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Sustainable nitrogen fixation driven by renewable energy sources under mild conditions has been widely
sought to replace the industrial Haber-Bosch process. The fixation of nitrogen in the form of NOx

- and NH4
+

into aqueous solutions using electricity-driven gas–liquid discharge plasma is considered a promising
prescription. In this paper, a scalable bubble discharge excited by nanosecond pulse power is employed
for nitrogen fixation in the liquid phase. The nitrogen fixation performance and the mechanisms are ana-
lyzed by varying the power supply parameters, working gas flow rate and composition. The results show
that an increase in voltage and frequency can result in an enhanced NO3

- yield. Increases in the gas flow
rate can result in inadequate activation of the working gas, which together with more inefficient mass
transfer efficiencies can reduce the yield. The addition of O2 effectively elevates NO3

- production while
simultaneously inhibiting NH4

+ production. The addition of H2O vapor increases the production of OH
and H, thereby promoting the generation of reactive nitrogen and enhancing the yield of nitrogen fixa-
tion. However, the excessive addition of O2 and H2O vapor results in negative effect on the yield of nitro-
gen fixation, due to the significant weakening of the discharge intensity. The optimal nitrogen fixation
yield was up to 16.5 lmol/min, while the optimal energy consumption was approximately
21.3 MJ/mol in this study. Finally, the mechanism related to nitrogen fixation is discussed through the
optical emission spectral (OES) information in conjunction with the simulation of energy loss paths in
the plasma by BOLSIG + . The work advances knowledge of the effect of parameter variations on nitrogen
fixation by gas–liquid discharge for higher yield and energy production.
© 2024 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by

ELSEVIER B.V. and Science Press. All rights are reserved, including those for text and data mining, AI
training, and similar technologies.
1. Introduction

Artificial nitrogen fixation has developed into an utmost crucial
component of the nitrogen cycle over time, taking the place of the
natural one and having significant applications in various indus-
tries, particularly agriculture [1]. As two common nitrogen com-
pounds, reductive and oxidizing nitrogen compounds (NH3, NO3

- /
NO2

- ) are primarily employed in the fertilizers synthesis. The
Harber-Bosch (HB) process is one of the most representative pro-
cesses in the history of artificial nitrogen fixation, which is used
to synthesize NH3 from N2 and H2 via a high temperature and pres-
sure catalytic chemical process [2,3]. Despite the process still dom-
inants today, its extreme operating conditions and the
environmental problems associated with intense carbon emissions
and energy consumption need to be urgently improved. Therefore,
researchers have begun to explore new methods of artificial nitro-
gen fixation that are easy to operate and environmentally friendly.

As an efficient molecular activation method, non-thermal
plasma (NTP) can be produced by discharges at a high voltage
under mild conditions, which is sustainable, low-carbon, and eco-
nomic, and considered a promising method of nitrogen fixation
[1,4]. Recent studies upon plasma nitrogen fixation have concen-
trated on the gaseous reactions, including NH3 synthesis with N2

and H2, and NOx production from N2-O2 mixture (or air) [5–8].
However, the gaseous products can only be utilized after absorp-
tion and storage, which complicates the production process and
contamination problems from exhaust leaks can be caused. Addi-
tionally, products that remain in the plasma region may result in
side reactions and reverse reactions, leading to low yields [9,10].
Consequently, the approach of adding H2O (aq) directly to the
reserved,
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reaction region as the absorption phase and feedstock has begun to
catch the researchers’ attention and is considered to be one of the
most promising directions of plasma nitrogen fixation [11–13].

The most commonly studied plasma configuration for liquid
phase nitrogen fixation is the plasma jet, which can interact with
the gas–liquid interface [14–16]. Significant amounts of NO2

- ,
NO3

- , and NH4
+ can be observed in the solution after the treatment

of plasma jet. However, the limited plasma-liquid interaction area
prevents the plasma jet to be a suitable method for application.
Direct underwater discharge then has been considered for the
nitrogen fixation due to its high mass transfer efficiency. Specially,
by introducing bubbles into the liquid phase, the ignition of the
discharge is much easier and the specific surface area is signifi-
cantly increased, which promotes the rapid mass exchange
between gas and liquid and enhances nitrogen fixation efficiency.
Although efforts have been made to understand the characteristics
of bubble discharge [17–19], a comprehensive evaluation of the
factors affecting the efficiency of nitrogen fixation by bubble
discharge has thus far been allusive. The performance of bubble
discharge for the nitrogen fixation still needs to be optimized,
and the mechanism needs to be evaluated in conjunction with
more research.

In light of the limitation of the current research on nitrogen fix-
ation by bubble discharge plasma, it is evident that a more compre-
hensive and accurate assessment of the impact of operating
parameters on the performance of nitrogen fixation and a more
in-depth analysis of the primary mechanisms are crucial for
advancing the development of liquid plasma nitrogen fixation. In
this work, an expandable array bubble reactor is designed and
applied to explore its performance on nitrogen fixation driven by
a nanosecond pulsed supply. The effects of voltage, frequency,
gas flow rate, O2, and H2O vapor addition on the nitrogen fixation
products were investigated, and the nitrogen fixation yield and
energy yield of the system were evaluated. Finally, the energy
transfer processes in the plasma were analyzed based on the opti-
cal emission spectra (OES) and the simulation by BOLSIG + software,
and thus the related reaction pathways of nitrogen fixation were
discussed based on the experimental and simulation results.
Results advance the mechanism of nitrogen fixation by gas–liquid
discharge plasma and provide references for improving the effi-
ciency and regulating the products of gas–liquid discharge nitro-
gen fixation.
2. Experimental

2.1. Chemicals

N-(1-naphthyl) ethylenediamine dihydrochloride (C12H14N2-
�2HCl, 98%), Nessler reagent (K2HgI4, 98%) and 2,6-dimethylphenol
(C8H10O, 99%) were purchased from Shanghai Macklin Biochemical
Co., Ltd. (Shanghai, China). Phosphoric acid (H3PO4, ≥85 wt%) was
purchased fromAladdinBiochemical TechnologyCo., Ltd. (Shanghai,
China). Sulfuric acid (H2SO4, 95%–98%) was purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All the
reagents can be used without any need for further purification.
2.2. Experimental setup

The nitrogen fixation system is given in Fig. 1, including a
plasma bubble generator (Fig. S1), a nanosecond pulse power sup-
ply, a gas feeding system, and diagnostic systems. The power sup-
ply can provide a pulse voltage up to 20 kV and a frequency of less
than 5 kHz. The pulse rising and falling edge are set to 50 ns and
the pulse width is 500 ns. Four evenly spaced quartz tubes (D = 6
mm) are inserted into a quartz vessel (H = 200 mm; D = 86 mm) as
693
the main structure of the reactor. Four holes (D = 1 mm) are evenly
distributed at 5 mm from the bottom of each quartz tube, and four
stainless steel needles (D = 2 mm) are used as high-voltage elec-
trodes to keep coaxial with the quartz tubes. A stainless steel plate
is installed at the bottom of the reactor to be the ground electrode.

The electrical characteristics of the discharge voltage and cur-
rent are captured by an oscilloscope (Tektronix, TDS2014
200 MHz) using a high-voltage probe (Tektronix P6015A, 1:1000)
and a current monitor (Pearson 4100). Typical pulse voltage and
discharge current waveforms are reflected in Fig. S3 (a). To charac-
terize reactive species in the plasma region, optical emission spec-
tra are captured by a spectrometer (Andor SR500i) coupled with an
ICCD (Andor DH334). The fiber optic probe is placed 1 cm from the
outer wall of the reactor and is level with the needle tip. The dis-
charge images shown in Fig. S3(b) are taken by the Canon EOS
6D camera. The main nitrogen fixation products examined in this
study were NO₂-, NO3

- , and NH4
+. Other by-products, including

hydrogen, oxygen, hydrazine hydrate, etc., were not examined
due to their negligible content. The concentration of NO2

- , NO3
-

are measured by spectrophotometry [20]. In order to rapidly and
accurately determine the NH4

+ concentration in solution, the Ness-
ler reagent is employed [21]. Specific methods are detailed in S.1 of
Supporting Information. A UV–Vis spectrophotometer (Jinghua UV
1800) is used to obtain the absorbance. Characteristics of the solu-
tion is tested by a pHmeter (Rex PHS-3E) and a conductivity detec-
tor (Rex DDS-11A). The calculation methods for physical quantities
are detailed in S.1.
3. Results and discussion

3.1. Performances at different operation time

The performance of nitrogen fixation by nanosecond pulsed
bubble discharge (NPBD) varies with time is given in Fig. 2 (volt-
age: 15 kV, frequency: 3 kHz). Within 5 min of discharge, negligible
NH4

+ is detected and the main aqueous products are nitrate nitro-
gen (NOx

-). With the increasing of operation time, the concentra-
tion of NO3

- gradually increases, with the value of 535.5 lmol/L
at 30 min treatment. While the concentration of NO2

- first increases
and then decreases, reaching the highest value of 90 lmol/L after
25 min of treatment. The selectivity of products in Fig. 2(b) shows
that NO3

- selectivity is always higher than 60%, indicating that NO3
-

dominates in the aqueous products. Due to the rapid quenching by
reactive oxygen species (ROS), NO2

- presents a fast decrease in the
selectivity for a long discharge operation time. Finally, the NO2

-

selectivity is even comparable to that of NH4
+ (10%) at 10 min. Both

the concentration and selectivity of NH4
+ increase with prolonging

the operating time. The increase in NH4
+ production with treatment

time can be attributed to the enhancement of the discharge. Dis-
charge enhancement increases the density and mean energy of free
electrons in plasma. This, in turn, promotes the excitation and dis-
sociation processes of N2, providing reactants for the generation of
NH, which is considered an intermediate of NH3 [22]. From another
aspect, the solution temperature is elevated (Fig. S4) due to the
thermal effects accumulated over a long discharge duration and
the obvious gas heating process in the enhanced discharge. More
H2O molecules diffuse into the discharge region as vapor and are
dissolved by high-energy electrons and metastable nitrogen
N2(A) to produce H atoms, promoting the generation of NH3 (more
detail discussion in Section 3.3).

Fig. 2(c and d) describe the production rates and energy yields
of nitrate (NOx

--N) and ammonium nitrogen (NH4
+-N), which also

present a distinguishing trend. The NOx
- yield varies with time,

exhibiting a tendency of decrease then increase, and the lowest
yield of 2.3 lmol/min is observed when discharge continues for



Fig. 1. Schematic diagram of the experimental system.

Fig. 2. The performance of nitrogen fixation by NPBD at different discharge operating time (a) concentrations, (b) selectivity, (c) yield and (d) energy yield (voltage amplitude
15 kV, frequency 3 kHz).
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15 min. Changes in yield during continuous discharge are affected
by a combination of factors. It is evident that water vapor as an
electronegative gas weakens the discharge intensity and reduces
the yield of the primary product NOx

- during the first few minutes
of the discharge [9]. Another influence on the yield trends comes
694
from the solution conductivity, which increases during continuous
discharge elevating the intensity of the discharge (Fig. S4), result-
ing in an increase in the yield from 15 to 25 min. As the discharge
continues to strengthen, side and reverse reactions become more
influential, which might explain the drop in the yield after
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30 min of discharge. In the case of NH4
+, the �H radical provided by

water vapor and the increase in electron density have a positive
effect on NH4

+ synthesis [23]. With all these positive factors, the
NH4

+ yield keeps increasing. Though there is variation in the dis-
charge intensity throughout the continuous discharge process,
the constant electrical parameters make it a little effect on the dis-
charge power. Consequently, there is a strong similarity between
the energy yield and yield trends as Fig. 2(d) illustrates.

3.2. Optimization of the performance of nitrogen fixation by
underwater bubble discharge

3.2.1. Power supply parameters
Plasma supply deeply affects the discharge intensity and mode,

which then determine the plasma characteristics. Therefore, the
effect of voltage amplitude and frequency on nitrogen fixation
were investigated (Fig. 3). As expected, the increase of voltage
amplitude and frequency results in more N-containing products,
where NO3

- dominants, followed by NO2
- and NH4

+. NO3
- and NO2

-

concentrations are significantly affected by the voltage amplitude.
As illustrated in Fig. 3(a), the NO3

- and NO2
- concentrations increase

about 3 times with increasing voltage amplitude from 9 to 17 kV.
However, a decreasing trend was observed in the concentration
of NO2

- with the voltage amplitude increasing to 19 kV. The NH4
+

concentration increases slightly with the voltage amplitude. NO3
-

and NH4
+ concentrations described in Fig. 3b increase with the

increasing of frequency, while the NO2
- concentration grows more

slowly and even presents a decrease at the frequency of 5 kHz.
The effects of voltage amplitude and frequency on the selectivity
are quite different from those on the concentrations. Fig. 3(c and
d) indicate that with increasing of voltage amplitude or frequency,
the NO3

- selectivity decreases and then increases, while NO2
- selec-

tivity shows the opposite trend. The NH4
+ selectivity almost main-

tains stable with increasing the voltage amplitude. In contrast to
the voltage amplitude, increasing the frequency improves the
NH4

+ selectivity.
The voltage amplitude exhibits more positive influence on the

generation of reactive species. Increased frequency leads to more
frequent discharges per unit of time and shows a linear increase
in power (illustrated in Fig. S5). Though the increase in residual
charge retained until the next pulse as the frequency increases
can reduce the difficulty of discharge, the relatively long pulse
width diminishes this effect [24]. The increase in voltage enhances
the intensity of the electric field and accelerates the development
of the electron avalanche [25]. The exponentially increasing elec-
trons enhance the strength of the discharge, allowing the plasma
to progress deeper into the bubble and enhancing the plasma-
liquid interaction. Therefore, the increase in voltage optimizes var-
ious factors, and the increase in nitrogen fixation effect is bound to
be more significant. Increases in voltage and frequency also lead to
stronger solution evaporation. Previous study has shown that ris-
ing water vapor concentrations contribute to the production selec-
tivity of HNO2, which is attributed to more �OH being produced by
H2O dissociation [26]. However, NO2

- tends to be oxidized with
increasing discharge parameters, and the concentration tends to
decrease, leading to a resurgence of NO3

- selectivity. As for the case
where NH4

+ selectivity does not change significantly with voltage
growth, the negative effect of high electron energy quenching of
precursor species of NH4

+ is considered (R1–R3) [27].

e - þ NH ! e - þ N þ H ðR1Þ

e - þ NH2 ! e - þ NH þ H ðR2Þ

e - þ NH2 ! e - þ N þ H2 ðR3Þ
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3.2.2. Working gas
Fig. 4(a) compares the concentrations of three products at dif-

ferent gas flowrates with the feeding gas of N2 with the peak cur-
rent and discharge power in Fig. S6. The NO3

- concentration
decreases dramatically with increasing gas flowrate and NO2

-

shows a slightly increasing and then decreasing trend, while NH4
+

concentrations almost maintain stable. Hadinoto et al. also found
that lower flow rate was more effective in producing NO3

- at speci-
fic frequencies while studying the impact of bubble discharge on
the activated water production [28]. The N2 molecules residence
time in plasma region reduces due to the increased gas flow rate.
As a result, the collision probability between high-energy electrons
and N2 molecules decreases, leading to fewer nitrogen molecules
being activated. Simultaneously, higher gas flow rates also resulted
in reactive nitrogen species being taken out of solution before they
fully react with water [29]. Low NO3

- concentration is thus appar-
ently observed due to the fewer reactions between activated nitro-
gen species and H2O at the gas–liquid interface. NO2

-

concentrations is observed to vary little with flow rate. The nitro-
gen source may not be the limiting factor in NO2

- production, in
other words, it is almost sufficient. Though the water dissociation
decreases due to increased flow rate, the �OH produced is still suf-
ficient to ensure NO2

- production, only that the amount is no longer
sufficient for its further oxidation. Under the current experimental
condition, the activated nitrogen particles in the plasma region is
sufficient for the formation of NH4

+, and the main reason for con-
straining NH4

+ production is the H source. As mentioned earlier, H
atoms come from the dissociation of H2O by high-energy electrons
and metastable N2 (A), which mainly occurs at the interface [30],
therefore the gas flow rate (in the range of 2–6 SLM (standard liter
per minute)) hardly affects the production of H atoms at the gas–
liquid interface, resulting in a stable NH4

+ concentration.
To further analyze the effect of gas flowing rate, specific energy

input (SEI) is calculated by dividing the discharge power with the
gas flow rate, inserting in Fig. 4(a). The SEI gradually decreases
with increasing flow rate. The variation of yield and energy yield
with SEI is shown in Fig. 4(b) both the yield and energy yield are
decreased with increasing SEI. In fact, the discharge was even
observed to have a tendency to weaken when flow rate increased.
It is because airflow can significantly reduce the degree of pre-
ionization via the strong transport effect under high-velocity air-
flow, thereby decreasing the formation of primary electron ava-
lanches and discharge channels [31,32]. Although the discharge
power decreases with the increasing of gas flow rate, the main pro-
duct NO3

– concentration decreases more severely due to the weak-
ening of the nitrogen fixation process at the gas–liquid interface,
leading to the significant decrease of overall energy efficiency.

The component of working gas is another important factor that
affects the nitrogen fixation by NPBD. Herein, O2 and H2O were
added to the feeding gas N2 to investigate the influences of the
working gas. Fig. 5 compares the concentration, production rate
and energy yield of N-containing products at different O2 and
H2O fractions. It should be pointed out that when O2 is introduced
into the feeding gas, NH4

+ concentration is below detection limit,
and NO3

- and NO2
- are the aqueous products. Notably, the genera-

tion of NO3
- is extremely promoted while the generation of NO2

-

is suppressed. As presented in Fig. 5(a), the NO3
- concentration

increases to 1000 lmol/L and NO2
- concentration decreases to only

less than 10 lmol/L with 15% O2 added in N2. As the O2 fraction
continues to increase, both NO3

- and NO2
- concentrations present

a similar trend, first increasing then decreasing. The difference is
that the NO3

- concentration reaches the maximum value of 1600
lmol/L at 45% O2 fraction, while the NO2

- concentration tends to
decrease at 35% O2 fraction.

The introduction of O2 in the working gas has a dual impact on
the nitrogen fixation by NPBD. On one hand, O2 is an electronega-



Fig. 3. (a, b) Effect of voltage amplitude and frequency on the concentration and (c, d) selectivity with discharge time of 15 min.

Fig. 4. (a) Concentrations of NO3
- , NO2

- and NH4
+ vary with the gas flow rate; (b) total nitrogen production rate and energy yield at different SEI.
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tive gas, which can efficiently adsorb electrons, leading to a drop in
the discharge intensity (as shown in Fig. S7), which results in a cor-
responding decline in the activation of N2 (considered as a negative
effect). On the other hand, the introduction of O2 provides another
source of O for the reactions of reactive nitrogen species (consid-
ered as a positive effect), encourage the so called ‘‘Zeldovich mech-
anism” [33], which describes the processes of chain reaction of
reactive molecules and atoms. The processes promote the genera-
tion of NO molecules, which act as the origin of almost all aqueous
nitrogen products. Moreover, the participation of O2 significantly
enhances the yield of O3 through reaction (R4), and aqueous O3

is able to accelerate the oxidation of (R6 and R7) aqueous NOx by
promoting the production of �OH through reaction (R5). Other
ROS produced by the addition of O2 are also capable of oxidizing
aqueous NO to produce NO3

- directly, such as the reaction of O2
-

and aqueous NO (R10). Of course, O3 is capable of directly oxidizing
NO2

- to NO3
- (R9). Therefore, following the addition of O2, NO3

- con-
696
centration significantly increases with the O2 fraction increases
from 0 to 45%. Simultaneous, in an O2-rich environment, the reac-
tants NO, NO2, HNO2 can be consumed by O2, O3 and O atoms,
resulting in a dramatically lower NO2

- concentration compared to
that in N2 environment. While O2 fraction exceeds 55%, the nega-
tive effect is more powerful than the positive one, resulting in a
decrease in the NOx

- concentrations and yields. Overall, the addi-
tion of O2 favors the production of NO3

- and inhibits the production
of NO2

- and NH4
+.

O þ O2 ! O3 ðR4Þ

H2O2ðaqÞ þ 2O3ðaqÞ ! 2 � OHðaqÞ þ 3O2ðaqÞ ðR5Þ

NOðaqÞ þ � OHðaqÞ ! HNO2ðaqÞ ðR6Þ

NO2ðaqÞ þ � OHðaqÞ ! HNO3ðaqÞ ðR7Þ



Fig. 5. Concentrations (a, b) and yield and energy yield (c, d) of N-component products vary with the fractions of O2 and ratio of H2O.
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NOðaqÞ þ O -
2 ðaqÞ ! NO -

3 ðR8Þ

O3ðaqÞ þ NO�
2 ! O2ðaqÞ þ NO�

3 ðR9Þ
The performance of nitrogen fixation by NPBD with the addition

of H2O in the feeding gas is also investigated (Fig. 5b). As expected,
the addition of H2O favors the generation of NO3

- significantly.
Unlike the performance with the addition of O2, H2O also increases
the concentration of NO2

- . The increase in the mol fraction of H2O
also increases the NH4

+ concentration slightly. The introduction of
H2O in the feeding gas provides additional H source. Besides the
discharge at the needle tip, the filamentary discharge also exists
between the needle and quartz tube. Therefore, when H2O is mixed
into the working gas, the generation of additional �OH and �H helps
the formation of gaseous NOx and NHx. Due to the electronegative
properties, excessive H2O and O2 can weaken the discharge inten-
sity even if they also provide additional feedstock for nitrogen fix-
ation [34]. This helps to explain the findings in Fig. 5(c and d),
which show that excessive addition of H2O or O2 can cause the
yield and energy yield curves to flatten or even decline. In this
study, the nitrogen fixation yield is significantly increased by add-
ing H2O and O2 to the working gas. The ideal H2O addition is
5.2 mol%, whereas the ideal O2 addition is 45%. The optimum
energy yield of 0.046 mol/MJ can be obtained at 55% O2 addition.

3.2.3. Exhaust collection and analysis
Although the nitrogen fixation process occurs mainly in the

main reactor, insufficient mass transfer leads to the escape of small
amounts of reactive nitrogen species. Therefore, an absorption of
the tail gas is performed and the results are presented in Fig. 6.
Overall, the NH4

+ concentration in the absorber is below the detec-
tion limit, attributed to the lower yield and higher solubility of
NH3. NOx is the only production in the absorber. Due to the short
lifetime of the highly reactive species, the NOx

- in the absorber is
almost entirely derived from the dissolution of gaseous NOx escap-
697
ing from the plasma reactor. The mass transfer via the dissolution
process to obtain NOx

- is evidently less efficient than the plasma-
liquid interaction, resulting in a markedly lower production con-
centration in the absorber. It is noted that the NO2

- and NO3
- con-

centration are relatively close. It is hypothesized that NO2 may
be the main component in the exhaust gas and that it interacts
with water to form NO2

- and NO3
- through reaction (R10) [35].

2NO2 þ H2O ! HNO3 þ HNO2 ðR10Þ
Fig. 6(b) depicts the product in the absorber varies with gas flow

rate, and NOx
- shows the tendency of increasing and then decreas-

ing. Higher gas flow rates facilitate the transport of gaseous prod-
ucts and their absorption by the absorber. When the flow rate
exceeds a certain value, less NOx in the tail gas is carried out due
to the insufficient nitrogen activation in the plasma reactor, lead-
ing to lower NOx

– concentration in the absorber. The change in
NOx

- concentration in the absorber is clearly linked to that in the
main reactor when O2 or H2O is mixed in the working gas
(Fig. 6c and d). As part of the feedstock for nitrogen fixation, O2

and H2O can be dissociated and more NOx is formed, which escapes
and is captured by absorber, resulting in a higher NOx

- content in
absorber. Of course, over-addition of either O2 or H2O will obvi-
ously weaken the discharge, leading to a decrease in NOx

- content
in either the main reactor or the absorber.

3.3. Assessment of yield and energy consumption

Fig. 7 presents a comparative analysis of the yield and energy
consumption in this study with those reported in other studies
on the gas–liquid discharge nitrogen fixation [6,7,36–43]. Gor-
banev et al. employed a plasma jet to fix nitrogen, with an energy
consumption of approximately 14.9 MJ/mol. Nevertheless, the
nitrogen fixation yield was relatively low at 0.4 lmol/min, due to
the limited area of plasma-liquid interaction [36]. Liu et al.



Fig. 6. (a) Diagram of the absorber arrangement; (b) variation of tail gas absorption components with gas flow rate; (c) oxygen addition ratio and (d) water vapor addition
ratio.

Fig. 7. Plot of yield and energy consumption against other studies.
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achieved a high nitrogen fixation yield (198.3 lmol/min) using
dielectric barrier discharge; however, the energy consumption
was unsatisfactory (39.6 MJ/mol) [37]. In contrast, the bubble dis-
charge employed in this study not only obtained a satisfactory
nitrogen fixation yield (16.5 lmol/min) but also demonstrated a
low energy consumption (21.3 MJ/mol), which represents a nota-
ble advantage over the majority of reported studies. Nevertheless,
the nitrogen fixation yield in this study still has considerable scope
for improvement, which would benefit from further investigation.
698
3.4. Mechanism of nitrogen fixation by bubble discharge

The reaction processes in the nitrogen fixation by NPBD are
derived from plasma reactive species. In order to determine the
type and density of reactive species, OES of bubble discharges in
N2 or N2/O2 mixtures (the volume ratio of N2:O2 is 4:1) are col-
lected, as demonstrated in Fig. 8(a). In N2 discharge, the spectra
exhibit NO (A ? X, v′, v″), OH (A ? X), NH (A ? X, 336 nm) and
N2 (C ? B, v′, v″), while only N2 (C ? B, v′, v″) spectra are observed
in N2/O2 mixtures. The highest intensity of N2 (C ? B) spectra indi-
cates that electronic excitation processes dominate the plasma
physical processes in both N2 and N2/O2 mixtures discharges, indi-
cating that the energy of free electron is transferred to the elec-
tronic vibrational level of N2, thereby leading to the activation of
the nitrogen molecule (detailed discussion in the next part). O2

can also be dissociated into O atoms by metastable N2(A) via reac-
tion (R11), which together with O3 converts N atoms and N2 to NO
radicals, as shown in reactions (R12–R15) [33,44].

N2 Að Þ þ O2 ! N2 Xð Þ þ O þ O ðR11Þ

N þ O2 ! NO þ O ðR12Þ

N2 þ O ! NO þ N ðR13Þ

N þ O ! NO ðR14Þ

N þ O3 ! NO þ O2 ðR15Þ
The spectra of NH (A? X, 336 nm) indicates the presence of NH

radical, which is usually generated through the reaction between N
and H atoms or H2O, as shown in reactions (R16 and R17) [45]. It
should be noted that no spectra N atoms were measured, which



Fig. 8. (a) OES from NPBD in different feeding gases; (b) the experimental and the simulated spectra of N2(C?B, Dv = -2) and (c) vibrational and rotational temperature of N2

at different N2/O2 fractions (voltage: 15 kV; frequency: 3 kHz).
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may thanks to the high energy level of the excited state N (3p 4S⁰,
∼12 eV). It is suggested that NH radicals are important reactants in
the NH3 production, which is generated via the stepwise reactions
(R18 and R19) [46]. The absence of NH(A ? X) in the N2/O2 mix-
tures discharge implies that no NH4

+ will be generated in the liquid
phase, and the results in Fig. 5 also proved it. In N2/O2 mixtures dis-
charge, oxidation reactions of N atom are at a competitive advan-
tage, and N atoms are heavily consumed by O2 to generate NOx,
therefore, no NH is generated.

N þ H ! NH ðR16Þ

N þ H2O ! NH þ OH ðR17Þ

NH þ H ! NH2 ðR18Þ

NH2 þ H ! NH3 ðR19Þ
The vibrational and rotational temperatures of N2 quantita-

tively express the number density of N2 in the electronic vibra-
tional and rotational energy levels, which also reflect the N2

activation [47]. The vibrational and rotational temperatures are
calculated by the software Specair using the OES, as shown in
Fig. 8(b). The vibrational temperature (Tv) and rotational tempera-
ture (Tr) are 2300 and 470 K when it is at 15 kV and 3 kHz. The
vibrational and rotational temperatures vary with the O2 fraction
in the working gas is shown in Fig. 8(c). As the O2 fraction
increases, the Tv and Tr increases. The reasons for this phenomenon
can be attributed to the transfer of energy from electrons to O2 by
the excitation of the rotational and vibrational levels of electroneg-
ative O2 molecules, leading to heating of the gas caused by the
effective energy relaxation process [40].
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In plasma-induced chemical reactions, the energy is first cou-
pled to free electrons via the electric field, and then the electron
energy is transferred to heavy particles via the electron impact pro-
cesses [4,48]. The energy transfer pathway determines the prod-
ucts of N2 activation, which significantly affect the reaction
processes and the final products. Herein, the energy loss during
the plasma nitrogen processes was proposed by the BOLSIG + .
Fig. 9 shows the energy loss fractions vary with reduced electric
field (E/N, calculated from the OES [49], detailed in Fig. S8). It
should be noted that H2O is also involved due to the diffusion of
water vapor to the discharge area. Therefore, the reactions
involved H2O are also considered. The E/N at pure N2 discharge is
around 245 Td when it is at 15 kV and 3 kHz, where most energy
transfers to the N2 electronic excitation, following by the dissocia-
tion of H2O. The excited state N2* almost exclusively serves to dis-
sociate H2O (R20), and thus the production of NO radicals still
relies heavily on the reaction between N atoms and OH (R21)
[33,40]. Fig. 9(a) shows that only about 10% of electron energy con-
sumed for N2 dissociation and vibrational excitation, explaining
the result of low yield under N2 discharge conditions. Moreover,
the reaction between N and H atoms actually occurs to produce
NH radical, verifying the results of OES. NH3 is then produced
through continuous hydrogenation reactions (R16, R18 and R19).

N�
2 þ H2O ! N2ðXÞ þ OH þ H ðR20Þ

N þ OH ! NO þ H ðR21Þ
In the N2/O2 discharge, besides the N2 electronic excitation, the

O2 dissociation is another crucial energy loss pathway due to its
low dissociation energy threshold (∼4.54 eV) [5]. Therefore, the
reactions involved activated N2 (N2(A)) and O atoms should be



Fig. 9. Energy loss fraction with the reduced electric field in different feeding gases (a) N2 and (b) N2/O2 mixture.

Fig. 10. Diagram of the mechanism of nitrogen fixation by NPBD.
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more prominent to generate NOx. The energy loss to the H2O disso-
ciation is still comparable to that in the N2 discharge, indicating
that the generation of H atoms in N2/O2 discharge hardly affected.
Due to the more dominant O2 dissociation, the reaction of O and H
atoms are more competitive than that of H and N atoms, and thus
the production of NH is significantly suppressed, as evidenced by
OES, and ultimately no NH4

+ was detected in the N2/O2 discharge.
The mechanism of nitrogen fixation by NPBD is briefly summa-

rized in Fig. 10. The reactions in the plasma region, the interface
and the liquid phase constitute the complete nitrogen fixation
reaction chain. N2 molecules in the plasma region and H2O mole-
cules at the interface form reactive nitrogen, �OH and �H in the
presence of high-energy electrons. The latter as key oxidizing and
reducing species at the interface fully participate in the nitrogen
fixation reaction and determine the final production effect of nitro-
gen fixation. Therefore, increasing the density of reactive nitrogen
in the plasma region and enhancing the dissociation process of H2O
molecules seem to be the most effective means to enhance the
700
nitrogen fixation yield. Due to the fact that plasma is typically
not selective in terms of product formation [50], redox competition
processes are also involved in this process, especially when a large
number of O atoms are present, and the massive quenching of NH�
makes the reduction products almost unobtainable. Thus subse-
quent studies can be expected to achieve selective production of
redox products by modulating the reaction pathways.
4. Conclusions

In this study, the nitrogen fixation performance of bubble dis-
charge driven by nanosecond pulsed power supply was investi-
gated by varying different experimental parameters and the
mechanisms were discussed. The results demonstrate that increas-
ing the voltage and frequency enhances the discharge and plasma-
liquid interaction, thereby promoting the production of NO3

- and
NH4

+. The working gas can be fully activated at flow rates lower
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than 2 SLM and a higher gas–liquid mass transfer efficiency can be
achieved, resulting in a 552.9 lmol/L concentration of NO3

- . The
addition of O2 and H2O provides extra feedstock to increase the
concentration of NO3

- . At the O2 fraction of 45%, the concentration
of NO3

- from 535.5 lmol/L increases to 1632.1 lmol/L compared
with pure N2. At the H2O vapor fraction of 5.20 mol%, the concen-
tration of NO3

- increases to 1031.9 lmol/L. However, an excessive
addition of O2 and H2O vapor ultimately resulted in a reduction
in the concentration of NO3

- and NO2
- . The optimal energy con-

sumption was approximately 21.3 MJ/mol at the O2 fraction of
55%. Combining the OES and energy fraction in the plasma region,
it can be speculated that vibrational excitation and dissociation of
N2 dominate the energy consumption in N2 plasma. The nitrogen
fixation process in NPBD is the result of multiple reactions occur-
ring simultaneously in the plasma zone, the interface, and the liq-
uid phase. Though a satisfactory energy consumption was achieved
in this study, the yield needs to be further improved compared to
the industrial approaches. The expansion of plasma sources and
the stability of discharges under long operation time are the emer-
gency for the improvement of yield and energy consumption of
plasma-water-based nitrogen fixation.
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