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Abstract
Nitrogen fixation, production of NO and NO2 from N2 and O2 in air, has been investigated with
transient spark self-pulsing DC discharges. NO production is boosted by the addition of
capacitors and an inductor to the electrical circuit which drives the discharge. The quantity of
NO produced per joule of electrical input energy is doubled, though the quantity of NO2

produced drops. The yield of NO is also increased because the modified circuit enables higher
discharge currents to be used. NO concentrations as high as 2000 ppm were obtained with input
energy densities of around 300 J per liter of input gas, whilst NO2 concentrations were around
150 ppm. This simple modification of the driving circuit may have potential for optimizing the
plasma chemistry with other input gas mixtures and for scaling up nitrogen fixation from air.

Keywords: plasma, nitrogen fixation, NOx production, low temperature plasma, transient spark,
driving circuit

(Some figures may appear in colour only in the online journal)

1. Introduction

Sustainable development of our society requires the devel-
opment of new technologies to establish more environ-
mentally friendly agriculture and industry. Many emerging
technologies and processes use non-thermal plasmas (NTP)
generated by electrical discharges [1–5]. The key character-
istic of NTP is unequal mean energy (temperature) of electrons
and heavy particles. While the temperature of electrons can
easily exceed 10 000 K, the increase of gas temperature above

∗
Authors to whom any correspondence should be addressed.

Original content from this workmay be used under the terms
of the Creative Commons Attribution 4.0 licence. Any fur-

ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

room temperature can be negligible [6, 7]. Highly reactive spe-
cies generated by the energetic electrons in NTP enable chem-
ical reactions to proceed, whichwould otherwise be too slow at
room temperature. For example, NTP in air can be used to gen-
erate various reactive oxygen and nitrogen species (RONS),
such as ozone, O3, and the nitrogen oxides, NO and NO2. The
exact chemistry depends on the type of discharge used [8–13].
Nitrogen oxides (NOx) are unwanted by-products in all com-
bustion processes with air as oxidant, but NTP electrical dis-
charges can produce NOx at lower energy costs for multiple
applications. For example, NOx molecules are useful because
of their antibacterial, cytotoxic, and therapeutic effects
[14–16].

Electrical discharges generating NTP have potential to be
an alternative future technology for nitrogen fixation [17]. For
example, generation of NTP in contact with water enables
direct transfer of NOx and their acids into the liquid phase.
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Indeed, the generation of NTP in contact with water has
become a hot-topic in the last few years [18] because plas-
mas in contact with water can simultaneously generate several
aqueous RONS, such as nitrite NO2

−, nitrate NO3
−, peroxyni-

trite ONOO−, ozone O3, and hydrogen peroxide H2O2. The
exact composition of the plasma activated water (PAW) var-
ies with the plasma source used and the working gas [19–26].
PAW with different compositions have many potential applic-
ations in, for example, seed germination and plant growth
promotion [27, 28], pest control [29], wound healing [30] and
inactivation of cancer cells [31]. Thus, formation of PAW by
direct contact between NTP and water is advantageous and
should be studied further.

Transport of active species from plasma (gas phase) into
liquid phase is the primary source of RONS in the liquid phase.
The rate of gas to liquid transfer depends on the area of the
plasma/water interface, which can limit the concentrations of
aqueous RONS and their overall chemical effect [18, 32]. The
transformation of bulk water into fine droplets in an electro-
hydrodynamic spray (ES) results in an increase of the plas-
ma/water interface area and can accelerate the transport of
gaseous species into water [33, 34]. The idea of using ES
microdroplets to increase the plasma-water interface area has
been adopted by several research groups [35–37], as well as in
our previous work [26, 38]. For example, fine aerosol droplet
of water generated by ES have been passed directly through the
active discharge zone of transient spark discharges, which pro-
duce high NOx concentrations in air, to prepare PAW. Direct
contact of water microdroplets with the discharge resulted in
a very efficient transfer of gaseous RONS into water [26].

Transient spark discharges are DC-driven self-pulsing dis-
charges, which produce spark current pulses with typical
repetition frequencies of 1–10 kHz [39, 40]. The transient
spark current pulses are sufficiently short (∼10–100 ns) to
avoid plasma thermalization [40, 41]. Non-equilibrium plas-
mas generated by transient spark discharges are highly reactive
because of their high electron density, typically ∼1017 cm−3

[41]. The self-pulsing regime is maintained by a large ballast
resistor (5–10 MΩ) placed between the high voltage (HV) DC
power supply and the anode. This ballast resistor limits the
current drawn from the power supply after the spark, which
prevents formation of pulseless DC high pressure glow dis-
charges (GD). There are ohmic energy losses, of course, in the
ballast resistor and so it is desirable to minimize the resistance
of the ballast resistor to minimize the energy losses. Lower
resistances of the ballast resistor, however, allow higher cur-
rents and enable formation of GD. Therefore, it is desirable to
find a different method to prevent GD formation. In a separate
paper we presented a simplemodification to the electrical driv-
ing circuit for transient spark discharge generation, which uses
an additional inductance [42]. The effect of this inductance
on the electric characteristics of the transient spark discharge
in air and helium is presented and discussed in detail. In this
work, the effect of driving circuit modification on the chemical
reactivity of transient spark discharges has been evaluated by
measuring the concentrations of NO and NO2 generated with

and without the additional inductance. The energy efficiency
of NO and NO2 production has also been investigated.

2. Experimental setup

A schematic diagram of the experimental apparatus is shown
in figure 1. The discharge was generated by a DC HV power
supply (Spellman SL30P300) connected to the anode via a
series resistor R= 2–10 MΩ. The anode was a steel M2 screw
with a sharpened tip, while the grounded cathode was a copper
wire with a diameter 1 mm (pin-to-wire configuration). The
distance between the electrodes was 8–10 mm. Despite using
a DC power supply, the electrical circuit shown in figure 1
generates a self-pulsing ‘transient spark’ discharge character-
ized by short high current pulses (∼10 A, 10–100 ns), with a
typical repetition frequencies, f, of 1–10 kHz [39, 40]. In tran-
sient spark, the discharging capacitance is provided by internal
capacitance of the circuit (Cint ∼ 25 pF), given mostly by the
cable connecting the anode with the ballast resistor R, and by
a HV probe.

In this work we study the effect of additional circuit com-
ponents, the external capacitor Cext (30–500 pF) and the coil
(inductor) Lext (0.73 mH) on the transient spark discharge
properties and especially NOx generation efficiency. These
components, Cext and Lext, are optional and are shown in red
in figure 1.

The electrical discharge characteristics were measured
with a HV probe (North Star PVM-12) and a current probe
(Pearson Electronics 2877) connected to a digital oscilloscope
(Tektronix TBS2104). When the external capacitance, Cext,
was greater than 110 pF, an additional attenuator (Tektronix
011-0059-02) was used to measure current signals. When the
inductor was added the external capacitance never exceeded
110 pF, and no attenuator was used. The transient spark circuit
with an external capacitor added is labeled TS-C and the cir-
cuit with an external capacitor and an inductor added is labeled
TS-LC. The original transient spark circuit without additional
capacitor or inductor is labeled TS.

The energy delivered to the plasma per pulse, Ep, can be
calculated from the measured current I and voltage V wave-
forms with

Ep =

ˆ
T
V× Idt, (1)

where the integration period, T, covers the spark current pulse.
The discharge power (P) can be obtained by multiplication of
the pulse repetition frequency ( f ) by the energy delivered per
pulse, Ep: P = f × Ep. Finally, the energy input density Ed in
[J l−1] can be calculated as

Ed = P/q (2)

where q is the gas flow rate in standard liters per second. Gas
flow rates of 0.02 l s−1 (1.2 l min−1) were typical in our exper-
iments, controlled by mass flow controllers (Bronkhorst).
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Figure 1. Simplified schematic of the experimental setup, red components of the electrical circuit are optional, used only in some
experiments.

Experiments were performed with dry synthetic air (Messer,
99.999% purity; 80%N2 and 20%O2). Some additional exper-
iments were performed in an atmosphere of pure oxygen
(Linde, 99.99% purity).

The main analytical technique used to determine the com-
position of the gas after treatment was UV–visible absorption
spectroscopy, which is suitable for detection of NO, NO2, O3,
and HNO2. A deuterium lamp (Avantes AvaLight-D-S) was
used as the light source and absorption spectra were meas-
ured with an optical emission spectrometer (Avantes AvaSpec-
Mini4096CL). The spectral resolution of this system is 0.5–
0.7 nm and spectra in the range 190–650 nm were recorded.
The use ofmultiple absorption cells with different lengths gave
a wide dynamic range to the concentrations of RONS that
could be detected from a few ppm to more than 1000 ppm.
Cuvettes with lengths from 8.5 to 75 cmwere used; the longest
absorption path, 150 cm, was achieved using a mirror to make
a double pass through the 75 cm cuvette.

The second technique used for analysis of plasma treated
gas was infrared (IR) absorption spectroscopy, which is more
versatile than UV–visible spectroscopy, because more com-
pounds can be found in IR spectra. HNO3, N2O, CO, CO2

and almost all volatile hydrocarbons can be detected in IR
spectra in addition to NO, NO2, HNO2 and O3, which are
also detectable in the UV–visible region. A Fourier transform
infrared (FT-IR) spectrophotometer (Shimadzu IRAffinity-1S)
was used with a wavenumber range of 7800–350 cm−1 and a
nominal spectral resolution of 1 cm−1.

Both FT-IR and UV–vis absorption techniques are abso-
lute. The concentration of RONS in the gas were obtained by

fitting the measured spectra with calculated ‘synthetic’ spec-
tra. The synthetic FT-IR spectra were calculated from absorp-
tion lines for NO, NO2, H2O, HNO3, O3 and H2O2 down-
loaded from HITRAN database [43]. These absorption lines
were convoluted with a Gaussian function to generate syn-
thetic spectra that matched the experimental spectra, which all
have a spectral resolution of 1 cm−1. We verified this approach
bymeasurement of NO andNO2 in commercially obtained gas
mixtures of 2000 ppmNO inN2 and 1000 ppmNO2 in dry syn-
thetic air (80% N2 and 20% O2). As there is no suitable set of
absorption lines for HNO2 in the HITRAN database, we used
absorption cross sections downloaded from the supplemental
HITRAN database [44] and convoluted them with our spectral
resolution.

A similar approach was used to calculate synthetic UV–
visible spectra; absorption cross sections of NO, NO2, HNO2,
HNO3, N2O4, O3 and H2O2 were downloaded from the MPI-
Mainz UV/VIS spectral atlas [45]. Again, these absorption
cross sections were convoluted to match the spectral resol-
ution of our spectrometer, keeping the area under the curve
constant. This approach was again verified by measurement
of NO and NO2 concentrations in commercial gas mixtures
with 2000 ppm of NO and 1000 ppm of NO2.

Emission spectra of spark discharges were taken in addi-
tion to the gas absorption measurements. A two-channel com-
pact emission spectrometer (Ocean Optics SD2000) with a
200–1100 nm range and resolution of 0.6–1.2 nm was used to
record time-integrated spectra over this broad spectral region.
Time resolved measurements of the emission intensity were
made with a photomultiplier tube (PMT) with a rise time of
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2.2 ns (Hamamatsu H955). In this experiment the evolution in
time of specific spectral ranges can be measured with the PMT
by inserting bandpass interference filters into the optical path.
The PMT module signal was recorded using the oscilloscope.

3. Results and discussion

In this section we present our results from the experimental
study of transient spark discharges. We describe transient
spark discharge behavior in air generated without any addi-
tional capacitor or inductor in section 3.1. The influence of
an additional external capacitor is presented in section 3.2.
Results obtained by generating transient spark discharges with
both an additional capacitor and an inductor are shown in
section 3.3. In all three of these sections the electrical char-
acteristics of the transient spark discharges are presented first
before a discussion of the chemistry observed, with a focus on
the generation of nitrogen oxides.

3.1. Transient spark without additional capacitor and inductor

3.1.1. Electrical characteristics. Figure 2 shows typical
waveforms of a transient spark discharge averaged over 128
shots. The discharge is initiated by a streamer creating a chan-
nel of ions and electrons between the electrodes. The small
current associated with the streamer is just visible in figure 2 at
approximately 40 ns before the start of the main current pulse.
The energy delivered per pulse depends on the value of the
capacitance at the powered electrode. In figure 2 the energy
delivered to the plasma per pulse Ep (∼1 mJ) is limited by the
low value of Cint (only ∼25 pF).

In the transient spark the plasma decays after each spark
current pulse because the ballast resistor limits the current
delivered to the plasma after the capacitance, C, in the driv-
ing circuit is discharged. The potential V on the powered elec-
trode gradually increases as C is recharged by the HV supply
through the ballast resistor. When the voltage is high enough a
new current pulse, initiated by a new streamer, is formed and
this cycle repeats. These transient spark current pulses are thus
formed by repetitive charging and discharging of C. Here the
capacitance is just the∼25 pF internal capacitance of the wire
between the limiting resistor and the powered electrode, Cint.

Figure 3 shows a series of transient spark discharges (black
curve). The repetition frequency f of the transient spark pro-
cess is given by the equation

f =
1

RC× ln
(

Vin
Vin−VBR

) , (3)

and can be controlled by the input high voltage V in. In this
equation it is assumed that the input voltage, V in, and break-
down voltage, VBR, are constant, and that the capacitance C is
charged through the ballast resistor R. Figure 3 also shows a
voltage waveform, in red, typical of unstable GD behavior that
is discussed below.

Figure 4 shows the experimentally determined relationship
between transient spark discharge frequency and input voltage,

V in. As expected from equation (3) the frequency increases as
the input high voltage rises. The increase in the pulse repeti-
tion frequency increases themean discharge current, Imean, and
the average energy density delivered by the transient spark dis-
charge, which are both also shown in figure 4 as a function of
the high voltage input, V in. Energy density, Ed, is the energy
supplied per liter of input gas.

The current that passes through the ballast resistor after
each transient spark when the capacitor has discharged
depends on the applied voltage and the resistance of the bal-
last resistor. As the voltage applied is increased, the current
increases and when this current is high enough a glow-type
discharge can form. When the mean current, Imean, reaches
approximately 1.5 mA in our system, the transient spark dis-
charge tends to transform into an unstable high pressure GD
(figure 3, red curve). As the voltage is increased further, a
stable GD without transient sparks is typically established in
our system with Imean above ∼2 mA, which typically requires
the value of the ballast resistor, R, to be less than 5 MΩ and
the applied voltage to be ∼10 kV or more.

3.1.2. Generation of nitrogen oxides. Figure 5 shows an
example of a UV–visible absorption spectrum; the two dom-
inant products detected with dry air were NO and NO2. At
low input energy densities, O3 signals were also observed, as
visible in figure 5. Traces of HNO2 lines were also observed
near 350 nm in some spectra, but this signal was barely above
the noise and indicated a maximum concentration of 10 ppm
HNO2; no HNO2 signal is visible in the example spectrum
shown in figure 5. Other possible products which do not appear
in the UV–visible spectrum, such as N2O and HNO3, were
not clearly identified in IR spectra taken. As noted above, the
IR spectrometer is sensitive to more molecules that the UV–
visible measurements and so IR spectrum measurements were
made to look for other potential product molecules.

Figure 6 shows the concentrations of NO, NO2 and O3 cal-
culated from the UV–visible spectra as a function of energy
density, Ed. Each point shown was calculated from multiple
measurements made with the same mean discharge current.
For each set of measurements at a particular mean discharge
current, the average and standard deviation of each chem-
ical concentration was calculated from at least 8 spectra.
Similarly, the average and standard deviation of the energy
density at each mean discharge current was calculated from
electrical measurements and the gas flow rate. The error bars
in figure 6 indicate the average plus or minus one standard
deviation.

The concentration of O3 decreased rapidly with increasing
input energy density from ∼10 ppm at ∼80 J l−1 to below
1 ppm at ∼120 J l−1; the O3 concentration is shown on the
right-hand vertical axis of figure 6. At low energy densities
the concentration of NO2 increases slowly as the input energy
density increases, but above ∼150 J l−1 the concentration
of NO2 starts to decline. By contrast, the NO concentration
grows as the energy density increases up to ∼220 J l−1. At
higher input energy densities above 220 J l−1, with this driv-
ing circuit, an unstable GD is formed and the concentration of
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Figure 2. Typical waveforms of transient spark discharges without additional circuit components (TS), Cint ∼ 25 pF, R = 8 MΩ, 8 mm gap,
short time scale with focus on spark current pulse and voltage drop during the breakdown; the inset shows a simplified schematic diagram of
the TS driving circuit.

Figure 3. Typical voltage waveforms of transient spark discharges without additional circuit components (TS), Cint ∼ 25 pF, R = 9.4 MΩ,
10 mm gap, long time scale, comparison of TS (Imean = 0.9 mA), with unstable glow discharge (GD).

NO remains almost constant, or even decreases, as the energy
density increases.

The results shown in figure 6 show that the efficiency
of NO production by GD is lower than by transient spark

discharge. It might be surprising that the GD formation of
NO is less efficient than transient spark NO formation. Two
factors need to be considered in relation to this change
in NO production efficiency: the different characteristics of

5



J. Phys. D: Appl. Phys. 56 (2023) 485202 M Janda et al

Figure 4. The transient spark discharge electrical characteristics (frequency, mean current, and energy input density) as functions of the
applied generator voltage, R = 9.4 MΩ, Cint ∼ 25 pF, 10 mm gap; transient spark with no additional capacitor or inductor (TS).

Figure 5. UV–vis absorption spectrum: experiment, air treated by transient spark discharges without additional capacitor or inductor (TS),
Ed ∼ 90 J l−1, and synthetic spectra of O3, NO, NO2 and the synthetic combined spectrum of all three components. The absorption path
length in this measurement was 8.5 cm.
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Figure 6. Generation of NO, NO2 and O3 by transient spark discharge without additional capacitor and inductor (TS), R = 9.4 MΩ. At
energy density Ed > 200 J l−1 the discharge is an unstable glow discharge (GD) of the type shown with the red waveform in figure 3. The
applied voltage was varied between ∼10.5 and 17 kV in these measurements.

transient spark and GDs, and the likely mechanism of NO
formation.

The gas inside the GD plasma channel is permanently
heated to temperatures above 2000 K by a continuous current
[46]. In the transient spark discharge the average gas tem-
perature is lower, but higher temperatures (>3000 K) can
be achieved during the short spark phase [40]. Under these
high temperature conditions, NO generation via the thermal
Zeldovich mechanism is possible in both discharges. In this
mechanism, NO generation proceeds via reactions:

O + N2 → NO + N, (4)

N + O2 → NO + O. (5)

The rate coefficient of the reaction (5) with N atoms is six
orders of magnitude higher at 2000 K than the rate coefficient
of reaction (4) [47]. High temperature is needed, because N2

molecules must be in high vibrational state to lead to NO pro-
duction by the reaction (4), which can be thus considered as
limiting factor for NO generation by thermal Zeldovich mech-
anism. The vibrational excitation of N2 in NTP can help over-
come the reaction energy barrier in reaction (4) and can thus
significantly enhance the production of NO [48].

Next, the initiation of NO generation by these reactions
requires formation of some O or N atoms, for example by
thermal decomposition of N2 and O2 molecules. In NTP, there
are other reactions which can enhance generation of O and N
atoms. For O andN atom generation, it is necessary to consider
the different characteristics of the transient spark and GDs.

In GDs, the plasma is closer to thermal equilibrium con-
ditions and much weaker intensities of atomic emission lines
are observed compared to the strength of atomic lines in transi-
ent spark discharges [40]. In transient spark discharges a high
degree of ionization is achieved, with electron densities above
∼1017 cm−3 in the short discharge [41]. By contrast, elec-
tron densities are typically only ∼1012 cm−3 in continuous
GD [46]. The high degree of ionization in transient spark dis-
charges results in higher concentrations of N and O atoms in
ground and excited states formed in dissociative electron-ion
recombination reactions [47]:

e + O2
+ → O + O

(
relative yields O

(
3P
)
∼ 1.15;

O
(
1D

)
∼ 0.85; O

(
1S
)

<= 0.1
)
, (6)

e + N2
+ → N + N

(
relative yields N

(
4S
)

∼ 1;

N
(
2D

)
∼ 0.9; N

(
2P
)

<= 0.1
)
. (7)

Reactions (4) and (5) are much faster if one of the react-
ants is in an excited state [47] and a significant fraction of the
atomic products formed in reactions (6) and (7) are formed in
electronically excited states; O(1D and 1S) and N(2D and 2P).
Thus, from this consideration of the non-thermal Zeldovich
mechanism, the rate of NO production in transient spark dis-
charges may be higher than the rate in a GD due to higher
rates of N and O atom production in the transient spark with a
significant fraction of excited state atoms. However, we must
emphasize that additional research is needed to prove this
hypothesis, and chemical kinetic modeling of both discharges.
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Figure 7. Comparison of O3 concentration produced by transient spark and glow discharges in O2 gas with NO2 generated in synthetic air.

In the transient spark, NO production stops after the spark
current pulse when the gas cools down. Available O atoms start
to oxidize NO to NO2 and generate ozone O3 by reactions

O + NO + M → NO2 + M, (8)

O + O2 + M → O3 + M. (9)

The rate coefficient of the reaction (8) is higher than the
rate coefficient of the reaction (9), but there are probably
much more O2 molecules to react with O than NO molecules.
Therefore, it is questionable which of these reactions is the
major sink of O atoms. Based on preliminary results from
chemical kinetic modeling [49], the formation of O3 is more
important. Subsequently, O3 oxidizes NO to NO2:

NO + O3 → NO2 +O2. (10)

Practically all O3 is consumed in reaction (10) if there is
enough NO. Therefore, in figure 6, O3 is only observed at very
low energy densities, Ed, when the concentration of NO gen-
erated shortly after the spark current pulse is low. As the con-
centration of NO increases, the O3 is used up in reaction (10)
as it converts NO to NO2.

The generation of NO2 is evenmore influenced by the trans-
ition from transient spark to unstable GD than the generation
of NO. There is a clear decrease in NO2 as the energy density
rises above ∼190 J l−1 visible in figure 6. The lower produc-
tion efficiency of NO2 in GDs can also be linked to the effi-
ciency of O3 production, which should be lower in GD than in
transient spark.

To test this hypothesis that the concentration of NO2 mainly
depends on the quantity of O3 produced in the discharge, the
formation of O3 in the transient spark and GD was investig-
ated by running these discharges in artificial air and in oxygen
input gas alone without nitrogen present. Transient spark dis-
charges were generated with the unmodified driving circuit to
obtain the data shown in figure 6 with an external ballast res-
istor R = 9.4 MΩ. Stable GD was generated with the same
driving circuit, but with the value of R reduced to 3.2 MΩ. In
oxygen, the discharge generates O3, but without nitrogen there
is no NO and the O3 generated cannot be depleted in favor of
NO2 formation. Thus, the concentration of O3 generated by
the different discharges with oxygen input gas can be meas-
ured and compared with the NO2 generated using artificial air
input gas. Note that with oxygen input gas, the only significant
gaseous product was O3.

Figure 7 shows a comparison of O3 andNO2 formed in tran-
sient spark discharge with oxygen and artificial air feed gases.
The red points show O3 concentrations from transient spark in
oxygenwith the scale shown on lefthand axis. The black points
show NO2 concentrations from discharges in artificial air with
the scale shown on the righthand axis. The ratio between the
scales on the lefthand and righthand sides of the figure is an
arbitrary factor of 2. The factor of 2 was chosen to aid the
comparison of the O3 and NO2 concentration trends. In the
case of artificial air, black open circle points are also shown
for unstable GD with Ed above∼190 J l−1. Note that the NO2

data for transient spark discharges in artificial air in figure 7 are
the same as the data for NO2 concentration shown in figure 6.

The results shown in figure 7 show that there are some
similarities between the trends in the concentrations of O3

and NO2. At low energy densities in the transient spark the
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Figure 8. Influence of Cext on transient spark current pulses, R ∼ 9.4 MΩ, Cint ∼ 25 pF; the inset shows a simplified schematic diagram of
the TS-C driving circuit.

concentrations of both O3 and NO2 rise with increasing Ed. In
the unstable GD in air, the concentration of NO2 decreases,
probably due to the smaller amounts of O3 produced. Lower
production rates of O3 by unstable GD compared to transient
spark production rates can be explained by the continuous high
temperature in the GD plasma channel, where the temperature
exceeds 2000 K. O3 is thermally unstable under these con-
ditions and could be produced only by diffusion of O atoms
to the colder area of the reactor. With transient no decrease
of O3 concentration at higher spark running in oxygen, the
unstable GD was not observed and therefore also input energy
densities.

The O3 concentration generated by transient spark dis-
charges in oxygen is relatively high; 400–550 ppm. These con-
centrations exceed the concentrations of NO2 generated with
synthetic air. Indeed, it is not correct to compare these concen-
trations quantitatively, because they were obtained with differ-
ent input gases and, for example, a partial pressure of oxygen
is five times greater in oxygen than in dry air. We note, how-
ever, that the O3 concentrations observed with oxygen as the
input gas are of the order of magnitude that we would expect
if all NO2 is formed by the reaction of O3 with NO. Next,
we must emphasize that here we have only presented several
plasma induced chemical reactions, focusing on major stable
products, NO, NO2 and O3, but there are hundreds of other
reactions in air plasmas involving tens of other short lived rad-
icals, [50] electrons and ions.

3.2. Transient spark with additional capacitor (TS-C)

The first modification to the driving circuit is described here;
the addition of an external capacitor, Cext.

It is clear from the previous section that (i) transition from
transient spark to GD leads to a reduction in the generation
efficiency of both NO and NO2, which is not desirable, and
(ii) increasing the mean discharge current and the input energy
density changes the discharge from a transient spark discharge
to an unstableGD, as visible in figure 3. Oneway to prevent the
discharge from changing to a GD is to increase the value of the
ballast resistor, R, but even with R ≈ 10 MΩ an unstable GD
is formed with discharge currents of 1.5 mA or more. Further
increases of R are not useful because the energy losses on the
external resistor become too high. Even for R = 6.6 MΩ, the
power dissipated in the external resistor exceeds the power
input to the plasma for mean transient spark discharge currents
above 0.6 mA [39].

The results presented here show an external capacitor, Cext,
in the range 50–500 pF added to the driving circuit, enables
higher energy densities to be delivered by transient spark dis-
charges before the transition to GD.

3.2.1. Electrical characteristics. Figure 8 shows current
waveforms of transient spark discharges with an additional
external capacitor, Cext, in the driving circuit (TS-C). The TS-
C peak current, as well as energy per pulse are higher com-
pared to similar values for TS without an additional capacitor.
The reason for this increase with the TS-C driving circuit can,
of course, be attributed to higher capacitance being discharged
in each pulse. It is also clear from figure 8 that as the value of
the capacitance discharged increases, the current oscillations
after the initial current peak are stronger and more prolonged.

The damped oscillations appear to be due to RLC oscilla-
tions where C is the total capacitance, Cext + Cint, L is the
intrinsic inductance of the plasma, Lint, and R is the resistance
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Figure 9. Generation of NO and NO2 by transient spark discharge with additional external capacitor Cext = 50 pF in the driving circuit.

of the plasma, Rp. Without the additional external capacitor
these oscillations are damped heavily by the resistance of the
plasma, but with the increased capacitance from Cext and the
large initial current peak, the plasma generated has a lower
resistance and RLC oscillations are only lightly damped. In
reality the situation is more complicated, because during each
discharge pulse the inductance and resistance of the plasma
change with time. Consideration of these phenomena is bey-
ond the scope of this work and is discussed elsewhere [42].

The total capacitance,C, of the electrical driving circuit was
increased from the internal capacitance of ∼25 pF by adding
capacitors of 50 pF–500 pF; C = Cint + Cext. The increase in
C increased the energy per pulse, nominally 1/2CV2, but also
caused a decrease in the discharge pulse frequency, nominally
proportional to 1/RC as predicted by equation (3). Thus, the
addition of an external capacitor gives an increase in energy
per pulse proportional to C which is balanced by a decrease in
pulse frequency inversely proportional to C and the total input
energy density does not change significantly compared to tran-
sient spark without an external capacitor. With the additional
capacitor, Cext, however, it was possible to decrease R from
9.4 MΩ to 2–3 MΩ without the plasma becoming a GD. This
reduction in R increased the repetition frequency, again pro-
portional to 1/RC from equation (3), which enabled the energy
density to be increased. The energy density delivered to the gas
can be increased up to at least ∼400 J l−1 without transition
to either unstable or stable GD, by adding capacitance to the
driving circuit and consequently by reducing R.

In the transient spark dischargewithout additional capacitor
Cext, R cannot be reduced because high R values limit the cur-
rent and prevent the transient spark discharge from changing to
a GD.With an additional capacitor, the resistance of the ballast
resistor can be reduced and the transient spark discharge does
not change to a GD. There are two major effects that could
explain additional capacitance preventing the transition to GD.
First, there will be stronger oscillations in the potential over the
spark gap (figure 8). The GD needs a stable voltage of 2–3 kV
to be maintained so due to the voltage oscillations, there is a
delay between the end of the spark pulse and initiation of a
GD. It appears that during this delay before the GD can start,
the plasma channel conductivity decreases. Second, with more
energy released in each pulse with the additional capacitance,
there will be more hydrodynamic distortion. Hydrodynamic
instabilities may cause the conductive electron ion channel to
be disrupted during the period with oscillations. Disruption of
the conductive channel will prevent GD formation.

3.2.2. Generation of nitrogen oxides. In figure 9, the con-
centrations of NO and NO2 formed as functions of energy
density are shown for driving circuit with additional capa-
citor Cext = 50 pF. From 100 J l−1 to 200 J l−1, the con-
centration of NO2 increases from ∼300 ppm to ∼400 ppm,
but above ∼210 J l−1, it is constant within the experimental
uncertainty. By contrast, the NO concentration grows almost
linearly as energy density increases, up to ∼1100 ppm at
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Figure 10. Transient spark voltage and current waveforms with additional Cext = 50 pF and Lext = 0.73 mH (TS-LC), gap 10 mm,
R ∼ 3.2 MΩ, short time scale; the inset shows a simplified schematic diagram of the TS-LC driving circuit.

∼380 J l−1. Therefore, at high energy densities, higher NO
and NO2 concentrations are generated in TS-C (with the addi-
tional capacitor, Cext) shown in figure 9 than for the TS dis-
charge (without an additional external capacitor) shown in
figure 6. This improved performance with the additional capa-
citor appears to be because discharge does not transition into
an unstable or stable GD at higher input energy densities.

A striking result in figure 9 is that the additional capacitor
significantly improves the efficiency of NO2 generation at all
energy densities compared to the transient spark without capa-
citor shown in figure 6. For example, the peak NO2 concentra-
tion in the transient spark without capacitor at 150 J l−1 was
∼270 ppm, but with the additional capacitor it is ∼350 ppm.
Higher NO2 concentrations are particularly evident for energy
densities above∼180 J l−1, which appears to be due to the lack
of GD mode with the additional capacitor. The increased NO2

generation at all energy densities with the additional capa-
citor could be because the TS-C current pulses are stronger,
with more energy per pulse. The pulses cause stronger hydro-
dynamic distortion associated with the TS-C current pulses,
which are expected to give faster mixing of the plasma channel
with the surrounding air and, hence, faster cooling. Improved
cooling will enhance O3 generation and hence increase NO2

production assuming the dominant mechanism of NO2 pro-
duction is the oxidation of NO by O3 as discussed above.

3.3. Transient spark with additional external capacitor and
inductor added (TS-LC)

The goal of this research is to improve transient spark energy
efficiency, while keeping, or even improving its chemical
reactivity. The additional external capacitor enabled us to

decrease the ballast resistor from 10 down to 3 MΩ, which
reduces the energy losses in the circuit. In this section the per-
formance of the transient spark with an external capacitor and
an inductor added to the driving circuit is described.

3.3.1. Electrical characteristics. Figure 10 shows character-
istic short timescale waveforms of the transient spark with an
additional capacitor and inductor (TS-LC); the values of the
additional capacitance and inductance are Cext = 50 pF and
Lext = 0.73 mH. In figure 10 the maximum current is 22 A,
but without inductor present (TS-C, Cext = 50 pF) the cur-
rent pulses are stronger, and the maximum current is above
30 A. Thus, the presence of Lext in the circuit has a signi-
ficant effect on the initial TS-LC current peak amplitude and
duration, which is similar to the transient spark current pulse
without capacitor or inductor shown in figure 2. The additional
inductor Lext, however, increases the length of the discharge to
∼5–6 µs.

Figure 11 shows voltage and current waveforms of the
TS-LC over a longer time scale than figure 10. The addi-
tion of inductor, Lext, causes voltage and current oscillations,
and the energy stored in the capacitance, C = Cint + Cext, is
delivered through the gap gradually over ∼5 µs. It is clear
in figure 8 that there are also oscillations after the initial cur-
rent peak in TS-C, which are due to the intrinsic inductance of
the plasma. These TS-C oscillations shown in figure 8, how-
ever, are about ten times higher in frequency than the oscil-
lations of TS-LC. Furthermore, with the additional induct-
ance, Lext, the oscillations in figure 11 are not simple damped
sinusoidal oscillations. In the first 5 µs after breakdown the
voltage oscillations are influenced by the low resistance (high
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Figure 11. Transient spark voltage and current waveforms with additional Cext = 50 pF and Lext = 0.73 mH (TS-LC), R ∼ 3.2 MΩ, longer
time scale; green arrows indicate decreases of voltage (absolute value) associated with plasma ‘re-ignition’.

conductivity) of the plasma channel. It appears that when
the voltage switches polarity, the magnitude of the voltage
increases to a certain value needed to ‘re-ignite’ the plasma.
After the plasma is ‘re-ignited’, the magnitude of the voltage
decreases due to the increased plasma conductivity and so
the shape of the voltage oscillations differs from damped
sinusoidal oscillations. Times where the voltage decreases
after ‘re-ignition’ are indicated by green arrows in figure 11.
After several ‘re-ignitions’, the plasma does not re-ignite at
approximately 5µs after breakdown. After∼5µs the electrical
energy remaining in the inductor and capacitor is dissipated in
damped sinusoidal oscillations and the mean voltage starts to
rise as the capacitor is recharged through the ballast resistor.

By contrast, without the additional inductor the oscillations
in figure 8 appear to be simple damped sinusoidal oscillations
right after the breakdown. In figure 8 the damped oscillations
in the current are shown because the plasma is ignited, but in
figure 11 after ∼5 µs the damped oscillations are visible in
the voltage, but not the current waveform, because the plasma
does not reignite after ∼5 µs.

The extended 5–6 µs length of the discharge after the ini-
tial breakdown is confirmed by the emission intensity obtained
with the PMT shown in figure 12. Figure 12 shows light emis-
sion intensity and discharge current waveforms, averaged over
128 transient spark pulses. The discharge current and emission
intensity are in phase; local extremes of the current are associ-
ated with local maxima of the emission intensity. This is valid
for both total emission intensity (figure 12, red curve, 200–
850 nm), as well as for the emission between 340 and 360 nm

(figure 12, green curve). Note that the intensities of the emis-
sion signals are arbitrary and have been adjusted so that the
total emission signal and the filtered 340–360 nm signal have
similar intensities between 1 and 4 µs.

Figure 13 shows a time-integrated optical emission spec-
trum of transient spark generated by driving circuit with an
additional inductor and capacitor, Lext and Cext. This spec-
trum shows that the significant part of the optical signal meas-
ured with PMT in the range 340–360 nm can be assigned
to continuum radiation, emission of the N+ ion (line at
343.7 nm); and in part to the second positive system (SPS)
of N2 caused by emission from excited molecular nitrogen,
N2(C3Πu). Emission from the SPS of N2 suggests the pres-
ence of high energy of electrons with >10 eV, because the
N2(C3Πu) species are dominantly produced by collision of
energetic electrons with N2 in the ground state [51]. The com-
bination of continuum radiation, N+ ion emission, and SPS of
N2 in the 340–360 nm range makes it difficult to draw con-
clusions from these measurements. Further study using time-
resolved optical emission spectroscopy should help to gain
more insight into this issue.

Figure 14 shows three emission spectra generated with dif-
ferent driving circuits; no external capacitance or inductance
(TS), additional capacitance only (TS-C), and both additional
capacitance and inductance (TS-LC). These emission spectra
show that in addition to emission from N+ and N2 mentioned
above there are multiple emission lines from O+ and N++,
and bands from the first negative system of N2

+. The strongest
emission line is the N+ ion line near 500 nm in the emission of
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Figure 12. Comparison of TS-LC current waveforms with optical emission intensity measured with a PMT, Cext = 110 pF and
Lext = 0.73 mH, gap 10 mm, R ∼ 3.2 MΩ.

Figure 13. Optical emission spectrum of transient spark, driving circuit with additional Cext = 110 pF and Lext = 0.73 mH, gap 8 mm,
R ∼ 3.2 MΩ.
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Figure 14. Comparison of normalized optical emission spectra of transient spark generated in three different driving circuits; TS
(R ∼ 9.4 MΩ), TS-C with capacitor added (Cext = 110 pF and R ∼ 3.2 MΩ) and TS-LC with inductor and capacitor added (Cext = 110 pF
and Lext = 0.73 mH, R ∼ 3.2 MΩ), gap 8 mm.

transient spark discharges generated using all three driving cir-
cuits. Figure 14 shows the optical emission spectra of transient
spark discharges generated with each of these three driving cir-
cuits, which are all normalized to the intensity of the strongest
N+ ion line near 500 nm. At first glance, the three spec-
tra are almost identical. Two differences, however, are worth
considering.

First, the relative intensity of molecular nitrogen emission
(N2 SPS) is high in transient spark discharges without external
Cext and Lext (TS), but is less intense with the additional
inductor and capacitor (TS-LC) and it has a very low intens-
ity with the additional capacitor only (TS-C). In our previous
work we observed that the emission of the molecular nitro-
gen is generated mainly during the pre-breakdown streamer
phase of the transient spark [40, 52]. Thus, the observed vari-
ation of relative N2 SPS intensity shown on figure 14 could
be explained by higher emission intensity during the spark
phase compared to the streamer phase in transient spark gener-
ated with additional inductor and capacitor, or with capacitor
only, which is consistent with higher energy per pulse in these
cases.

Secondly, the emission line of N++ near 410 nm is
almost negligible in the TS spectrum and is the strongest
in TS-C. The strength of the N++ line indicates that the
highest degree of ionization is obtained with the TS-C
driving circuit, as might be expected as the TS-C cir-
cuit delivers the highest amplitude peak spark current
pulses.

3.3.2. Generation of nitrogen oxides. In figure 15, the con-
centration of NO formed as a function of energy density is
shown for several different driving circuits. The striking result
is that the NO generation efficiency is significantly increased
by a factor of 2–3 with the additional external inductance Lext
(0.73 mH) added to the driving electrical circuit. It is inter-
esting that higher NO efficiency generation was not achieved
by adding an external capacitor, Cext, but by addition of both
a capacitor and an inductor, Cext and Lext. With Cext only, the
transient spark current pulses are stronger and there is spec-
troscopic evidence for a higher degree of ionization and so a
higher degree of atomization is expected. Thus, withCext only,
the discharge should produce more N atoms for reaction (7),
which is crucial for NO formation.

Another point to consider is that the strongest spark cur-
rent pulses with the additional capacitor Cext will cause the
strongest shock waves and fastest mixing with the surround-
ing air, leading to faster cooling. The presence of the addi-
tional inductor, Lext, in the driving circuit changes the situation
significantly; the energy stored in Cext is delivered to the gap
gradually over 5–6 µs as shown in figure 11, whereas the other
pulses are less than 1 µs long. The length of the pulse is prob-
ably responsible for the enhanced NO generation efficiency in
the circuit with external capacitor and inductor added. Perhaps
the plasma remains hot enough to favor NO formation for a
longer period in the extended pulse.

Figure 16 shows that the generation of NO2 was not
enhanced by addition of the inductor, Lext, to the circuit and
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Figure 15. Influence of additional Lext and Cext on NO production in transient spark discharges, dry synthetic air, also compared with glow
discharge (GD); Transient spark discharges generated with driving circuits without additional capacitor or inductor (TS), with an additional
capacitor (TS-C) and with additional capacitor and inductor (TS-LC); values of ballast resistance (R), additional capacitance (Cext) and
additional inductance (Lext) are indicated on the figure.

Figure 16. Influence of Lext and Cext on NO2 production, dry synthetic air, transient spark discharges compared with glow discharge.
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Figure 17. Comparison of O3 concentration in O2 gas with NO2 concentration produced in dry synthetic air, TS-LC and TS-C, Cext = 50 pF.

that the highest NO2 concentrations were generated with just
the additional capacitance, Cext. The NO2 concentration gen-
erated with Lext and Cext is similar to the concentration gen-
erated with the transient spark discharge with no additional
circuit components. As noted above, we propose that the con-
centration of O3 is critical to the formation of NO2. So again,
experiments were performed in oxygen to investigate O3 pro-
duction with and without the additional inductor in the driving
circuit.

Figure 17 shows concentrations of O3 (left axis) generated
by transient spark in oxygen with an additional capacitor (TS-
C) and with an additional inductor and a capacitor (TS-LC)
as a function of the input energy density. Again, with oxygen
as the input gas the only significant gaseous product was O3.
Figure 17 also shows the concentration of NO2 (right axis)
generated by both TS-C and TS-LC in dry air for comparison.

Similar to figure 7, the striking feature in figure 17 is the
similarity of the trends of the O3 and NO2 concentrations. The
O3 concentration is higher in TS-C compared to TS-LC, which
is consistent with higher concentration of NO2 generated by
TS-C in air. Moreover, the ratio of O3 in TS-C to TS-LC is
very similar to the ratio of NO2 in TS-C to TS-LC. Again, the
similarity of these ratios supports the hypothesis that NO2 is
mostly formed by reaction of O3 with NO and that the higher
concentration of NO2 with the TS-C circuit compared to TS-
LC is due to the higher concentration of O3. The reason for
the higher concentration of O3 with TS-C compared to TS-LC
may be because the strong short pulses of TS-C give stronger
gas mixing, faster cooling and no significant gas pre-heating
in the gap by previous pulses. Another possibility is that the
presence of additional inductor, Lext, enhances NO generation
shortly after the spark current pulse and when O3 starts to be

produced, there are not so many O atoms remaining for O3

generation, because they were used in the generation of NO.

4. Conclusions

Transient spark discharges are self-pulsing DC driven dis-
charges, which generate highly reactive plasmas. The dom-
inant products of transient spark discharges in air are NO
and NO2. The energy efficiency of NO and NO2 production
depends on the driving circuit which generates the transient
spark discharges. The NO concentration grows approximately
linearly with increasing input energy density, but this increase
is limited by the transition from transient spark discharge to
GD, which occurs as the driving voltage increases. GD also
generates NO and NO2, but the energy efficiency is lower.
Transition to GD can be avoided by the addition of a capacitor
of 50–500 pF. This inhibition of the GD mode allows smaller
ballast resistors to be used, with lower energy losses. The addi-
tion of an external capacitor enables higher input energy dens-
ities to be used and enhanced concentrations of NO and NO2

have been achieved; 1100 ppm and 400 ppm, respectively, at
∼375 J l−1.

Even higher concentration of NO and better energy effi-
ciency were achieved by using an additional capacitor and an
inductor of 0.73 mH in the driving circuit. The higher NO gen-
eration efficiency could be attributed to the prolongation of
the active plasma phase. The addition of the inductor stretches
the discharge pulse from less than one microsecond to at least
5–6 µs after the primary current peak. During the prolonga-
tion there are several ‘re-breakdowns’ when the polarity of
the potential driving the discharge reverses. NO concentrations
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as high as 2000 ppm were achieved at input energy density
around 300 J l−1, though the NO2 concentration was lower,
150 ppm. This driving circuit modification has potential to
enable the scale up of this nitrogen fixation process because
of the higher energy efficiency and higher yields achieved.
Next step in the nitrogen fixation is the solvation of gaseous
products into water. The solubility of NO2 is better than the
solubility of NO, it is therefore interesting finding to see higher
efficiency of NO2 formation in transient spark driving circuit
with additional external capacitor. However, higher concen-
tration of NO generated in the driving circuit with capacitor
and inductor can be useful if humid air is treated to produce
higher concentrations of HNO2 having solubility even better
than NO2.

Further research is therefore needed in humid air and with
transient spark in contact with water to identify the most suit-
able configuration for the most efficient nitrogen fixation. In
summary, the present results indicate that the influence of
external inductors and capacitors on transient spark discharges
properties is worth further research. For example, it would be
also interesting to compare the energy efficiency of NO gen-
eration with different inductors.
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2015 Chemical analysis of reactive species and

17

https://doi.org/10.5281/zenodo.7630085
https://doi.org/10.5281/zenodo.7630085
https://orcid.org/0000-0001-9051-4221
https://orcid.org/0000-0001-9051-4221
https://orcid.org/0000-0001-6833-681X
https://orcid.org/0000-0001-6833-681X
https://orcid.org/0000-0003-1424-1350
https://orcid.org/0000-0003-1424-1350
https://orcid.org/0000-0002-3394-1136
https://orcid.org/0000-0002-3394-1136
https://doi.org/10.1002/ppap.201700174
https://doi.org/10.1002/ppap.201700174
https://doi.org/10.1515/hsz-2018-0226
https://doi.org/10.1515/hsz-2018-0226
https://doi.org/10.3390/app9183861
https://doi.org/10.3390/app9183861
https://doi.org/10.3390/w12113167
https://doi.org/10.3390/w12113167
https://doi.org/10.1088/1361-6463/ac5e1c
https://doi.org/10.1088/1361-6463/ac5e1c
https://doi.org/10.1088/1361-6463/aa5fe9
https://doi.org/10.1088/1361-6463/aa5fe9
https://doi.org/10.1007/s11090-019-09993-6
https://doi.org/10.1007/s11090-019-09993-6
https://doi.org/10.1016/j.elstat.2004.12.007
https://doi.org/10.1016/j.elstat.2004.12.007
https://doi.org/10.1088/0022-3727/47/50/505202
https://doi.org/10.1088/0022-3727/47/50/505202
https://doi.org/10.1007/s11090-017-9831-9
https://doi.org/10.1007/s11090-017-9831-9
https://doi.org/10.1088/1361-6463/aa66f0
https://doi.org/10.1088/1361-6463/aa66f0
https://doi.org/10.1088/1361-6463/aab3ad
https://doi.org/10.1088/1361-6463/aab3ad
https://doi.org/10.1088/1361-6463/aab8b9
https://doi.org/10.1088/1361-6463/aab8b9
https://doi.org/10.1088/0022-3727/45/26/263001
https://doi.org/10.1088/0022-3727/45/26/263001
https://doi.org/10.1016/j.physrep.2013.05.005
https://doi.org/10.1016/j.physrep.2013.05.005
https://pharmrev.aspetjournals.org/content/43/2/109
https://pharmrev.aspetjournals.org/content/43/2/109
https://doi.org/10.1016/j.cep.2015.02.004
https://doi.org/10.1016/j.cep.2015.02.004
https://doi.org/10.1088/0963-0252/25/5/053002
https://doi.org/10.1088/0963-0252/25/5/053002


J. Phys. D: Appl. Phys. 56 (2023) 485202 M Janda et al

antimicrobial activity of water treated by nanosecond
pulsed DBD air plasma Clin. Plasma Med. 3 53–61

[20] Girard F, Badets V, Blanc S, Gazeli K, Marlin L, Authier L,
Svarnas P, Sojic N, Clément F and Arbault S 2016
Formation of reactive nitrogen species including
peroxynitrite in physiological buffer exposed to cold
atmospheric plasma RSC Adv. 6 78457–67

[21] Gorbanev Y, O’Connell D and Chechik V 2016 Non-thermal
plasma in contact with water: the origin of species J. Phys.
D: Appl. Phys. 22 3496–505

[22] Hsieh K C, Wandell R J, Bresch S and Locke B R 2017
Analysis of hydroxyl radical formation in a gas-liquid
electrical discharge plasma reactor utilizing liquid and
gaseous radical scavengers Plasma Process. Polym.
14 e1600171

[23] Chauvin J, Judée F, Yousfi M, Vicendo P and Merbahi N 2017
Analysis of reactive oxygen and nitrogen species generated
in three liquid media by low temperature helium plasma jet
Sci. Rep. 7 4562

[24] Ito T, Uchida G, Nakajima A, Takenaka K and Setsuhara Y
2017 Control of reactive oxygen and nitrogen species
production in liquid by nonthermal plasma jet with
controlled surrounding gas Jpn. J. Appl. Phys. 56 01AC06

[25] Lu P, Boehm D, Bourke P and Cullen P J 2017 Plasma
Process. Polym. 14 1600207

[26] Machala Z, Tarabová B, Sersenová D, Janda M and Hensel K
2018 J. Phys. D: Appl. Phys. 52 034002

[27] Alves Junior C, de Menezes F L G, Vitoriano J D and da
Silva D L S 2019 Effect of plasma-activated water on
soaking, germination, and vigor of erythrina velutina seeds
Plasma Med. 9 111–20

[28] Rathore V, Tiwari B S and Nema S K 2021 Treatment of pea
seeds with plasma activated water to enhance germination,
plant growth, and plant composition Plasma Chem. Plasma
Process. 42 109–29

[29] Sarangapani C, Scally L, Gulan M and Cullen P J 2020
Dissipation of pesticide residues on grapes and strawberries
using plasma-activated water Food Bioprocess Technol.
13 1728–41

[30] Xu D H, Wang S, Li B, Qi M, Feng R, Li Q, Zhang H, Chen H
and Kong M G 2020 Effects of plasma-activated water on
skin wound healing in mice Microorganisms 8 1091

[31] Boehm D, Curtin J, Cullen P J and Bourke P 2018 Hydrogen
peroxide and beyond-the potential of high-voltage
plasma-activated liquids against cancerous cells
Anti-Cancer Agents Med. Chem. 18 815–23

[32] Stratton G R, Bellona C L, Dai F, Holsen T M and
Thagard S M 2015 Chem. Eng. J. 273 543

[33] Kruszelnicki J, Lietz A M and Kushner M J 2019 J. Phys. D:
Appl. Phys. 52 355207

[34] Hassan M E, Janda M and Machala Z 2021 Water 13 182
[35] Burlica R, Grim R G, Shih K-Y, Balkwill D and Locke B R

2010 Plasma Process. Polym. 7 640
[36] Kanev I L, Mikheev A Y, Shlyapnikov Y M,

Shlyapnikova E A, Morozova T Y and Morozov V N 2014
Anal. Chem. 86 1511

[37] Oinuma G, Nayak G, Du Y and Bruggeman P J 2020 Plasma
Sources Sci. Technol. 29 095002

[38] Kovalova Z, Leroy M, Kirkpatrick M J, Odic E and Machala Z
2016 Bioelectrochemistry 112 91
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