiplied by 3.6 x 10°. To convert the energy
cost from J/g to a more practical unit for large-scale processes, multiply it by 1073, which
gives the energy cost in Giga Joules per ton of NOy (GJ/tN).

Results and Discussions
Electrical Properties

Figure 3 depicts current voltages waveforms of a typical AC-driven plasma source. There
are several current peaks lasting a few milliseconds to nanoseconds during both the rising
and declining sections of the applied voltage. Both plasma sources have identical discharge
patterns, but the plasma with the pyramid p-electrode has higher current peaks. The accu-
mulation of wall charge (Q = /OT 1,dr) during the positive half cycle of the applied voltage
is diminished at the negative half cycle of applied voltage [3, 12]. After the positive and
negative discharges, the wall charge decreases sharply with time, leading to an increase
in gas resistance [6, 39]. The net charge transported over the course of a complete cycle
is zero; thus, the QV plot (Lissajous figure) seems to be closed and it resembles a paral-
lelogram as shown in Fig. 3(b). The area of the closed loop gives the mean energy dissipa-
tion (power) in plasma as given in Eq. 2 [40]. It is clearly seen that area of the Lissajous
figure loop with a flat electrode is smaller than the pyramid p-electrode which is due to the
smaller current peaks in the flat electrode at the same applied voltage. Due to the ease of
charge injection, pyramid p-electrodes exhibit a higher peak discharge current compared to

flat electrodes.
1 /" 1 /" I
P== LV dt = — I Vdt=—= V.dQ. 2
TA p'p TA m's TA s Q ()

Where T represents the time period (=1/Frequency); I, denotes the plasma current; V), indi-
cates the voltages across the plasma gap; I, refers to the monitoring current across the
current transformer, and V represents the total applied voltage. In-depth calculations are
available in the study by Pourali et al. [40].

Figure 4a shows the relationship between the mean energy dissipation and peak dis-
charge current in both flat and pyramid p-electrodes DBD plasma with varying oxygen
admixtures. The peak height of current in the positive half cycle and the negative half cycle
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may not be equal. Thus, the current presented in this graph is the average of peak current
in both directions. The results showed that the mean energy dissipation and peak discharge
current exhibit a similar trend in both types of electrodes, declining as the concentration of
oxygen in feeding gas increases. This can be attributed to the higher electronegativity of
oxygen as compared to nitrogen. Oxygen has an electronegativity of 3.44 that of nitrogen is
3.04 [41]. As the oxygen concentration in nitrogen-feeding gas increases, primary ioniza-
tion is expected to decrease. This decrease in peak current can be explained by the reduced
primary ionization due to the electron affinity of oxygen [42]. Consequently, the reduced
primary ionization leads to a decrease in mean dissipation energy.

In Fig. 4b, the relationship between mean energy dissipation and peak discharge current
is depicted with respect to the gap distance between the HV electrode and ground electrode
for both pyramid and flat electrodes DBD plasma, with a constant 64% oxygen admix-
ture in nitrogen. The results show that as the gap distance increases, there is a decrease
in peak discharge current and mean dissipation energy in both types of electrodes. This
can be attributed to the inverse relationship between the intensity of the discharge cur-
rent peak and the discharge length (plasma resistance) [23]. Additionally, the electric field
decreases linearly with an increase in gap distance which also reduces the discharge current
sharply at the same applied potential [43]. The decrease in mean energy dissipation with
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an increase in the gap is attributed to the decrease in discharge current resulting from the
reduced electric field and increased plasma resistance.

In Fig. 4b, the relationship between mean energy dissipation and peak discharge current
is depicted with respect to the gap distance between the HV electrode and ground electrode
for both pyramid and flat electrodes DBD plasma, with a constant 64% oxygen admix-
ture in nitrogen. The results show that as the gap distance increases, there is a decrease
in peak discharge current and mean dissipation energy in both types of electrodes. This
can be attributed to the inverse relationship between the intensity of the discharge cur-
rent peak and the discharge length (plasma resistance) [23]. Additionally, the electric field
decreases linearly with an increase in gap distance which also reduces the discharge current
sharply at the same applied potential [43]. The decrease in mean energy dissipation with
an increase in the gap is attributed to the decrease in discharge current resulting from the
reduced electric field and increased plasma resistance.
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Optical Properties

OES of nitrogen plasma in the range of 300 nm to 900 nm obtained by both flat and pyra-
mid p-electrode DBD is shown in Fig. 5. In nitrogen plasma, the emission from 311 to
380 nm is mainly composed of N, second positive system (SPS), which corresponds to
the transition N,(C? Hg—B3 Hg) [44]. The emission from N, first negative system (FNS)
was seen around 400 nm, which corresponds to the transition N;r (B? Z: -X? Z:) [44,
45]. Additionally, strong emission from N, first positive system (FPS), corresponding to
the transition Ny (B*[],-A*Y) in the range of 478 nm to 900 nm [46-49], is mostly
observed in pyramid p-electrode DBD, making it different from the flat electrode DBD.
Atomic nitrogen typically does not manifest in the OES spectrum of conventional DBD
plasma. However, in the case of the pyramid-shaped p-electrode, distinct emissions from
atomic nitrogen have been observed at 747 nm, 822 nm, and 868 nm, which can be attrib-
uted to electron impact dissociation of nitrogen molecules (N, + e — 2N + ¢). Based on a
comparison with relevant literature [50-52], these emissions have been attributed to atomic
nitrogen. Based on OES, it is evident that the pyramid p-electrode produces a significantly
higher amount of N, FPS and atomic nitrogen compared to conventional DBD plasma
sources which are more advantageous for plasma-assisted nitrogen fixation.

In the OES of Fig. 5, there are several peaks of N, FPS in the spectrum. The strong
emission peak is at 670.5 nm due to the vibrational transition [v' — v/'(Av)] of 5-2 (+ 3)
[53, 54]. The other strong transition was at 632.3 due to a vibrational transition of 10-7
(+ 3) and at 716.5 due to a vibrational transition of 7-5 (+ 2). Activation of oxygen is
also evidenced by the emission from atomic oxygen at 777.2 corresponding to the transi-
tion 3p°P — 3s°S [51, 55] nm and 844.7 nm corresponding to the transition 3p>P — 3s3S
[51, 56, 57]. Characteristics of atmospheric-pressure non-thermal nitrogen and oxygen gas
mixed DBD plasma is well described in the literature of Xiao et al [51]. Based on this
research, the emission intensity of each gas depends on its corresponding feeding ratio.

Figure 6a illustrates the variation of OES in the pyramid electrode following the
introduction of oxygen at different feeding concentrations. When oxygen is introduced,
a portion of the electron energy is utilized to activate O,, leading to a decrease in the
intensity of N, emission. Notably, at oxygen feeding ratios of 40-70% in conjunction
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Fig.6 Variation of optical emis-
sion a spectra and b intensities of
pyramid p-electrode with various
oxygen concentrations in feeding
gas. Plasma was generated by

the applied voltage of V,,, = 6
kV, frequency of 68 kHz at a gap
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with nitrogen feeding, there are moderate and almost equal proportions of both oxygen
and nitrogen peaks. The changes in the peak OES intensities of 670.5 nm N, FPS, 747
nm atomic N, and 844.7 nm atomic O with various oxygen concentrations in pyramid
p-electrode DBD is also depicted in Fig. 6b. In this graph, OES intensity of the flat
electrode is excluded because there is no significant peak of N, FPS at 670.5 nm and
atomic nitrogen at 747 nm does not appear in the spectrum. Although the spectrum
is primarily dominated by N, SPS in both plasma sources, we chose not to include it
in the graph since its peak intensity remains consistently high even when the nitro-
gen concentration in the feeding gas is very low. This is due to its low activation
energy. When the concentration of oxygen in the feeding gas increases, the N, FPS and
atomic nitrogen present in the system gradually decrease over time, and atomic oxygen
increases. Upon introduction of oxygen, a major portion of electron energy is utilized
for activating O, because of its relatively low activation energies, ranging from 4.5
to 14.7 eV. As a consequence of the high electronegativity of oxygen, there is a high
energy transfer from plasma (electrons) to oxygen, and less electron energy is available
for activating N, molecules. This results in a decrease in the intensity of N, emission
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with an increase in the O, content in the feeding gas. Notably, when the concentration
of oxygen in the nitrogen-feeding gas is in the range of 60-75%, the emission intensi-
ties of atomic oxygen and atomic nitrogen are relatively high. Therefore, this gas mix-
ture may potentially produce high levels of nitrogen oxides.

Thermal Properties

The thermal characteristics of plasma, such as the rotational temperature and vibrational
temperature of nitrogen molecules, can provide valuable information about plasma dis-
charge and energy transfer mechanisms. Due to the short rotational relaxation time of nitro-
gen, the rotational distribution of nitrogen in nitrogen-containing plasmas rapidly attains
thermodynamic equilibrium, resulting in the exchange of rotational energy primarily
with heavier particles instead of electrons. Therefore, the rotational temperature of nitro-
gen is usually assumed to be equal to the gas temperature in practical applications [36,
58]. The vibrational temperature of nitrogen is a measure of the thermal energy associated
with the vibrational motion of nitrogen molecules [59]. One of the key non-equilibrium

(a) Pure N, plasma in flat electrode (b) Pure N, plasma in pyramid electrode
+++++Simulated «++ e Simulated

Experimantal data

Teo= 523 £ 27 K

T,,=4680 £ 163 K

Experimantal data
Trot= 456 £24 K
Ty,=6233 £ 175 K

Normalized intensity
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385 386 387 388 389 390 391 392 385 386 387 388 389 390 391 392
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700 9000 700
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Fig.7 Experimental and simulation spectra of the first negative system (FNS) (N;(BZZ: - XZZ;) for the
determination of rotational temperature (7%,,) and vibrational temperature (7y;,) in a flat electrode and b
pyramid p-electrode. Plasmas were produced by 140 sccm of pure (99.999%) nitrogen. Variation of the
rotational and vibrational temperature of pyramid u-electrode and flat electrode DBD with various ¢ oxygen
concentrations in nitrogen feeding gas at 0.5 mm gap and d the gap distance between HV electrode and the

ground electrode [Applied voltage of V,, = 6 kV and frequency of 68 kHz]
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characteristics of plasma is a higher vibrational temperature and lower rotational tempera-
ture. This ratio is important as it is more effective for redox reactions.

To evaluate the vibrational temperature, the experimental and simulation spectra of the
FNS [N;r (822‘; - XZE;)] were scrutinized for both flat and pyramid p-electrode DBD, as
illustrated in Fig. 7a and b, respectively. The results showed that the vibrational tempera-
ture of pure nitrogen plasma in a flat electrode DBD with a gap distance of 0.5 mm was
4680 K, whereas, in the pyramid p-electrode, it was 6233 K. At the same time, the rota-
tional temperature of nitrogen in a flat electrode was 523 K, while in a pyramid p-electrode
DBD it was 456 K. The higher rotational temperature in the flat electrode plasma indicated
that the flat electrode lost energy in the form of joule heating (thermal decomposition of
species), while the higher vibrational temperature in the pyramid p-electrode plasma indi-
cated that more energy was used to dissociate N, molecules [59]. The electric field in a
plasma discharge plays a crucial role in determining the energy distribution of charged par-
ticles and the population of different vibrational and rotational energy levels in the gas. The
higher vibrational temperature in the pyramid p-electrode can be attributed to the higher
electric field, as the electric field is concentrated at the tip of the pyramid p-electrode.

Figure 7c and d in the study demonstrate how the rotational and vibrational tempera-
tures vary with different oxygen concentrations in feeding gas and gap distances in both
flat and pyramid p-electrode plasma. The results show that both rotational and vibrational
temperatures increase as the oxygen concentrations increase, but decrease as the electrode
gap distance increases. The increase in both rotational and vibrational temperatures with an
increase in oxygen admixture is due to the transfer of kinetic energy from electrons to dif-
ferent rotational and vibrational levels of oxygen molecules [60, 61]. Oxygen has a higher
electron affinity than nitrogen, so it tends to capture electrons, leading to an increase in the
mean electron energy with increasing oxygen admixture. This increase in electron energy
then leads to higher rotational and vibrational temperatures [S9—-61]. The decreasing trend
of rotational and vibrational temperatures with an increase in gap distance may be due to
the reduced electric field. A high population of vibrationally excited N, molecules leads to
an enhanced dissociation of N,, which subsequently stimulates a higher synergistic chem-
istry in both the gas phase that actuates an efficient nitrogen fixation process. As the gap
distance increases, the electric field decreases, leading to a reduction in the population of
vibrationally excited N, molecules, and therefore, a decrease in the rotational and vibra-
tional temperatures.

Fourier Transform Infrared Spectroscopy

FTIR spectra of gaseous products obtained from oxygen-mixed nitrogen plasma are dis-
played in Fig. 8. The spectrum of pure nitrogen is presented at the top of the figure. The
FTIR spectrum of pure nitrogen gas shows no significant peaks related to nitrogen oxides.
As the oxygen feeding increases, the intensities of NO, NO,, and N,0O5 peaks increase sig-
nificantly up to an oxygen concentration of 64% of oxygen. Beyond this point, the inten-
sities of these peaks start to decrease. At 100% oxygen, the nitrogen oxide peaks vanish
completely. The FTIR spectra of 64% oxygen are presented in the middle of the figure.
The spectrum is dominated by NO, peaks in the region of 1660-1560 cm™. In parallel,
N,O peaks are found in the range of 2265-2145 cm™!. Due to the strong stretch of NO,
in N,Os, another smaller peak appears in the regions of 1300-1350 cm™!. NO peaks are
observable in the range of 1965-1770 cm™'. Ozone (O;) peaks also appear in the spectrum
at 1053-1125 cm™!. The increasing concentration of ozone could be a contributing factor
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to the rising amount of oxygen. Besides NO, NO,, other forms of nitrogen oxides such as
dinitrogen pentoxide (N,Os) and nitrous oxide (N,O) are also seen in the FTIR spectrum
but these forms of nitrogen oxides are not taking into an account because they are not our
desired form of NOy. Closely, the FTIR spectrum of pure oxygen plasma contains only
ozone peaks, which are presented at the bottom of the figure.

The production of NO radical is crucial for the synthesis of other nitrogen oxide deriva-
tives. When oxygen is present, the NO produced undergoes rapid oxidation to form rela-
tively stable radicals known as NO,. The high concentration of NO, in the plasma is likely
due to the presence of sufficient reactive oxygen species. In this experiment, the height
of the NO, peaks (1660-1560 cm™') was found to be the highest in both flat and pyra-
mid p-electrode DBD plasma, but the pyramid p-electrode DBD plasma had significantly
higher peaks than the flat electrode DBD plasma. This may be attributed to differences in
the electric field distribution in these two types of electrodes. Other nitrogen oxide peaks in
both plasmas were very small and comparable to each other.
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Nitrogen Oxides Synthesis and Insights into the Chemistry

In Fig. 9a, the impact of oxygen concentration on the concentrations of NO, NO,, and
total NOy in the plasma output gas from flat and pyramid p-electrode DBD is illustrated.
Notably, NO concentration is considerably lower compared to NO, in both plasma types.
The findings reveal that nitrogen oxide production is negligible in pure nitrogen plasma
but steadily increases as the oxygen flow rate rises, reaching its peak, and then declining
until it reaches zero with pure oxygen. Both NO and NO, follow the same trend, but the
maximum NO concentration attained in the experiment is within the range of 40-50%. On
the other hand, the maximum NO, concentration was observed at oxygen concentrations
ranging from 60% to 70%. The maximum NO concentration obtained in this experiment
was 50%, which corresponded to 3.2 mg/L (2388 ppm) from the pyramid electrode and
2 mg/L (1492 ppm) from the flat electrode. However, the maximum NO, concentration was
observed at 64% of oxygen in this experiment which was 11.11 mg/L (5419 ppm) from the

@ Springer



Plasma Chemistry and Plasma Processing

flat electrode and 17.9 mg/L (8731 ppm) from the pyramid electrode. Consequently, the
total NOy remained highest within this range, primarily due to the higher concentrations
of NO,.

At 22% of oxygen concentration, total NOy concentration was measured to be 1.78
mg/L with the flat electrode and 4.46 mg/L with the pyramid electrode. These concentra-
tions represent the conversion of 0.06% and 0.15% of the total nitrogen feeding into NOy
with the flat and pyramid electrodes, respectively. The maximum NOy concentrations of
13.18 mg/L and 20.83 mg/L were observed at 64% oxygen concentration in the feeding gas
with the flat and pyramid electrodes, respectively. This corresponds to 0.94% of nitrogen
from the flat electrode and 1.54% from the pyramid electrode being converted into NOy
out of the 36% of nitrogen feeding. At 78% oxygen concentration, although the nitrogen
fixation was lower compared to 64% oxygen (which was 13.88 mg/L with the flat elec-
trode), the highest amount of nitrogen was converted to NOy. Specifically, at this oxygen
concentration, 1.65% of nitrogen was converted into NOy. When oxygen concentrations
are higher, there is a reduced amount of available nitrogen, causing a significant portion of
the nitrogen to be converted into NOy, despite lower observed NOy concentrations in this
range.

Figure 9b shows the variation in NO, NO,, and total NOy concentrations with the gap
distance between the HV electrode and ground at a fixed oxygen feeding concentration of
64%. In the course of the experiment, when the gap distance between the electrodes was
extended from 0.25 mm to 0.50 mm, in both cases with flat and pyramid p-electrodes, a
marginal rise in the concentrations of NOy was observed. Upon further widening the gap
distance to 0.75 mm, a drastic reduction in NOy concentrations was observed, regardless
of the electrode configuration used. The results indicate that the maximum NOy concentra-
tions were obtained at an intermediate gap distance, and the concentrations were low at
both high and low gap distances. Both reactors had their respective highest NOy concentra-
tions at a gap distance of 0.5 mm. The low production at a low gap distance could be attrib-
uted to the smaller plasma volume and residence time, while the low production at a higher
gap distance could be attributed to the lower electric field.

In DBD, the electron temperature is in the range of 1 to 10 electron volts [62]. The
vibrational excitation energy of nitrogen molecule is (v = 1) is only 0.3 eV, while the disso-
ciation energy is 9.8 eV, and ionization potential is 15.6 eV [63, 64]. The minimum energy
required for plasma-assisted N, oxidation is determined by the energy available for nitro-
gen and oxygen excitation. Molecular N = N and O = O bond is getting excited or broken
via vibrational excitation, followed by a secondary exothermic process to form NO through
the Zeldovich reactions as shown in Egs. 3 and 4 [65, 66].

OCP) + N;(IE;, v) = NOCII) 4+ N(*S), (3)

N+0O, - NO+O 4)

The formed NO immediately oxidized in to NO, because of the short lifetime ( 1.4 ps)
[67], as explained in Eq. 5 [18, 53, 68, 69].

NO + 0O — NO, )

When a plasma is formed in the presence of oxygen, the high-energy electrons in the
plasma can cause the dissociation of oxygen molecules into two individual oxygen atoms
[OCP)]. These oxygen atoms are highly reactive and can readily react with other oxygen
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molecules to form ozone (O3) [70]. In O;, oxygen atoms have unpaired electrons and are
therefore highly reactive with an oxidative potential of 2.07 V. The formed O; can easily
oxidize nitrogen as explained in Eq. 6 [71].

NO 4 03 = NO, + 0,,k = 1.7 x 10" 2exp(—1,310/T) (6)

Ozone can also be formed by three body reactions of metastable nitrogen, molecular oxy-
gen, and atomic oxygen (O, + O + M — O; + M) However when NO is present, the con-
centration of ozone cannot increase linearly with the oxygen flow rate. This is because
ozone and NO can react with each other to form NO, and O,, which are relatively stable
compounds [71]. This reaction reduces the concentration of both ozone and NO in the sys-
tem. This phenomenon is important to consider in plasma-assisted nitrogen fixation pro-
cesses, where the coexistence of ozone and NO is common. In such cases, the production
of NO, is prioritized over the formation of ozone due to the reaction between ozone and
NO. This can have an impact on the efficiency of ozone generation and the subsequent
nitrogen fixation process. Therefore, it is crucial to take into account the effects when
designing and optimizing plasma-assisted nitrogen fixation systems.
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Energy Yield and Energy Cost

The impact of variations in oxygen concentration in nitrogen-feeding gas on energy
yield and cost for synthesizing NOy using pyramid and flat electrodes is demonstrated in
Fig. 10a. Higher production rates lead to increased energy yield, while increased power
consumption leads to decreased energy yield. Despite its higher power consumption, the
pyramid p-electrode results in a higher energy yield than the flat electrode due to its higher
NOy production rate. Energy yield increases with an increase in oxygen admixture up to
60-70% of oxygen in the main feeding gas, after which it declines. The highest energy
yield of 10.99 g/kWh was achieved at 64% of oxygen in the main feeding gas from the
pyramid p-electrode, which was only 7.5 g/lkWh from the flat electrode. The energy costs
were also minimum in both plasma sources within 60—70% of oxygen in the main feeding,
while below and above this range, energy costs start to increase significantly. The pyramid
p-electrode with 64% of oxygen gives the minimum energy cost of 327.5 GJ/tN, compared
to 480.2 GJ/tN in the flat electrode.

Variation of energy yield and energy cost with different gap distances at a 64% oxygen
feeding ratio is illustrated in Fig. 10b. Both plasma reactors showed a slight increase in
energy yield from a gap distance of 0.25 mm to 0.50 mm, with maximum energy yield
obtained at an intermediate distance of 0.5 mm. However, a sharp drop in energy yield was
observed as the gap distance was increased to 0.75 mm. The obtained results are consistent
with the trend of production rate shown in Fig. 9b. Conversely, energy cost decreased when
the gap distance increased from 0.25 to 0.5 mm, reaching a minimum of 0.5 mm, and then
began to increase again in both types of reactors.

To assess the feasibility of plasma-assisted nitrogen fertilizer production from labora-
tory to farm, it is essential to estimate the energy yield and energy cost during the manu-
facturing process. The energy cost and energy yield are inversely related as higher energy
yield results in more NOy production per unit of energy input, leading to a lower energy
cost per unit of NOy produced. Conversely, higher energy cost means lower energy yield,
as more energy is required to produce the same amount of NOy. Hence, balancing energy
cost and energy yield is crucial to optimize NOy synthesis [19, 72]. Various industrial
nitrogen fixation methods were compared with plasma-assisted nitrogen fixation techniques
in terms of energy cost, and the results are presented in Table 1. Estimating energy cost
and energy yield can facilitate the optimization of process conditions and innovative reac-
tor design in the future. The purpose of the results presented in this study is not to assert
that they represent the optimal outcome. Rather, the intent is to demonstrate that utilizing
micrometer-sized electrodes can substantially decrease the energy expenditure associated
with the technology utilized. Because energy cost is a critical factor in determining the
financial cost of the plasma fertilizer industry.

Importance of Pyramid-shaped Micro-electrode for Nitrogen Fixation

Sharp ends play a crucial role in promoting charge injection in various applications
such as electrical discharge machines, field emission devices, and gas discharges [82].
This is because sharp tips or edges concentrate the electric field, leading to a high
surface charge density and enhancing the probability of vibrational excitation or ioni-
zation of the surrounding gas molecules [82]. Graphical representation of flat and
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Table1 A comparative summary of our work with both conventional industrial nitrogen fixation methods
and recent plasma-assisted nitrogen fixation methods

Process Input Output Concentration [mg/L]  E,,, [GI/tN]  References
Birkeland Eyde Air NOZ Industrial 400 [7]
Frank caro CaC,,N, CaCN, Industrial 250 [7]
Habers-Bosch Coal,N, NH; Industrial 100 [7]
Habers-Bosch CH,, N, NH; Industrial 18.6 [7]
MW plasma 0,,N,/M0O; NO 123 28 [73]
Rotating gliding arc ~ Air NO 36.90 497 [20]
Rotating gliding arc ~ Air NO 5.74 48 [20]
Gliding arc O,,N, NO 4.8 1714 [74]
Gliding arc 0,,N, NO 17.4 103 [24]
Propeller arc Air NO 8.2 253 [75]
Gliding arc N,,0, NO 16.58 330 [76]
Transient spark N,,0, NO,NO, 29 614 [77]
Surface DBD N,,0, NO 18.28 1108 [38]
DBD N,,0,/BaTiO,  NO, 24.62 347 [78]
Packed DBD N,,0,/Al, 0, NO,NO, 6.6 1296 [79]
Plasma Jet (DBD) Air, H,0 NHZ’ 12 826 [6]
DBD Air, H,0 NO; 1 619 [61]
Plasma jet (DBD) Dry air NO,NO,  2.05 617 [80]
Pulsed arc N,,0, NO,NO, 1.2 1080 [65]
Pulsed DBD air NO 5 286 [81]
DBD N,,0, NO,NO, 13.18 480 Here
p-electrode DBD N,,0, NO,NO,  20.83 327 Here

pyramid p-electrode DBD and their electric field representation is shown in Fig. 11.
The electric field around a flat electrode is uniform due to its consistent surface, and
the charge density is inversely proportional to the area of curvature of the surface
[83]. Thus, sharp edges with small curvature have higher charge density, resulting in a
stronger electric field at the tip where the density of electrons is larger [84]. The veloc-
ity of ions, which governs the rate of secondary electron emission, is impacted by the
strength of the electric field. Thus, the process of secondary emission may be more
intense around sharp points where the electric field has accumulated [82]. Pyramid
p-electrodes provide a high rate of secondary electron emission and field emission due
to the high intensity of the local electric field. Furthermore, it is reported that strong
electric field can enhance electron density and electron temperature [82]. These ener-
gies are being transferred to the neutral nitrogen molecules during the electron impact
collisions. Before the utilization of the pyramid-shaped tip, there were several attempts
were done at conical-shaped tips in certain applications but these conical tips suffered
from thermal damage after only a few hours of use. In contrast, the pyramid-shaped tip
appears to be much more resilient to thermal damage. This increased durability and
resistance to thermal damage make the pyramid-shaped tip a more reliable and effec-
tive HV electrode.

The ratio of vibrational temperature to rotational temperature has been shown to be
a crucial factor in plasma-assisted nitrogen fixation. A higher value of this ratio is more
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Fig. 11 Schematic of a DBD on a flat electrode and b electric field representation. ¢ Schematic of a DBD
on a pyramid p-electrode and d electric field representation

favorable for the process [59, 85]. The results presented in Fig. 7 suggest that a higher
vibrational temperature and lower rotational temperature in the pyramid p-electrode
can lead to a more efficient nitrogen fixation process. Also, the higher electric field in
the pyramid p-electrode plasma promotes collisions between dense energetic electrons
and neutral molecules, resulting in more energy being transferred to the nitrogen mol-
ecules. This increased energy transfer leads to higher nitrogen bond breakdown rate,
ionization, or higher population of vibrationally excited molecules. Additionally, the
sharp tips or edges on electrodes can facilitate the formation of streamers or filaments
in the plasma, which are known to enhance the plasma volume and increase the resi-
dence time of reactive species, thereby promoting the overall efficiency of the nitrogen
fixation process.
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Conclusions

In this research paper, a novel approach to nitrogen fixation using a charge injector in die-
lectric barrier discharge is proposed. Compared to a conventional flat electrode, the pyra-
mid p-electrode reactor produces more vibrationally excited nitrogen species plasma efflu-
ent gas. The injector takes advantage of the high-intensity local electric fields generated by
a pyramid-shaped p-electrode to increase the rate of secondary electron emission. Experi-
mental results demonstrate that the pyramid p-electrode plasma is a highly energy-efficient
and cost-effective method of nitrogen fixation, achieving high conversion rates at low
energy input. Despite requiring slightly more operational power, the pyramid p-electrode
plasma generates up to 58% more NOy with 32% less energy cost. The study also found
that admixing between 60% to 70% of oxygen in the nitrogen feeding gas provides a maxi-
mum output of gas phase nitrogen oxides. In short, due to its energy efficiency, cost-effec-
tiveness, and high conversion rates, the pyramid p-electrode has significant potential for
nitrogen fixation in the sustainable and localized micro-fertilizer industry.
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