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In this study, a novel dielectric barrier discharge (DBD) with continuous flowing water is designed (other
devices commonly utilize immobile water), which could be easily coupled with UV light and TiO, to
achieve highly efficient nitrogen fixation (NF) from air plasma over water surface. Electrical characteriz-
ation, optical emission spectroscopy and X-ray photoelectron spectroscopy (XPS) are performed to study
the plasma properties and underlying mechanisms of NF under different conditions. Results indicate that
the maximum nitrate concentration and minimum energy consumption can reach 154 mg Lt and 61 MJ
mol™, respectively, in the case of pure plasma. The total amount of dissolved nitrogen (TN) reaches a
maximum concentration of 199 mg L™2, indicating that the main nitrogen fixation product is nitrate, while
the nitrite concentration is very low. By coupling TiO, spheres in the water and UV light, the concentration
of nitrate and TN increases by 57% and 45%, respectively, compared with the pure plasma condition at an
input power of 200 W and a processing time of 20 min. XPS analysis directly demonstrates a change in
the Ti valence state on the TiO, surface, indicating the formation of more electron—hole pairs. Thus,
more highly oxidizing species are formed on the photocatalyst surface to enhance the production of
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NO,. A mechanism is proposed that describes the underlying chemistry in the gas and liquid phases and
the enhanced NF efficiency upon the addition of TiO, spheres and UV light irradiation. As the use of the
circulating water as the ground electrode can lead to thermal quenching, the novel DBD NF device can

rsc.li/greenchem realize continuous operation time at a relatively high power, offering good application prospect.

Green foundation

1. This study presents a novel green nitrogen fixation method by designing a dielectric barrier discharge (DBD) system using continuous flowing water as the
ground electrode, which is further coupled with UV light and TiO, to achieve highly efficient nitrogen fixation (NF) from air plasma over the water surface.

2. The maximum concentration and production rate are 154 mg L™ and 162 pmol min~", respectively, at an input power of 200 W under pure DBD plasma.
Compared with the case of pure plasma, adding TiO, and UV irradiation results in a significant rise in the NO;~ concentration and production rate by 57%
and 37%, respectively, and a drop in the energy cost (EC) by 28%.

3. This novel DBD NF device has a large discharge area and can work for extended periods of time at a relatively high power with no observed heat damage to

the reactor, thereby offering good application prospects.

sumes 1%-2% of the world’s energy production and 3%-5%

1. Introduction

of the total annual natural gas production'™ and emits more

Sustainable nitrogen fixation (NF) technology has received
extensive attention from researchers worldwide due to the
high energy cost and emission of greenhouse gases into the
atmosphere by the Haber-Bosch (H-B) process, which con-
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than 300 million tons of carbon dioxide gas.>® In a low-temp-
erature plasma environment, the otherwise highly unreactive
N= triple bond of N, molecules can be “broken” via direct
electron impact reactions with plasma electrons and through
collisions with highly reactive species. This makes the use of
plasma a promising NF method, with the theoretical energy
consumption (EC) limit claimed to be as low as 0.2 MJ mol~".”
However, this estimate is based on strong vibrational-transla-
tional nonequilibrium conditions, which are difficult to
achieve, and hence, this low value has not been experimentally
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demonstrated to date. In 1903, a thermal electric arc was used
to convert N, into NO,,*° but in thermal plasmas, most of the
energy is directed towards heating the gas, which leads to a
lower energy efficiency. Interestingly, low-temperature plasmas
are more energy-efficient as they enable non-thermo-
dynamically limited reactions.” Thus, non-thermal plasma has
gained increased interest because it can produce NO, at room
temperature and atmospheric pressure.>*°

Currently, a variety of non-thermal as well as warm (ie.,
quasi-thermal) plasma sources have been used for NF, includ-
ing dielectric barrier discharge (DBD),*'™* transient spark
discharge,*™"” gliding arc,'®** microwave plasma®! and pin-
to-pin low-current arc.>® The NF products of most non-thermal
or warm plasma sources are gaseous NO,, which cannot be
directly used and need to be converted into NO, . Thus, the
use of plasma-water interaction systems to produce NO, ,
which can be used directly in agricultural production, has
attracted wide attention.>®*” Plasma-water NF systems typi-
cally operate in air plasma at atmospheric pressure, with EC
and NO,~ concentrations in the range of 15-700 MJ mol™* and
1-900 mg L™, respectively.>'”'*?® The lowest EC for NF in
water using an arc-DBD combination reached 8 MJ mol™" with
a NO,” concentration of 141 mg L7, for a plasma reactor
power of 160 W and 95 W supplied power of an ozone genera-
tor;*® however, since extra O; was introduced into the mixing
chamber through an ozone generator to promote oxidation of
the gas phase substrates and transition products, this also
increased the complexity of the device. Spark discharge and
gliding arc plasma in contact with water are also commonly
used for NF, due to the simplicity of such devices; however,
because of the limited discharge volumes in these two types of
discharge devices, only small amounts of gas are typically
treated, which reduces the NF yield. Gorbanev et al. achieved a
low EC of 15 MJ mol™" using pulsed spark plasma, with the
highest total concentration of NH; and NO, /NO;~ of about
21 mg L7, but their device had only 0.11 W of power and
treated only 5 mL of water.” Generally, current plasma-water-
based NF systems still face several challenges that need to be
addressed, such as low yields, complex device architectures,
limited water treatment volumes and short working times,
which limit the development and application of such NF
systems.

In response to the above issues, NF studies in plasma-water
interaction systems, coupled with other technologies, for
example, ultraviolet (UV) light sources,?®3%3! titanium dioxide
(TiO,) catalysts®® or a combination of UV and TiO,,*>* have
been gaining interest from both the scientific community and
industry. Peng et al. pointed out that irradiating the water
surface with UV light can promote the excitation of water mole-
cules, leading to an increase in NOj3;~ synthesis rate from
29 pmol min~" without UV to 61 pmol min™" with UV.>" Sun
et al. adopted a DBD discharge reactor coupled with TiO, cata-
lyst to achieve 93% selectivity for NO;™, but the total NO,~ con-
centration and EC were about 33 mg L' and 50 MJ mol ™,
respectively.’” Thus, there is still much room for improvement
in the plasma and UV/TiO, coupled system. Moreover, sys-
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tematic research on the application of TiO, combined with UV
light to produce NO;™ is virtually non-existent. Therefore, it is
worth conducting in-depth research on the combined effect of
TiO, and UV light on NF performance, since it is expected to
have a positive impact on the production of NO, in plasma-
water interaction systems.

Previous studies on DBD nitrogen fixation usually adopted
the typical “pin-plate” reactor’ or “plate-plate” structure,*
which both achieve low effective reaction areas of <5 cm?® with
a liquid volume of <20 mL, severely constraining nitrogen fix-
ation efficiency and scalability. Furthermore, liquid evapor-
ation in static systems may destabilize the gas-liquid interface
and hinder sustained operation. Therefore, in this work, we
designed a novel DBD reactor utilizing continuously flowing
water as the ground electrode, overcoming the two limitations
observed in most DBD nitrogen fixation systems; i.e., confined
reaction area and gas-liquid interface instability. In our setup,
a large quartz plate serves as the dielectric barrier with a circu-
lar metal electrode (high-voltage) positioned on the quartz,
with a grounded copper line inserted in the flowing water.
Thus, the DBD reactor can achieve an effective reaction area of
33 ¢cm” with a treated water volume of 2 L. The system can
work for extended periods at relatively high power, with a
stable gas-liquid interface due to the reduced temperature
caused by the flowing water. Details of the DBD reactor and
the experimental system are presented in Section 2. Electrical
characterizations with a digital oscilloscope, as well as UV-vis
spectrophotometry and spectroscopic diagnostics, were col-
lected and used to investigate the plasma properties and deter-
mine nitrogen oxide concentrations. In Section 3, the plasma
properties, product concentrations and underlying NF mecha-
nisms are analyzed under pure plasma, plasma + UV, plasma +
TiO,, and plasma + UV + TiO, conditions. The product concen-
trations and EC are analyzed at different input powers and
treatment times and compared with previously reported NF
results. Finally, the results are discussed in the conclusion
(Section 4).

2. Materials and methods
2.1 Experimental setup

Fig. 1 presents the DBD experimental system used for NF, as
well as the frontal and lateral discharge images. The DBD
reactor consists of a quartz container with a height of 36 mm
and an inner diameter of 140 mm, a polytetrafluoroethylene
(PTFE) cover plate, a stainless-steel mesh, a copper line and a
quartz dielectric plate. The PTFE cover plate (diameter
180 mm and thickness 5 mm) and the stainless-steel mesh
(diameter 65 mm) are placed on the central region of the PTFE
cover plate. The circular quartz dielectric plate (diameter
100 mm and thickness 2 mm) is located below the stainless-
steel mesh. A copper line with a diameter of 3 mm is grounded
and inserted into the quartz container from the bottom. In
this way, deionized (DI) water in the quartz container with a
volume of 550 mL is connected to the ground electrode. The

This journal is © The Royal Society of Chemistry 2025



Green Chemistry

(b)

k) >
L]

Power Source

Gas out

High voltage

TR

Paper

Mass Flow Controller

Electrode area
: 3316 mm?

Gasgap : 5 mm

Gas in

probe

Oscilloscope

Low voltage
probe

Multi-channel
spectrometer

—ﬂ/ Liguid
i UV-vis spectrophotometer Flow
= Controller

‘l

Water Pump

Water Tank
(a)

Fig. 1 Schematic of the experimental setup (a), and frontal and lateral discharge images (b).

discharge gap between the quartz dielectric and the water
surface is set to 5 mm. Air is supplied to the reactor by an air
compressor and the air flow rate is adjusted with a mass flow
controller. Water circulation between the discharge reactor and
water tank is performed with a water pump, and a liquid regu-
lating valve is used to control the water flow velocity and main-
tain the stability of the water surface. The volume of water in
the water tank is 2 L, and the water flow rate is kept at 200 mL
min~". As pointed out in ref. 34, using a reactor with static
liquid can have diffusion-related limitations, such as accumu-
lation of the products in the upper layer of the liquid.
Therefore, our gaseous plasma in contact with flowing liquid
has the advantage of reducing the accumulation of heat and
active species, which is expected to improve the NF product
concentration.

At the gas-liquid interface and within the liquid phase, the
temperature is measured using K-type thermocouples with a
thermocouple thermometer (HT-9815). The discharge reactor
is powered by a high-voltage alternating current (AC) power
supply (Nanjing Suman Plasma Technology Co., Ltd,
CTP-2000 K). The input power of the power supply is adjusted
to change the NF process. The discharge voltage and current
are measured by high-voltage (Tektronix, P6015A) and low-
voltage (Tektronix, P2220) probes, respectively, which are con-
nected to a four-channel digital oscilloscope (Tektronix,
MDO3034).

2.2 Experimental design

In the experiments, the power, air flow rate and treatment
time were adjusted to study their effects on the pH and the
concentrations of NO; ™ and total nitrogen (TN; i.e., the sum of
all dissolved nitrogen, including the concentrations of NO,,
NO;~ and NH,'). However, in air DBD plasma-water systems,
the amount of NH3/NH," produced is negligible;** thus, the
NH,' concentrations were not separately measured in this

This journal is © The Royal Society of Chemistry 2025

work. Since the water in contact with the plasma was flowing
and hence provided cooling of the system, the input power can
reach a high level of 200 W in our study (which is significantly
higher than in most works, which use power levels of <100 W)
without introducing thermal damage to the system, and we
expect that this high input power facilitates the NF.

Specifically, we varied the power from 75 to 200 W with an
increment of 25 W while maintaining an output frequency of
about 9 kHz. The air flow rate was changed from 0 to 2.5 L
min~" at intervals of 0.5 L min~", and the treatment time was
set to 10, 20, 30 and 40 min. After the generation of plasma-
activated water (PAW), the pH and the concentrations of NO;~
and TN were immediately measured. H,O, can also be formed
from the recombination of OH radicals produced from water
dissociation,'**> although we do not discuss this aspect in
detail in this paper. Here, we focus on the concentrations of
NO;~ and TN, and examine their variations under different
conditions.

To further improve the concentrations of nitrogen oxide
species in water, we also examined the use of combinations of
UV light irradiation and titanium dioxide (TiO,) particles (2 g)
submerged in the water, as shown in Fig. 2. We compared the
results of the experiments using plasma alone, plasma with
UV light irradiation, plasma with TiO, particles and plasma
with UV light irradiation and TiO, particles. These experi-
ments were repeated three times with treatment times of
20 min and different power levels to obtain the average con-
centrations of NO;~ and TN and their associated error.

2.3 Measurement method

Immediately after each experiment, the pH was measured with
a portable pH meter (Kodak, CT-6321). The concentrations of
NO;~ and TN in the water were measured using a UV-vis
spectrophotometer (Beijing Puxi General Instrument Co., Ltd,
TU-1901) at the maximum absorption wavelength of 210 nm

Green Chem., 2025, 27,14807-14823 | 14809
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Fig. 2 Four different cases evaluated for NF.

(see SI, Section 1). We also used optical emission spectroscopy
(OES) to identify the active species in the plasma, using a
spectrometer (Avantes, AvaSpec-ULS4096CL) with an inte-
gration time of 3 s in the wavelength range of 300-1100 nm.
An Andor iStar-intensified-sCMOS with a Zolix spectrograph
was used to identify the excited species ranging from 280 to
300 nm. XPS analysis was performed using a Thermoescalab
250XI (Suzhou Science Instrument Co, LTD) to analyze the
valence state of Ti on the surface of TiO,. To assess the effec-
tiveness of the plasma treatment, the production rate of TN
and the EC were determined using eqn (1) and (2),
respectively.

Production rate (umol min 1)
crn (Mol L™1) x V (L) x 10° (umol mol ™)
¢t (min)

(1)

P (W) x t(min) x 60 (smin™!) x 107° (MJJ~ 1)

-1\ __
EC (MJmol ') = ¢ (mol L1) x v (L)

(2)

Here, cry is the measured total nitrogen concentration in
the water (mol L"), V is the total water volume of the water
tank, ¢ is the processing time (min). P in eqn (2) contains the
power of both the UV light and the discharge power (W). The
discharge power is calculated from the discharge current and
voltage as follows:

(3)

where U represents the applied voltage, I is the discharge
current, and T is a single voltage period.

3. Results and discussion
3.1 NF using only air DBD with circulating flowing water

3.1.1 Electrical properties of air plasma. Fig. 3 shows the
voltage and current waveforms at different input powers and
gas flow rates. The voltage basically exhibits a sinusoidal wave-
form with a peak value of about 15 kV, depending on the con-
ditions. The current waveform is a superposition of a sinusoi-
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dal displacement current and a large number of micro-
discharge pulses. A large number of discharge current pulses
occur in the rising edge of the discharge voltage waveforms,
which indicates that plenty of filamentary discharge channels
are established in the gas gap during the discharge.

The maximum current pulse intensity can reach nearly
200 mA with a duration of hundreds of nanoseconds. The
current pulses are reversed in the negative half of the voltage
period. Moreover, the peak value of the conduction current in the
negative half cycle differs from that in the positive half cycle. The
asymmetry of the current pulses in the positive and negative half
cycles is because the electrons in the discharge channels move
towards the surface of the quartz dielectric plate in the positive
half period, while the quartz dielectric surface acts as the source
of electron current in the negative half period.*®

To quantitatively describe the variation of the current
pulses, we applied numerical methods from the Origin soft-
ware analyzer toolbox to determine the number of micro-dis-
charges (Npq), their peak intensity (I,q), and pulse lifetime
(tma)->” As the input power increases from 75 W to 175 W, the
number of micro-discharge current pulses (Ny,q) rises from 54
to 110, as illustrated in Fig. 3, and this is accompanied by an
increase in the effective dielectric capacitance of the DBD
reactor, as shown in Table 1. This indicates that more micro-
discharge channels are generated in the gas gap, and corre-
spondingly, the spatial plasma uniformity is improved at a
larger discharge power. It can be observed from Fig. 3 that the
time intervals between current pulses are shorter at higher dis-
charge powers, which corresponds to a denser spatial distri-
bution of discharge filaments, as shown in Fig. 4(b). The
spatial evolution of the generation, development, and dis-
appearance of discharge filaments in Fig. 4 is a macroscopic
manifestation of the current pulses. At a power of 75 W
(Fig. 4(a)), the plasma region flickers, the discharge filaments
are not uniform, and the corresponding number of micro-dis-
charge current pulses is very small, as shown in Fig. 3(a),
which is in line with previous reports.*® As shown in Fig. 4(b),
when the power is increased to 200 W, the discharge filaments
tend to be spaced more uniformly and are more stable. The
durations of the current pulses within a cycle are also extended
with higher power, indicating longer discharge times within

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Voltage and current waveforms at different input powers (a—c) with a fixed gas flow rate of 0.5 L min~" and at different gas flow rates (d—f) at

a fixed power of 100 W.

Table 1 Effective dielectric capacitance, maximum transferred charge, average reduced electric field and electron temperature calculated at

different operating conditions (input power and air flow rate)

Input power Air flow rate Effective dielectric Maximum transferred Average reduced electric Electron temperature
w) (L min™") capacitance (pF) charge (nC) field (Td) (eV)

75 0.5 33 346 117 3.2

100 0.5 38 456 144 4

125 0.5 45 589 156 4.3

150 0.5 54 763 168 4.6

175 0.5 61 882 188 5

200 0.5 73 1123 197 5

150 1 58 841 173 4.7

150 2 57 846 170 4.6

the gas gap between the quartz dielectric and the water
surface. Therefore, at higher discharge powers, the plasma
tends to be spatially uniform and long-lasting, which facili-
tates gas conversion in the discharge filaments. Finally, as

This journal is © The Royal Society of Chemistry 2025

shown in Fig. 3(d)—(f), the gas flow rate has little influence on
the number and average lifetime of micro-discharge current
pulses, also causing also little effect on the gas conversion in
the discharge filaments.

Green Chem., 2025, 27,14807-14823 | 14811
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Fig. 4 Discharge images at an input power of 75 W (a) and 200 W (b) and at an air flow rate of 0.5 L min™".

To clearly elucidate the effect of different input power and
gas flow rates, we calculated the effective dielectric capaci-
tance, the maximum transferred charge per half-cycle, and the
average reduced electric field, based on the Lissajous figures
(see SI, Section 2);*° the data are presented in Table 1. The
electron temperature is obtained from the reduced electric
field, using Bolsig+.”® As the input power rises from 75 W to
200 W, the effective dielectric capacitance gradually increases
from 33 pF to 73 pF, indicating that the area of the non-dis-
charge region drops with input power, resulting in an increase
in the transferred charge per half cycle from 346 nC to 1123 nC.
The transferred charge is closely related to the electron
number density in the micro-discharge channels in a DBD
reactor, indicating that more electrons are present and
involved in the chemical kinetic processes.

The reduced electric field and electron temperature exhibit
a significant increase with rising input power, while they
remain almost constant with variation of gas flow rate. Higher
powers yield higher electric fields and thus higher electron
temperatures. In the power range from 75 W to 200 W, the
average reduced electric field and average electron temperature
are enhanced from 117 Td to 197 Td and from 3.2 €V to 5.2 €V,
respectively. Higher electric fields, and thus electron tempera-
tures, are typically beneficial for electron impact excitation,
dissociation and ionization reactions, possibly leading to
increased production of NO, in the plasma discharge region (if
electron impact processes are dominant, which is typically the
case in DBD plasmas), and thus promoting the synthesis of
NO;~ and TN in the liquid phase. This will be discussed
further in Section 3.1.3.

3.1.2 Optical properties of air plasma. Besides the elec-
trons, the radicals and excited species also play a critical role
in the production of NO,; therefore, we performed OES to
investigate the changes in the emission intensity of excited
species. Fig. 5 shows the measured emission spectrum at an
air flow rate of 0.5 L min™" and input power of 200 W. It is
clear that the second positive system of N, (C’I1,-B’Il,, SPS) is
dominant in the emission spectrum. In addition, the first
negative system of N," (B*Z,"-X’IL,", FNS), the de-excitation of
OH (A*’Z*-X°TI) and of O atoms (O I), the first positive system of
N, (B’I-A’%,", FPS) and NO (A’Z"-X’II) can also be observed.
This suggests that excited species are also likely to contribute
to the formation of NO,, either directly from N,(C), N,(A) and

14812 | Green Chem., 2025, 27,14807-14823
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(b) Power 200 W Air flow rate 0.5 L/min
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1

O, or indirectly through OH radical (instead or together with
O) production, and these plasma reactive species then transfer
to the liquid phase to induce secondary reactions, generating
aqueous species, such as NO,~ and NO;~.*!

Based on the OES data, we determined the important
plasma parameters, Ty, and Ty, using the Specair software*?
(see SI, Section 3), as shown in Fig. 6. Note that the vibrational
temperature T, is determined from the OES data and is thus
related to the electronically excited levels of N,. There is no evi-
dence that this higher vibrational temperature also induces
enhanced vibrational dissociation of N,. T, is a measure of
the gas temperature in the plasma. In the power range from 75 W
to 200 W, T,y rises from 600 K to 920 K, and T,;, increases
from 3650 K to 4250 K. The variation of T,y and Ty, as a func-
tion of input power is consistent with previously reported
results.*® Overall, T, is much lower than Ty;,, which means
there is obvious vibrational-rotational non-equilibrium. The
low rotational temperature means that little energy is con-
sumed to generate Joule heating, i.e., thermal decomposition
of species by heating is limited. Higher input powers lead to
increased Ty, which can also elevate the temperature of the
liquid phase. However, in our setup, the water circulation
system prevents the temperature of the liquid phase from
rising too high, enabling the discharge reactor to work con-
tinuously for extended periods at a high power of 200 W.

3.1.3 NO; and TN concentrations in the liquid phase.
Fig. 7 shows the variations of NO;~, TN concentrations, and
energy consumption with air flow rate at an input power of 150
W. When the gas flow rate increases from 0.5 L min™" to 2.5 L
min~', the NO;~ concentrations are maintained at about
100-110 mg L™". As shown in Table 1, when the gas flow rate
increases, there is no obvious change in electron temperature,
which is consistent with the results in literature.*’ Given that
electron temperature is a key factor influencing reaction kine-
tics, thus the change of electron-involved chemical reactions is
very little, leading to the weak variation in product concen-
trations. TN concentration first slightly increases and then
decreases, with a maximum of 141 mg L™" at a gas flow rate of
1 L min~". The energy consumption also increases from 63 M]
mol ™" to 76 MJ mol~" with the increase in gas flow rate. This is
because the specific energy input and residence time of the
reactants in the gas phase decrease with increasing gas flow
rate, which can reduce the NF efficiency.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Measured emission spectrum at an air flow rate of 0.5 L min
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Fig. 8 presents the variation of NO;™ and TN concentrations
with input power, for various treatment times. The concen-
trations of NO;™ and TN increase significantly with increasing
discharge power, especially for longer treatment times of 30
and 40 min, while the increase is more moderate for treatment
times of 10 and 20 min, and the concentrations remain almost
constant at discharge powers exceeding 150 W. It should be
noted that, although the concentrations of NO;~ and TN
increase linearly with time in an ideal scenario, in reality, the
increasing rate of NF products slows with increasing treatment
time, which may be due to hindered in-liquid diffusion and
lower pH. However, in our work, the flowing water can carry
away the accumulated products in the liquid phase; thus, this
effect can be weakened, which is beneficial for the production
of NO;~ and TN in PAW. As demonstrated in Fig. 8(c), the
liquid interface temperature decreases from 95 °C in static
water to 50 °C in the flowing water, and the bulk liquid phase

This journal is © The Royal Society of Chemistry 2025

~1 and an input power of 200 W in 280-300 nm (a), 300-460 nm (b) and

temperature declines from 61 °C to 33 °C at a high power (200
W), which indicates that the flowing water can enhance the
heat-transfer process. Moreover, this temperature reduction
can enhance the solubility of gaseous components NO,,
thereby promoting the production of dissolved species such as
NO;™ and TN. On the other hand, as the pH decreases over
time, the solubility of NO decreases, which may lead to the
curve plateaus in Fig. 8. Finally, maximum concentrations of
154 mg L™" and 199 mg L™" for NO;~ and TN, respectively, are
obtained at a discharge power of 200 W and treatment time of
40 min. For comparison, Bolouki et al.** obtained a maximum
concentration of only 40 mg L™" NO, by changing the input
gas type and processing time using DBD plasma over a water
surface.

It is worth noting that the concentration difference between
NO;™ and TN is very small—the maximum difference is only
18% of the TN concentration—indicating that the main nitro-
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gen-containing compound in the PAW is NO;™, and the con-
centration of NO,™ is very low. This is because the plasma
phase contains a large number of highly oxidizing species (e.g.
O atoms, O3), which lead to either rapid oxidation of NO to
NO, in the gas phase or oxidation of NO,™ to NO; in the
liquid phase. Note that the temperature is lower in DBD com-
pared to a spark discharge and gliding arc plasma, so NO is
more likely to form NO, in the gas phase,*’ since the reaction
rate coefficients of NO + O - NO, and NO + O —» N + O, are
4.2 x 107" em® s7" and 1.28 x 107>* cm® 577, respectively, at a
gas temperature of 600 K, and the former is an exothermic
reaction, while the Ilatter is an endothermic reaction.
Subsequently, NO and NO, can dissolve in the water, giving
rise to NO,~ and NO;™. NO,™ can be further oxidized by oxidiz-
ing species (e.g. H,O,, O; and OH radicals) to yield NO;~ in

14814 | Green Chem., 2025, 27,14807-14823
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the water. Lukes et al. also pointed out that the NO,™ concen-
tration produced in liquid is negligible for a DBD discharge,
while it is even larger than the NO;~ concentrations in a spark
discharge.*®

3.1.4. Analysis of the underlying mechanisms of NF. The
chemical kinetics and mechanisms of NF in both the gas and
liquid phases are presented schematically in Fig. 9. The
excited species N,(C) and N,(A), as well as O, O('D) and OH
radicals detected by OES, are typically produced by the electron
impact reactions (R1)-(R5) shown in Table 2, and may be pre-
cursor species for the NF.

NO is typically formed via the Zeldovich mechanism, which
includes the reaction between O atoms and N, molecules, as
well as the reaction between N atoms and O, molecules ((R6)
and (R7) in Table 2). Furthermore, the Einstein coefficients of
OH and O atomic emission lines are 6.22 x 10°> s~* and 3.69 x
107 57", respectively. As the emission intensity of OH radicals
is about 20 times larger than that of O atoms (see Fig. 5), this
may indicate that the reaction between OH radicals and N
atoms ((R8) in Table 2) could also be a pathway for NO
production.’

Once NO is formed, it can be further oxidized by O atoms
or O3 to produce NO, via reactions (R9) and (R10).*® However,
reactions of NO, with O atoms may also contribute to the for-
mation of NO by (R11), resulting in an equilibrium of NO and
NO, in the gas (plasma) phase. In addition to reaction (R5),
OH radicals in the plasma phase can also be produced by reac-
tion (R12) and participate in the generation of H,0,, HNO,,
and HNO; in the gas phase via reactions (R13)-(R15), which
are the main production reactions of these species in the gas
phase.*® Thus, it is inferred that HNO, and HNO; can be trans-
ported from the plasma phase to the liquid phase through the
plasma-liquid interface and play a role in the production of
nitrate and nitrite. HNO, and HNO; can be dissolved in water
to produce NO,~, NO;~ and H", making the solution acidic.’*

As discussed in ref. 51, the accumulation of NO,™ and NO;~
in the liquid phase may not only be due to the dissolution of
neutral compounds from the plasma phase, but may also be
due to reactions of NO and NO, with short-lived OH radicals
(reactions (R17) and (R18)) and with H,O (reactions (R19) and
(R20)) in the liquid phase.

As illustrated in Fig. 8, the concentration difference
between NO,;~ and TN in the liquid phase is very small, indi-
cating less accumulation of NO,™ in the liquid phase. This is
because of oxidation processes of NO,™ to NO;™ in the water,
such as (R21) in Table 2.

Now that we know the performance of the NF and the basic
mechanisms, we investigated whether the combination of plasma
with TiO, and/or UV can further improve the performance.

3.2 NF with the air DBD plasma + TiO, + UV coupled system

3.2.1 Variations of NO;~ and TN concentrations. Fig. 10
illustrates the concentrations of NO;~ and TN in pure plasma,
plasma + TiO,, plasma + UV, and plasma + TiO, + UV coupled
conditions, for a treatment time of 20 min. At input powers
lower than 125 W, the NO;~ concentrations in plasma + TiO,
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and plasma + UV conditions are basically the same as those
obtained with plasma alone, while the concentration of TN
increases significantly under plasma + UV conditions, which
indicates that the concentration of NO,™ in the liquid phase
increases significantly. At higher powers, the NO;~ and TN
concentrations under plasma + TiO, and plasma + UV con-
ditions are slightly higher, indicating that UV and TiO, play a
role at powers above 125 W. Experiments under “UV only” and
“TiO, only” conditions are also performed, which indicated
that only UV irradiation or only TiO, catalysis almost had no
contribution to the production of NO;™ and TN.

When coupling plasma with TiO, and UV, the NO;~ and TN
concentrations rise more significantly, except at the lowest
power of 75 W, with the maximum enhancements of 57% and
45%, respectively, at input powers of 200 W. In this case, the
concentration difference between NO;~ and TN is relatively
small, indicating that the main nitrogen-containing product is
NO;™. As shown in Fig. 10(c), the pH value is lowest in the

This journal is © The Royal Society of Chemistry 2025

coupled plasma + TiO, + UV system, which is consistent with
the variation of the NO;™ and TN concentrations. According to
the charge conservation of ions in the solution, the calculated
pH values are 2.9 and 2.7 at a power of 200 W for pure plasma
and plasma + TiO, + UV systems, respectively, while the
measured pH values are about 3.0 and 2.5, respectively. The cal-
culated and experimental pH values are generally in good agree-
ment, thus confirming that NH," is present in negligible quan-
tities and most NF goes through NO,. We also conducted stabi-
lity test experiments for the plasma + TiO, + UV system, which
are rigorously repeated ten times in succession, with experi-
mental time of 20 min each and input power of 200 W. As illus-
trated in Fig. 10(d), the NO;~ concentration remained at about
110 mg L™" with a small fluctuation range +7 mg L™, and the
TN concentration was maintained at approximately 115 mg L™*
across all the experiments, demonstrating a negligible catalyst
activity loss within this system and highlighting the practical
application potential of the plasma + TiO, + UV system.
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Table 2 Possible chemical reaction pathways for NF in our experiment

Rate coefficient k (cm® s™" for two-body, and cm® s™*

No. Chemical reactions for three-body reactions) cross section ¢ (E) [cm’] Ref.
R1 e+ Ny(X) > Ny(A) + e o (E) 47
R2 e +N,(X) — Ny(B) + e o (E) 41
R3 e+ Ny(X) - N,(C) + e o (E) 47
R4 e+0,—>0+0('D)+e o (E) 41
R5 e+H,0 >OH+H+e o (E) 41
R6 O +N,(A) > NO+N 7x107" 47
R7 N+0, > NO+0 1.1 x 10T}, (K) exp[—3150/T (K)] 47
RS N+OH — NO+H 4.7x107"" 48
R9 NO + O +M — NO, +M 1x107 g298/T - 47
R10 NO + O3 — NO, + O, 4.3 10" exp[—1560/T, (K)] 41
R11 NO, + O - NO + 0, 8 x 107"* [T, (K)/300]"" 141
R12 O('D) + H,0 — 2-0H 1.6x107"° exp[64/T (K); 4
R13 OH + OH — H,0, 1.5 % 10‘11 [Ty (K)/300] 1
R14 NO + OH — HNO, 3.3x107" 49
R15 NO, + OH — HNO; 4x10712 49
R16 NO, + NO; — N,O5 1.9 x 10‘12 [T (K)/300]°2 50
R17 NOy(aq) + OH(aq) — NO;~ (0 +H' g 3.3x107" 51
R18 NO(aq) + OH(aq) = NO, " (aq) + H'(ag) 2x107" y 51
R19 2NOs(aq) + H2O(aq) = NO3 (aq) + NO3 " aq) + 2H ' (ag) 1.32x 10~ 52
R20 NO(aq) + NOy(aq) + HyO(aq) = 2NO, (aq) + 2H' (aq) 5.55x 107" 52
R21 NO5 (aq) + O3aq) = NO3 (aq) + Os(aq) 6.15x 107" 51

3.2.2 Insights into the chemistry. In this section we
analyze the underlying mechanisms under different con-
ditions to explain the variations of NO;~ and TN concen-
trations. Fig. 11 presents the measured emission spectrum for
the pure plasma and plasma + UV + TiO, experiments. The
emission intensities of different spectral lines and bands are
basically the same in these two cases, except at the wavelength
of 386 nm, which is caused by the external UV light source
with a central wavelength of 385 nm and a bandwidth of
40 nm. Therefore, we may conclude that the addition of UV

14816 | Green Chem., 2025, 27,14807-14823

and TiO, mainly affects the chemical reactions in the liquid
phase, and has little effect on the processes in the plasma (gas
phase).

When UV light with an intensity of about 0.02 W cm™ is
introduced, H,0, produced by OH recombination at the
plasma-liquid interface (R13) will undergo photolysis through
(R22),** and O; and H,O will decompose by (R23). Although
H,0, and O; can yield OH radicals by (R24) in the absence of
UV light, more OH radicals can be produced by (R22) and
(R23) at the interface when UV light is present,>® promoting

This journal is © The Royal Society of Chemistry 2025



Green Chemistry

T T T T
120 | (@) —=—Plasma + UV +TiO,

Plasma + UV
100 k- —o— Plasma + TiO, a3
)
= —a— Plasma
E g ——UW 7
= —+—TiO
g 2 /l/
<
5 60F o
= -
2 =
S 40t 1
Cg
20 F o B
0+ * * 4
1 1 1 1 1 1 1
60 80 100 120 140 160 180 200
Input power (W)
5 T T T T T T T
(©
4} J

jan)
=
2% b . .
—r— Plasma + UV + TiO,
Plasma + UV
L/ Plasma + TiO, i
—a— Plasma
0 1

1 1 1 1 1 1
80 100 120 140 160 180 200

Input power (W)

Paper

120 (6) —— Plasma + UV +TiO,
Plasma + UV
—o—Plasma + TiO,

100

®©
(=
T

TN concentration (mg/L)
[}
e

0_ 2% e 25 2. o Y

1
200

60 80 100 120 140 160 180
Input power (W)
T T T T 1
140 | (d) NO; .
——TN
130 | E
200W 20min <9%%

—_

N3

(=]
T

100 - E

Concentration (mg/L)
s

O
(=}
T

1

0 2 4 6 8 10

Number of experiments

Fig. 10 Variations in NO3™ (a) and TN (b) concentrations and pH (c) with the input power for a treatment time of 20 min for plasma, only UV, only
TiO,, plasma + UV, plasma + TiO, and plasma + UV + TiO, conditions, and variations in NOz~ and TN concentrations with repeated experiments (d).

the reactions (R17) and (R18) in Table 2, which can explain the
rise in concentration of NF products. With increasing power,
more H,0, and O; will be formed, and thus participate in
(R22) and (R23), which is consistent with the obvious increase
in concentrations of NF products at high power shown in
Fig. 10.

H,0, + hv — 2°OH (R22)
H,0 + 03 + hv — 2°OH + O, (R23)
HzOZ =+ 203 g Z.OH =+ 302 (R24)

TiO, has a band gap of 3.2 eV for the rutile mineral phase
and is a widely used photocatalyst. It can be activated by
forming electron-hole pairs with sufficient photon energy. The
defect disorders (V,) in the photocatalyst play an important
role in catalysis, and are considered to be the active site of
adsorption and activation of reactants in photocatalytic reac-
tions.>® Fig. 12 shows the Ti 2p XPS deconvolution spectra of
TiO,. Two peaks are identified, corresponding to Tiz, and
Tiy ., respectively, which can be deconvolved into four peaks.

This journal is © The Royal Society of Chemistry 2025

The two binding energy peaks of Ti*" are 459.0 eV and 464.6
eV, respectively, and the two binding energy peaks of Ti*" are
located near 458.6 eV and 463.9 eV, respectively. The presence
of Ti*" indicates that part of the Ti*" (of TiO,) has changed,
which is often accompanied by the formation of V, due to
local charge balance.

TiO, + hv — TiO, (e~ +h™) (R25)

2Ti*T 4+ 0% — V, +2Ti*" + %oz (R26)

In fresh TiO,, only Ti*" exists, while Ti** is found in the
plasma + TiO, system. When UV is introduced into the system,
it can be observed that Ti’" increases significantly, indicating
the formation of more oxygen vacancies (V,) that serve as
active sites for charge separation. This phenomenon aligns
with the studies by Khan et al,”” where Ti**-V, complexes
enhanced photogenerated carrier separation by acting as elec-
tron traps, transferring electrons from the conduction band of
TiO, and holes from the valence band through (R27)-(R30),
followed by the generation of highly oxidizing species, i.e.,

Green Chem., 2025, 27,14807-14823 | 14817
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OH.® OH plays a crucial role in the subsequent oxidation of N
to NO;™ and NO, ", see (R8) in Table 2.

H,O0+h" —"OH+H" (R27)
H,0+e — ‘OH+H' +2e” (R28)
O,+e —20+e” (R29)
H,0 + 0 — 2°OH (R30)

Fig. 13 summarizes the mechanisms of NF in the liquid
phase under the synergistic effect of plasma, TiO, and UV
light. For the plasma + TiO, system, at low power, the intensity
of UV light generated by the plasma discharge is weak, so the
photocatalytic effect is obviously weak. However, as the input
power increases, the UV light emitted by the plasma discharge
also increases. We integrated the light intensity in the wave-
length range from 200 nm to 385 nm, in which the TiO, photo-
catalytic effect is induced. When the input power increases
from 75 W to 200 W, the light intensity produced by DBD itself
increases from 95 pW cm™ to 188 pW cm™. TiO, absorbs
more photons, which, in turn, produce more electrons and
holes, resulting in a greater increase in the NO;~ and TN con-
centrations at higher power, as shown in Fig. 10. This indicates
that the catalytic effect of TiO, will be enhanced with increas-
ing input power, due to the UV light produced by the plasma,
resulting in an increase in NF products. However, compared
with the UV light intensity, the UV radiation (1 < 385 nm) pro-
duced by the air plasma discharge is still very weak, so the
NO;™ and TN concentrations are significantly increased in the
plasma + UV + TiO, system.

As presented in Fig. 12, the Ti*" percentage in the plasma +
TiO, + UV system is 53%, compared to 15% in the plasma +

H,0, - .OH
hv

H,0 +0; ~%+ 2-0H+0,

H,0

-OH
< NO + -OH —NO," + H*
H,0 H-OH ¢
LLLLLL) 02
‘ < 8 NO, + ‘OH—NO; + H*
TiO,
-OH O,
VB h* NO, NO;-
0 | -OH |

Fig. 13 Mechanism of NF in the liquid phase under the synergistic
effect of plasma, TiO, and UV light.
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TiO, system (without UV). This indicates that the plasma +
TiO, + UV system forms more active sites (V,) and thus
improves the catalytic efficiency of TiO,, which promotes the
production of more OH in the liquid phase. Thus, the trans-
port of NO and NO, from the gas to the liquid phase is
enhanced, and the oxidation process of NO,™ to NO;™ is more
prominent, which can explain why the rise in NO;~ concen-
tration is much higher than that of TN in the case of the
plasma + UV + TiO, coupled system. For example, at a power of
100 W, compared with the plasma-only system, the NO;~ con-
centration increases from 45 mg L™ to 64 mg L™, while the
TN concentration rises from 55 mg L™ to 66 mg L. Hence,
the enhancement of NO;~ and TN concentrations is 42% and
15%, respectively, leading to a relatively small difference
between NO;~ and TN concentrations in the plasma + TiO, +
UV system.

3.3 Energy consumption of NF and NO, production rate in
the various systems

The variation of EC and production rate of NO, as a function
of input power for different treatment times, in the case of the
plasma-only system, is presented in Fig. 14(a) and (b). The EC
first shows a decreasing trend, and then increases with rising
power. The minimum value of 61 MJ mol " is reached at a
treatment time of 10 min, and at a lower input power of 100
W. The higher EC at an input power of 75 W is probably
because the weak discharge, with only a limited number of
micro-discharge filaments shown in Fig. 4, leads to a low con-
centration of NF products. At constant treatment time, upon
increasing the input power, the TN concentration rises less
than linearly with power (Fig. 8(b)), which explains the rise in
the EC. In contrast to the variation trend of EC, the production
rate of NO, increases with increasing input power, and has a
higher value at a treatment time of 10 min. The maximum
value of 162 pmol min~" is reached at a processing time of
10 min and an input power of 200 W. In summary, the use of
relatively short treatment times and an intermediate input
power results in the lowest EC for NF; however, to achieve
higher TN concentrations and production rates, larger input
powers are required.

In Fig. 15, the EC and production rate of NO, are compared
under different plasma conditions. Compared with the pure
plasma system, Fig. 15 shows that the minimum EC values for
the plasma + UV and plasma + TiO, cases are not much lower
than that of the pure plasma, although their TN concen-
trations increase. The enhancement effect for the plasma + UV
and plasma + TiO, cases is strengthened with increasing input
power, especially at a power of 200 W, where the EC measured
under the plasma + UV and plasma + TiO, conditions drops by
21 and 13%, respectively, compared to the pure plasma con-
dition, which is in line with the results shown in Fig. 10.
Finally, the lowest obtained EC is 60 MJ mol™" for the plasma +
UV + TiO, case, and it drops by 11% compared with the
pure plasma condition, as shown in Fig. 15(a). Furthermore,
the EC in the plasma + UV + TiO, system was 28% lower than
that of the plasma system at the highest input power of 200 W.

Green Chem., 2025, 27,14807-14823 | 14819
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plasma only, plasma + UV, plasma + TiO, and plasma + UV + TiO, cases.

As presented in Fig. 15(b), the production rate is also
highest under the plasma + UV + TiO, system, which is consist-
ent with the variation of concentrations shown in Fig. 10.
The production rate of NO, increases from 133 pmol min™*
under pure plasma conditions to 182 pmol min~' in the
plasma + UV + TiO, system at a power of 200 W. Production
rates of TN using DBD plasma are reported to be relatively

low. 4453

Bolouki et al. achieved a TN production rate of only
6 pmol min~" by using DBD plasma.** Roy et al. obtained a
high TN concentration of 600 mg L™" with only 5 mL of water
by using DBD plasma over water, but the corresponding pro-
duction rate of TN was only 4.8 pmol min~".>* So, the improve-
ment presented here with the plasma + UV + TiO, case is
obvious for both the EC and production rate compared with
the only plasma condition, not only in the current experiments

but also in comparison with the literature.
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3.4. Comparisons with other pure plasma and plasma-liquid
NF technologies

A comparison of the results of our work with those of recent
studies on only plasma'®****%*  and  plasma-
liquid'®?%?931:53,65-%% NF is presented in Fig. 16, in terms of
reported NO, concentrations and EC. The EC of nitric acid pro-
duced via the combined Haber-Bosch (H-B) and Ostwald
process is also given in Fig. 16.

Due to the possible incomplete absorption of the gaseous
NO, products by the liquid (see plateauing in Fig. 8) and the
fact that the system we used was not specifically optimised, we
can see that the EC of our plasma-liquid system is higher than
that of plasma only gas phase systems. Moreover, the presence
of water can be detrimental due to the energy losses caused by
energy spent on water evaporation.>>”® However, the gas-phase

This journal is © The Royal Society of Chemistry 2025
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NF process primarily produces NO,, while HNO;, a more versa-
tile and directly applicable nitrogen product, can only be pro-
duced in the presence of water. This aqueous-phase conver-
sion significantly broadens the application potential of
plasma-based NF, particularly for decentralized, on-site fertili-
zer production, where HNO; can be readily absorbed or
reacted to form stable compounds.’” Here, in our study, NO
oxidation and further dissolution into HNO, are achieved by a
one-pot method, while making NO, first and then dissolving
them in liquid require large washing systems due to the gener-
ally suboptimal solubility of NO in water. Thus, we emphasize
the importance of studying plasma-water systems.

In our work, by introducing TiO, + UV for collaborative cata-
lysis and using flowing water to reduce the working tempera-
ture and transfer the NF products, an EC of about 60 MJ mol ™
was obtained by the device using DBD with flowing water as
the ground electrode, which is similar to the EC of 56-140 M]
mol ™" in gas-phase DBD.”® Furthermore, DBD systems typically
exhibit higher ECs than warm plasmas; therefore, if a warm
plasma-liquid system (e.g., GA) is developed, the EC may be
reduced, but the NO, concentration may also decrease.
Compared with other plasma-liquid NF results in the litera-
ture, we obtained a relatively high NO, concentration and low
EC, except for the work by Dinh et al., which reported an EC of
about 8 MJ mol™",>° but this was upon the introduction of an
ozone generator, which obviously increases the operational
complexity of the system. Gorbanev et al.” also achieved a low
EC of 15 MJ mol ™" using pulsed discharge; however, the NO,
concentrations were much lower than our results. Lamichhane
et al. employed AC discharge and incorporated TiO, + UV in

This journal is © The Royal Society of Chemistry 2025

their experiments. The results indicated that, compared to the
13 mg L™" concentration and 1000 MJ mol ™" energy consump-
tion in the case of pure plasma, within the plasma + TiO, + UV
system, the NO,. concentration was elevated to 26 mg L™ while
the energy consumption was reduced to 300 MJ mol '.*?
Contrasted with pure plasma system, Sun et al.>> demonstrated
that plasma combined with photocatalysis can reduce the EC
from 140 MJ mol™* to 50 MJ mol~'. Nevertheless, the treat-
ment water volume of the aforementioned photocatalytic
system was relatively limited, thereby resulting in product
generation rates of only 1.3 and 3.5 pmol min~". This hinders
its large-scale industrial promotion and application. Finally, it
is worth mentioning that, compared with other plasma
sources, our DBD device is simple and has a larger discharge
area, which can achieve large-area plasma-liquid interaction
treatment, while the flowing water reduces the temperature
and enables the device to work for prolonged periods at
increased power, which is of great value for PAW industrial
applications.

In the H-B process, ammonia is synthesized from hydrogen
and atmospheric nitrogen, then the produced NH; is oxidized
in the Ostwald process to form NO and NO,, which are sub-
sequently absorbed in water to form HNO;. The substantially
lower energy cost for NF via the H-B and Ostwald process is
about 0.5-0.6 MJ mol™" N.'® However, considering environ-
mental impacts, the H-B process requires the use of catalysts
and must be conducted at high temperature and pressure.
Maintaining these large
amounts of chemical fuels and emits greenhouse gases such
as carbon dioxide, with 1.94 kg of CO, emitted per 1 kg of

reaction conditions consumes
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nitrogen fixed.”" In contrast, the current method does not
strictly require catalysts and, if combined with renewable
energy sources such as solar or wind power, the entire pro-
duction process can achieve zero carbon emissions. These
advantages highlight the significant potential of this method
in advancing carbon-neutral nitrogen fixation.

4. Conclusions

In this study, we designed a novel DBD reactor with continu-
ous flowing water to synthesize a nitrogen fertilizer solution
from air. The plasma can be easily coupled with UV and TiO,
in the water to further improve the NF efficiency. The
maximum NO;~ concentration and minimum EC under pure
plasma conditions are 154 mg L™ and 61 MJ mol ™", respect-
ively. At 200 W and 20 min treatment time, compared to the
case of pure plasma, adding TiO, and irradiation with UV
results in a significant increase in the NO;~ and TN concen-
trations (by ca. 50% each) and a drop in the EC (by 28%).

X-ray photoelectron spectroscopy analysis reveals the
mechanism of TiO, and UV enhancement for NF. It is found
that, compared with the original TiO, particles, the presence
of Ti*" increases to 15% and 53% in the plasma + TiO, system
and the plasma + TiO, + UV system, respectively, indicating
the formation of more electron-hole pairs. Thus, the catalytic
efficiency of TiO, is improved, which can promote the pro-
duction of more OH radicals in the liquid phase, and thus
enhance the NF process. In general, our work demonstrates
the possibility of improving the NO, production and reducing
the EC in a combined plasma + UV + TiO, coupled system.
Future work will focus on the large-scale implementation of
this coupled system to realize highly efficient nitrogen fertili-
zer production.
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