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Abstract
Plasma activatedwater (PAW) is a unique highly reactivemedium, traditionally used inmedicine and
agriculture because of its decontamination and disinfection abilities. Recently, we have shown that
thismedium can also be beneficial for tailoring the surface chemistry of semiconductor
nanostructures if its composition is tuned to contain a high concentration of nitrogen-related species
(HiN:PAW). However, pathways leading to the production ofHiN:PAWremained unclear, whichwe
address in this article. Bymonitoring the composition of the produced PAWand the concentration of
selected species in the discharge under different activation geometries and discharge conditions, we
identify the activation geometries favourable for the production ofHiN:PAWusing two phenomen-
ological factors, a barrier parameter P and amaximumeffective radius of the vessel rmax. A key point is
the presence of a barrier area in the discharge reactor, which forms as a result of the favourable
activation geometry and a discharge with prevailingmore reactive atomic species. This area acts as a
partial barrier between the discharge and the surrounding air atmosphere, limiting, but still allowing a
flowof sourceN2molecules from the surrounding atmosphere. Theminimal and ideal build-up times
of 10 and 30min, respectively, for the discharge to stabilize are also reported. Using the reported
experimental settings, wewere able to produceHiN:PAWcontaining amixture of various reactive
species beneficial for the surfacemodification of nanoparticles, with theNO3

− toH2O2 ratio of at least
20× 103: 1, in contrast to approximately 1:1 undermore traditional conditions.

1. Introduction

Non-thermal plasma (NTP) is a cutting-edge technologywhich has been gainingmomentumduring the last
decade due to the simple design of the necessary apparatus, its ease of use, cost-effective operation and a general
lack of toxic effects. NTP is generated under specific conditions, when the energy from the plasma source is
transferredmainly to electrons in the discharge [1, 2], which then turns electrons into high-energy charge
carriers (several eV,∼10 kK), while the positive ions and neutralmoleculesmaking upmost of themass are kept
at almost ambient temperature. Thus, in contrast to other types of treatment, the interactionwithNTPdoes not
cause thermal damage, even though it still can affectmaterials through awide range of reactive species
originating in the atmospherewhere the discharge burns.Many different ways to generateNTPby electric
discharges were introduced in the last decades [3], mainlywith the aimof treating bio-objects [4–8]. They vary in
the structure of electrodes, the type of power sources, a pulse/continual regime and the composition of the used
atmosphere. Thanks to these techniques, NTPwas successfully employed in awide range of applications,
starting from rendering surfaces hydrophilic [9], their decontamination [10], antifungal and conservation
treatment of food and seeds causing extension of their shelf life [8, 11–13] and green technology [14] for the
effective disinfection of respirators and othermedical equipment [15, 16].
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An important example of the use ofNTP are plasma activated liquids [1, 17]. In plasma activated liquids, the
interaction of reactive species and high-energy electrons inNTPwith the liquid results in a specific chemical
composition of theNTP-treated, so-called activated liquid [18–20]. Naturally, themost common activated
liquid is water [1, 17, 21]. Plasma activatedwater (PAW) containsmany short-lived and long-lived reactive
species. A few hundreds of possible chemical pathways related toNTP and PAWgenerationwere described
[1, 17, 22]. The typicalmost abundant short-lived species are ozoneO3, nitric oxide (NO) or peroxynitrous acid
(ONOOH), long-lived species aremost commonly represented by hydrogen peroxide (H2O2), followed by
nitrites and nitrates (NO2

− andNO3
−) [23]. However, the real relevance of the reactions depends onmany

parameters such as the usedNTP system, surrounding conditions, continual/pulsed excitation regime, etc
[20, 21, 23]. As a result of its composition, PAW is an environment very hostile tomicroorganisms,making it an
idealmaterial for the above-mentioned decontamination and disinfection applications.

The plasma activation of water is based on the interaction ofmolecules and other particles from the
surrounding gas and plasma burning in the gas with the liquid phase. Usually, the discharge is located in the gas
phase and at the gas-liquid interface. High-speed electrons from the discharge react withmolecules of the gas
causing theirs dissociation, when it burns in air, the discharge createsmainly oxygen (dissociation energy ofO2 -
5.2 eVmolecule−1) and nitrogen radicals (N2, 9.8 eVmolecule−1) [23]:

+  ⋅ +- - ( )N e N e a2 12

+  ⋅ +- - ( )O e O e b2 12

Due to high dissociation energy of the nitrogenmolecule, nitrogen radicals can be effectively created also
through the reaction of nitrogenmolecule with oxygen radicals [23]:

+ ⋅  ⋅ +⋅ ( )N O N NO c12

In the discharge area, further reactions leading to radicals and other species are in progress, yieldingmostly
H2O2, nitrogen-related species (NO,HNO2,NO2) and ozone [24]:

⋅ + ⋅  ( )N O NO a2

+ ⋅  ( )O O O b22 3

+ ⋅  ( )NO O NO c22

+ ⋅  ( )H O O H O d22 2 2

+  + ( )H O OH O e23 2

In the liquid phase, the producedH2O2 can then be consumed by [24]:

+  +- + ( )NO H O NO H2 2 2 . 32 2 2 3

More detailed list of chemical reactions related to discharge burning at ambient conditions, at the air/liquid
interface and inside the liquid can be found elsewhere [23–25].

In nanomaterials, surface chemistry plays an important role in their physical and chemical properties, such
as light generation efficiency, surface reactivity, dispersibility, toxicity, etc [26–28]. Countless surface-
modification techniques are currently available [29–31]. Among these techniques, the surfacemodification in
NTP and by plasma activated liquids is new and attractive due to its simplicity and low cost [18]. In one example,
PAWwas successfully applied to a nanostructured conductive polymer causing its homogenous oxidation [32].
The treated polymer then showed good stability and good conductive properties. The role of the surface is even
more profound in semiconductor nanoparticles. Thefirst pioneeringworks using PAWand plasma-activated
ethanol applied to silicon nanocrystals showed a slight increase of their light generation efficiency and stability
[18]. The limitation for further PAWapplications to semiconductor nanocrystals wasmainly the presence of
H2O2, which easily degrades them and also neutralizes the prospective air-originating nitrogen reactive species
[23, 33], which can be advantageous surface passivating agents.

In our previous work [34], we introduced a simple technique producing PAWwith a high concentration of
NOx (HiN:PAW). This PAWhas a novel and unique chemical composition, having only amarginal
concentration ofH2O2 and, at the same time, extraordinarily high concentrations of nitrites and nitrates (NO3

−:
80 000μM), suitable for the surface passivation of semiconductor nanoparticles. The key for the generation of
HiN:PAWwas a combination of a particularNTP generation system (transient spark discharge) and the use of a
closed or semi-closed container. In that work [34], the application ofHiN:PAW to several types of
semiconductor nanoparticles resulted in the enrichment of their surface layer with nitrogen-related species.
Especially in the case of Si-NCs, this new termination caused a significant increase in their light generation
efficiency and dispersibility and stability inwater. Despite being clearly beneficial as a surface-modification
agent, the detailedmechanisms leading to a PAWcomposition favourable for the surfacemodification of
nanoparticles still remains unclear. Therefore, in this contribution, we focus on an in-depth study of the
mechanisms leading to the production ofHiN:PAW.Wemonitor the dynamics of the chemical composition of
NTP andHiN:PAWunder specific conditions (discharge properties, enclosure of the surrounding atmosphere

2

Phys. Scr. 98 (2023) 045619 FMatějka et al



etc). Based on these results and chemical reactions in atmosphericNTP, theNTP/water interface and theHiN:
PAW itself, we propose a reactionmodel of conditions favourable for the generation ofHiN:PAW.Wehighlight
that the shape of the container, the amount of water, the discharge properties, dissociation of air related
molecules and high humidity all play a significant role in the activation process. These results can be used not
only for the further development ofHiN:PAWgeneration systems, but can also serve as a guide in activation
processes of other prospective liquids, whose application is as of now extremely rare.

2. Experimental

2.1. Transient spark discharge apparatus
The transient spark discharge in point-to-plane geometry is generated by a system consisted of a commercial
high-voltage source (Utes Brno, DC sourceHT2103) (max. voltage 10 kV), oscilloscope (Tektronix 2465,
300MHzOscilloscope), ammeter (analog,METRABLANSKODU20), a stabilizing ballast impedance and two
electrodes (figure 1). The point electrode is represented by a commercial surgical needle (Medoject,
0.7× 40mm) and is connected to the positive pole of the power supply. The planar electrode is represented by
the surface of the treatedwater which is connected by a platinumwire to the negative pole. The point electrode
was localized 2.5mmabove thewater surface. Therefore, the discharge burned between the upper electrode and
thewater level. The ballast impedance contains parallel connection of a 10MΩ resistor and capacitor systemof
adjustable overall capacity (0.05, 0.1, 0.25, 2.0 and 95.0 nF). The variation of the capacitance affectedmainly the
pulse peak current and pulse period, which varied from about 9 to 13A and 300 to 500μs, respectively. The pulse
durationwas determined of approx. 30–50 ns. The discharge burnt in ambient conditions (room temperature,
no humidity or atmosphere control was applied). Approximate average value of the discharge currentmeasured
by analogous ammeter was 500μA and supply voltage 9 kV. The current and voltage waveformswere published
elsewhere [35]. The electrodes were inserted into various reactors. Threemain ones were labelled asNarrow,
Medium andWide. TheNarrow reactorwas realized by a quartz cuvette of a 1× 1× 4.3 cm3 (without the airtight
stopperwedge on the top), theMedium reactor by a 5ml glass beaker of a 2.3 cmdiameter and 3 cm tall, and the
Wide reactor by a glass Petri dish of 4.3 cmdiameter and 1 cm tall. The reactors were characterized using two
parameters: headspace height h that defines the distance between edge of the reactor and thewater level and the
circle-equivalent radius r (effective radius) defined as r= (S/π)1/2, where the S is area of reactor base (figure 1).
To study the threshold conditions ofHiN:PAWgenerationswe also used standard glass vials of radius 0.65, 1.0
and 1.25 cm.

2.2. Plasma activation ofwater
Sufficient volume (1–3ml) of deionizedwater was pipetted into the used reactors, the electrode systemwas
adjusted and thewater surfacewas exposed to the transient spark discharge for 30 min using ballast impedances
of parameters as described above (figure 1). The properties of the discharge weremonitored during thewhole
activation process. Even though evaporationwasminimal during the activation, thewater level was kept at the
same position by addingwater to the reactor (∼ 0.1ml during thewhole activation process).

Figure 1. Scheme of experimental setup used for plasma activation ofwater.
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2.3. Characterization of PAWconcentration anddischarge properties
Within the PAWcomposition, theH2O2,NO2

−, NO3
− species weremonitored. Themeasurements were realized

5 min after finishing of the activation. The concentration of nitrates and nitrites were obtained using standard
test stripsQuantofixNitrate/Nitrite (ref no. 91313), showing gradation as follows: 0, 10, 25, 50, 100, 250,
500mgl−1 for nitrates and 0, 1, 5, 10, 20, 40, 80mg l−1 for nitrites. To extend the concentration range beyond
these values, PAWwas dilutedwith distilled water from10 to 1000 times. The concentration of hydrogen
peroxidewas characterized by test stripsQuantofix Peroxide 25 (ref no. 91319)having gradation as follows: 0,
0.5, 2, 5, 10, 25mg l−1. The concentration error was calculated based on the combined standard deviation
composed of precision of used test strips and statistical error of repeatedmeasurements. Ozonewas not
monitored, because its production is not significant while using the transient spark discharge system [36].

The linear fit infigure 2(C)was performed usingMatlab 2015 b.Due to the small number of data points, the
robust linear least-squares fittingmethod using bisquareweights was applied. The presented uncertainty gives
the prediction observational bounds for one observation (non-simultaneous) for the 67% confidence level.

TheNOandNO2 concentrations in discharge areaweremeasured by Serinus 40HNOx analyser, ACOEM
Ecotech (NOandNO2 range up to 1000 ppm,measurement accuracy±1%, gasflow rate 0,16 slm) using
chemiluminescence detection. Gasmixture for analysis was taken by Teflon tube of inner diameter 3mm
introduced into the cuvette or 5ml beaker from two different positions. The first positionwas immediately at the
suspension surface (ca 2mmabove the suspension surface), the second positionwas upper edge of the vessel (ca
13mmabove the suspension surface).

The emission spectra of the discharges were acquired using the Shamrock 300i spectrograph (Andor, Oxford
Instruments)with an EMCCDcamera (Newton 971, Andor,Oxford Instruments). The emission spectra at

Figure 2.Concentration ofH2O2,NO3
− andNO2

− generated using transient spark discharge of 10.6 A/ 390μs (peak current/pulse
period) in 2ml of deionizedwater after 30 min of treatment placed in a quartz cuvette (narrow container). One of the experimental
conditions was varied in each panel, the other parameters are kept the same. The variation of (A) the used reactor, (B) volume ofwater
in theNarrow reactor - cuvette (headspace height h is 3.3, 2.8, 2.3 and 1.3 cm, respectively) and (D) the discharge properties are
presented. Please note that the concentrations aremultiplied by a suitable constant for clarity. The error bars are given by combined
standard deviation of concentrationmeasurements. (C)The summary of how the vessel geometry determines ifHiN:PAW is
produced using barrier parameters P (equation 4) and rmax. The data points and thefit represent the threshold of theminimal h and
circle-equivalent radius r of the vessel forHiN:PAW to be produced. In the red P> 1 zone,HiN:PAW is produced, blue and green
zones lead to standard PAW.Themixed coloured zone represents the precision of the linearfit used to calculateP.
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specific timeswere notmeasured in thewhole spectral range at once, but stepwise. The spectrawere combined
afterwards. The spectra were corrected for the sensitivity of thewhole spectroscopic system. The discharge
frequency and peak current were obtained from the oscilloscope as described elsewhere [35].

3. Results

In order to understand themechanismof the generation ofHiN:PAW,we first focus on how the experimental
conditions influence the outcome of the activation processes in the liquid phase and thenwemove on to the gas
phase and the properties of the discharge. The processes taking place above thewater level and the chemical
reactions in thewater while it is being activated are closely interconnected and specific conditions need to bemet
in both these phases forHiN:PAW to be the product of the activation process.

3.1. Influence of activation conditions on the reaction products in the liquid phase
Deionizedwaterwas plasma activated using pulsed transient spark discharge, the used apparatus and
experimental conditions are described in detail inExperimental section and in figure 1. In order to understand
themechanismof the generation ofHiN:PAW, the systemused in our previous work [34]was employed. In
particular, as a starting settingwe used a narrow quartz cuvette containing 2ml of distilledwater, discharge
conditions of 10.6 A/390μs (peak current/pulse period,R= 10MΩ,C= 0.25 nF) and themodificationwas
realized for 30 min.We varied the reactor shape, the amount of the treatedwater and the properties of the
discharge. To determine the composition of the produced PAWrather than focusing on the short-lived reactive,
themeasurements ofH2O2,NO2

−, NO3
− concentrations weremade 5 min after finishing the activation.

The geometry of the reactor can have a considerable impact on the local atmosphere around the discharge,
therefore, on the reactants and on the rates inwhich reactions listed in equations (2a–2e) proceed.We used three
different types of reactors with a significantly different degree of the separation of the discharge from the non-
ionized surrounding atmosphere: (A)Narrow (quartz cuvette), (B)Medium (glass beaker) and (C)Wide (Petri
dish). The reactors contained the same amount of water, 2.0ml. The concentrations of themost important
reactants in PAW (H2O2,NO2

−, NO3
−) produced in reactors with different geometries are bar-plotted in

figure 2(A). Clearly, only theNarrow reactor producedHiN:PAWbecause it yields the intended high
concentration of nitrates and nitrites and at the same time a negligible amount of hydrogenwhen compared to
themore open types of reactors. Thus, themore open space around the discharge clearly leads to the production
ofmoreH2O2 and a decrease in the concentration of nitrogen-related radicals.

Using the reactor yielding the lowest concentration of hydrogen peroxide (theNarrow reactor), the next key
parameter which alters the settings of the system is the volume of water in the reactor. On the one hand, an
increase in the amount of water should decrease the concentration of plasma-generated reactive species after the
30-minute treatment, but, on the other hand, an opposite effect can also be expected. Themore air (less water) is
present in the reactor, theweaker the exchange of the reactive species from the dischargewith the atmosphere
outside the reactor is, impacting the discharge conditions and thus the generated reactive species in PAW.To
investigate this trade-off, the volume ofwater in the cuvette was varied in the range between 1ml (minimal
possible amount) and 3ml. Under these conditions, the distance of water surface from the cuvette edge (labelled
as headspace height h) varied from3.3 to 1.3 cm. The composition of the PAWproduced under these conditions
wasmonitored, see figure 2(B). Settings with cuvettes holding a smaller volume of water led to the production of
HiN:PAW, but the volume of 1.5ml (h= 2.8 cm)was found to be optimal in terms of the produced
composition.When the headspace height decreased to 1.3 cm (3ml of water) during the plasma activation
process, high concentration ofH2O2, was produced, yielding PAWof a traditional chemical composition rather
thanHiN:PAW.

In order to generalize thesefindings, we repeated the experiment from figure 2(B) using another set of
reaction vessels with different geometries.We carried out thewater activation procedure with the volume of
water in each vessel increased in steps and noted the critical volume abovewhich the produced PAWreverted to
highH2O2 content. The results are presented as the dependence of headspace height h on the circle-equivalent
radius of the vessel r, whichwell follows a linear dependence, seefigure 2(C). Linear fit of this dependence allows
us to phenomenologically formulate a dimensionless effective barrier parameter P, which characterizes how
limited the exchange of the reactive species between the atmosphere and the discharge is. The barrier parameter
P reads:

=
-( )

( )
( )P

h

r

cm 0.3823

3.225 cm
4

where the prediction band forΔh isD = - +h r0.555 0.7354 1.333r 1.657 .2 For the experiment geometry to
produceHiN:PAW, it is necessary that P> 1.We also observed that any vessel with the circle-equivalent radius
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wider than 1.25 cm (labelled as rmax) did not lead toHiN:PAWnomatter what the headspace height was.
Therefore, we separated the area offigure 3(c) to three zones: the red zone passing both necessarily conditions
(P> 1 and r< rmax) forHiN:PAWgeneration, the blue one violating the first condition (P< 1) and the green one
violating the second condition (and r> rmax). Themulticolor overlap zones depict the uncertainties of the zone
boarders. The underlying physicalmechanism behind these constraints is clearly the need for the discharge to
burn in a limited (the r> rmax condition) and relatively isolated (the condition for h through theP parameter)
volume to be able to produce local conditions favourable for the generation ofHiN:PAWand act as an effective
barrier. Thus, the barrier parameters P and rmax characterize the geometry of the experiment favourable for the
production ofHiN:PAW, and therefore, its value is included at each experiment in the text of this article (on one
occasion infigure 2(A), PAW lacking hydrogen peroxide, but containing not ideal concentration of nitrides was
detected even for P= 0.9, but this value is close enough to the P= 1 threshold considering the experimental
error). The value of rmax very likely depends on the radius of the discharge (rd). Using broader dischargewhile
keeping its other properties the same can result in an increase in the rmax value.However, a change of rd cannot
be, in the case of transient spark, easily realized, therefore such a study is not included. To be complete, we
present the value of a dimensionless parameter rmax/rd whichwas about 23 in our experimental system, where
the lateral size of the discharge (1.1mm)was estimated using a long-exposure photograph.

The next relevant parameter is the characteristics of the transient spark itself. The delivery of energy is critical
for the generation of radical species frommolecules present in normal atmosphere, which affects thewhole
process of water activation. Figure 2(D) presents the concentrations of the species of interest as a function of a

Figure 3. (A)Examples of emission spectra of the discharge generated in aNarrow reactor using 1.5ml of water (P= 1.2) obtained at 1,
12 and 30 min after the start of water activation. (B)Examples of emission spectra of the discharge generated in aMedium reactor
using 2ml of water (P= 0.5) obtained at 1 and 30 min after the start of water activation. In both cases, r< rmax. (C)The relative
emission intensity of peaks at 823 nm (N) and 358 (N2) for theNarrow andMedium reactors obtained duringwater activation,
calculated from a series of emission spectra examples of which are shown in panels (A,B). (D)The normalized emission intensity the
N2 (358 nm), H (656 nm), O (747 nm) andN (823 nm) lines duringwater plasma activation in aNarrow reactor. (E)The temporal
evolution of themonitored species in treatedwater during the activation process described in (D). For all the activations, optimal
discharge conditionswere used. Error of the intensitymeasurements is estimated to about 5%ofmeasured value.
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variety of discharge conditions. In this activation process, the narrow reactor filledwith 1.5ml of water was used
and the capacitance of the stabilizing ballast was possessed values of: 0.05, 0.1, 0.25, 2.0 and 95.0 nF, which
resulted in changes in pulse peak current and period (9.1–12.6 A and 300–500μs, respectively). As shown in
figure 2(D), the prolongation of the period of pulses leadsmostly to changes in the concentrations ofNO3

− in the
producedHiN:PAW.These concentrations first rise, but then start to decline for pulses longer than 390μs. At
even longer pulse duration ofmore than 500μs, the concentration ofH2O2 starts to rise,marking the end of the
range of conditions suitable for the production ofHiN:PAW.

3.2. Influence of activation conditions on the reactive species in the discharge
Following from equations (1a–1c) and (2a–2c), the composition of the plasma also influences thefinal product.
Thus, the composition of the plasma dischargewas investigated for optimal conditions for the production of
HiN:PAW, as detailed above. To fulfil this task, we selected a combination of emission spectroscopy and a direct
chemical analysis usingNOx analyser. The formermethod allows us in a simple but precise way to compare how
the ratios related to specificmolecules/atoms evolve in time in situwhen the discharge burnswithout affecting
the conditions inside the reactor.However, it does not provide any quantification of the gas chemical
composition during the activation, which is where the direct chemical analysis comes in. The disadvantage of the
lattermethod is the fact that a part of the gas need to be extracted from the reactor area for the analysis, thus
affecting the conditions in the reactor by effectively decreasing the barrier factorP. To compare the discharge
leading toHiN:PAWand that producing themore traditional composition, we analysed the discharge in the
Narrow reactor keeping P> 1 (P= 1.2) and theMedium reactor withP< 1 (P= 0.5)with r< rmax in both cases.

The emission spectra were acquired at various times during the activation process and, simultaneously, the
composition of thewater while it was being activatedwas characterized, see figure 3. As expected from the
activation process being carried out at ambient atmosphere, the species detected in the discharge under the P> 1
condition include air-originatingmolecules and atomsN2,N,H,O (figure 3(A)). During the first fewminutes of
the activation process, themolecular N2 signal decreased, whichwas accompanied by only aweak rise in the
atomic signal (figure 3(D)). However, about 10–12 min after the discharge was switched on, there is clearly a
qualitative instead of a simple quantitative change in the discharge, when it transforms fromdischarge
containingmainly ionizedmolecules into themore energetic discharge containing their dissociated parts,
implyingmore reactive species. Later in the activation process, the atomic peaks further rise and themolecular
peaks are almost vanquished. The discharge stabilizes after about 30 min, which gives the timeframe necessary
for the activation process ofHiN:PAW to be completed.When P< 1, we also detected a decrease of the
molecularN2 signal with time, but it was accompanied by only amild rise of the atomic emission signal, which
was insufficient for the discharge to significantly dissociate the airmolecules. This difference is evident from
figure 3(C), wherewe compared the dynamics of the ratio between the emission intensity of theN andN2 peaks
for these two sets of experimental conditions.

In addition to the discharge, the composition of the produced PAWwasmonitored simultaneously with the
emission spectroscopy (P> 1) and themeasured dynamics are compared infigures 3(D) and (E). Clearly, after
the dischargewas switched on, the gradual decrease in themolecularN2 signal in the emission spectrum is
accompanied by an increase inH2O2 and low ofNO3

− andNO2
− content in the activatedwater, leading to the

traditional high-H2O2 content. However, at later stages of the activation process, as the discharge stabilized and
dissociated species (N) prevailed in the emission spectra, the rise ofNO3

− andNO2
− inwater was accompanied by

a decrease inH2O2 and further increase of the atomicN signal in the emission spectrumof the discharge. The
transition between these twomodes of operation occurred approximately 10 min after the dischargewas
switched on, giving the timeframe necessary for the discharge to stabilize. The dissociation of the airmolecules
in the discharge area is thus in correlationwith the changes in the concentration of themonitored species in
PAWand the presence of atoms in the discharge is clearly a necessary condition for the production ofHiN:PAW.

A further corroboration of the presented findings was supported by direct in situ analysis ofNO andNO2

concentration during plasma activation of water using the same two sets of experimental conditions (figure 4).
As can be seen infigure 4(A) (P= 1.2), the concentration ofNOx rose fast within thefirst approximately 10 min
and, in case of theNO2, then kept slowly increasing for the next 20 min in the discharge area. Qualitatively
comparable results with somewhat lower concentrations and a higher spread between values were obtained at
the edge of the vessel. These dynamics are in correlationwith the one observed for the emission intensity ofN
using emission spectroscopy (figure 3), only the secondary rise at t> 10 min is weaker. This difference is easily
understandable, because during the analysis the discharge is disrupted by the gas extraction to the analyser,
which effectively lowers theP parameter and prevents the ideal conditions for the production ofHiN:PAW from
stabilizing, effectively lowering the P parameter. Under theP= 0.5 conditions (Mediumvessel, figure 4(B)), the
initial rise of theNOx concentration in the discharge area within the first approximately 10 min also occurred.
However, the concentration of bothNOandNO2was about 2 times lower and the initial rise is followed by
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secondary decrease instead of a rise.Moreover, the concentration of bothNOxwas low and highly unstable at the
edge of the vessel. Thus, it is evident that inside the vessel with P> 1, the generation ofNOx ismore effective and
the conditions are favourable for a secondary rise of their concentration after the first 10 min duringwater
activation in contrast to the vessel of P< 1, even though this quantitativemethod by design prevents the
reaching of ideal conditions for the experiment. It is noteworthy that the P factor and the radius of the vessel did
not affect the time period of initial rise, in both cases the initial rise was realizedwithin aboutfirst 10 min.

4.Discussion

The chemical reactions from equations (1)–(3) are in progress in every PAWsystem and they represent the basic
framework explaining the formation of nitrites/nitrates and hydrogen peroxide in PAW.However, by setting up
certain conditions of the generating system, the rate at which the individual reactions happenwill change
significantly [23]. In this way, the final composition of PAWcan be altered. Aswill be discussed in detail below,
we propose that there are two key features of our systemwhich lead to the production ofHiN:PAW.These
features are (i) the formation of a gas-discharge transition area, which governs the conditions of the discharge,
and (ii) the discharge properties with prevailing atomic species and the existence of a higher-humidity area
possibly withwatermicrodroplets close to thewater/discharge interface, which is favorable for the generation of
nitrogen-related species. Both these processes clearly strongly depend on the geometry of the reaction vessel and
the volume of the vessel occupied bywater aswell as on the discharge itself, as studied infigures 2 and 4.

4.1.High-humidity environment
Despite serving as a general framework, equations (2a)–(2e) do not provide themechanism of the high content
of nitrogen-related species inHiN:PAW.Here, the detailed electrospraying experiments of transient spark
discharge by Janda et al [20] have already demonstrated the importance of water humidity andHNO2 in the
process of producing PAWwith high concentrations ofNOx

−. They show that production ofHNO2 in the gas
phase:

+  ( )NO OH HNO a52

+  + + ( )HNO HNO NO NO H O b52 2 2 2

is an important chemical pathway.Henry’s law coefficients kH ofHNO2,representing the solubility inwater, of
50mol kg−1 atm−1 at 300K is four and five orders ofmagnitude higher than kH

NO2= 7× 10−3mol kg−1atm−1

and kH
NO= 1.8× 10−3mol kg−1atm−1, respectively. As a result of amuch higher solubility ofHNO2 inwater,

HNO2 itself is a significant source of nitrogen inHiN:PAW.Despite its lower concentration in the discharge area
when compared toNOandNO2,HNO2 can be quickly transferred intowater in the formofNO2, either directly
or by its solvation into potentialmicrodroplets formed round thewater/discharge interface [20]. HNO2 and
NO2 are then themain sources ofNO2

− andNO3
− in PAW:

+ +  +- + ( )NO NO H O NO H a2 62 2 2

Figure 4. In situmeasurements ofNOandNO2 concentration during the first 30 min of plasma activation ofwater. The
concentrations weremeasured in the discharge and at the edge of the vessel. The same geometry as infigure 3, namely (A)narrow
vessel P= 1.2 and (B)Medium vesselP= 0.5, was used. Please note that the analysis of the gas during the activation process requires
non-negligible volumes of gas to be extracted from the vessel, thus effectively lowering theP parameter. Presented curves are only to
guide the eye.
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+ +  + +- - + ( )NO NO H O NO NO H b2 62 2 2 2 3

Even though themechanism of how the nitrogen-related species become dissolved inwater are the same in our
experiments, we are able to achieve analogical results using amuch simpler setup than Janda et al [20].Moreover,
we reachmuch higher nitrogen to hydrogen peroxide ratios.Whereas in Janda et al theNO2 toH2O2 ratio is
around 40:1 in favour ofNO2, we obtained an even higher ratio of 140:1and ourHiN:PAWalso contains high
concentrations ofNO3

−, in the ratio of 20× 103 : 1 when compared toH2O2.Here, we have even improved on
our previous results: [34] using the 1.5ml volume ofwater in theNarrow container, the concentration ofNO3

− in
PAWreached 300mmol l−1, which ismore than 3 times higher thanwe obtained previously [34].

4.2.Discharge conditions
Discharge properties also have a significant impact on the formation ofHiN:PAW.The inability of non-pulse
discharge to produceHiN:PAWeven under otherwise favorable conditions had already been documented
elsewhere [34]. Here, we showed that the effective dissociation of airmolecules in the discharge is crucial. In
particular, high concentrations of nitrogen and oxygen radicals need to be present (equations (2)). Based on our
results (figure 3(D)), there are two opposite influences affecting the concentration of radicals: (i) the generation
of the radicals in the discharge and (ii) their subsequent consumption by chemical reactions (reactions not
leading to the formation ofNOorNO2, e.g. equation (2d)).While the increase of the peak current increases the
concentration of the radicals, the prolongation of the pulse period gives the radicalsmore time to produceH2O2.
As the increase of the ballast capacitance affects the two discharge parameters in an opposite way, there is an
optimal combination (10.6 A and 390μs).

Within the discharge area, we highlight three chemical pathways, as shown infigure 5: (i) the one resulting in
H2O2 (the blue path, equations (1b) and (2d)), (ii)NOandNO2withoutOH (the red path, equations (1a), (2a,
2c)) and (iii)NOandNO2 throughOHandHNO2 (the green path, equations (2b, 2e) and, (5a, 5b)). In standard
PAWgeneration systems, the red and green pathways are significantly suppressed, resulting in PAWwith high
H2O2 and a low amount of nitrogen-related radicals. In our system, it is just the opposite. To significantly
increase the efficiency of red and green pathways, there needs to be a high concentration of nitrogen radicals.
The concentration ofN2 in air is clearlymuch higher than that ofO2, butN2 possesses amuch higher

Figure 5. Scheme of themain chemical pathways present in ourwater activation system. In order to produceHiN:PAW, the ‘red’ and
‘green’ pathways need to be boosted by the conditions of the experiment.
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bond-dissociation energy (9.8 eV), in contrast toO2 (5.2 eV). Therefore, high-energy pulse discharge is necessary
to effectively dissociate nitrogenmolecules (optimized transient spark) and they need to be kept in the discharge
region for some time to effectively accumulate - 10 min in our case (figures 3(C), (D) and 4(A)). Under such
conditions, the oxygen radicals are consumedmainly in the red and green pathways, causing a decrease ofH2O2

and a high concentration ofNO2 andNO. This scheme agrees with the observations presented infigure 3(E).
TheNO2,NOandHNO2 species are afterwards a source of an exceptionally high concentration ofNO2

− and
NO3

− in the resultingHiN:PAW, as described in section 4.1. Residual hydrogen peroxide in PAW is neutralized
through equation (3).

4.3. Gas-discharge intermediary phase
The discharge conditions favorable for the production ofHiN:PAWare achieved only under certain reaction
vessel geometries and volumes of water in the vessel, as reflected in theP and rmax parameters (figure 2(C)). To
explain these results, we propose amodel inwhich, in addition to the obvious liquid and discharge areas, the gas
phase at the top part of the reactor is divided into two areas.While the upper one can effectively exchange
molecules with the surrounding atmosphere (labelled as theContact gas area), the lower part the gradient of the
concentration of the relevant species effectively acts as a partial barrier between the surrounding atmosphere and
the discharge area (labelled as theBarrier area). The presence of the barrier area limits the exchange of air
molecules from the surrounding air with the discharge area and thus it allows the discharge to effectively
dissociate the airmolecules, especiallyN2.

The importance of the formation of the gas-discharge intermediary area is illustrated by our experiments
using different geometries infigures 2(A) and (C). Using awide open vessel larger than the discharge itself r>
rmax, the outer atmosphere can to a large extent interfere with the discharge, bringing inmore of the initial air-
originating reactants (N2 andO2). Thus, the unrestricted airflow leads to the decrease in the concentration of
reactive species above thewater-discharge interface (equations (2a, 2c). A higher but still not sufficient level of
nitrogen-related species can be reached using a narrower (r< rmax) reactor, see theP= 0.5 conditions for the
Mediumvessel infigure 2(A). However, the best conditionswere providedwhen the reaction vessel was ‘tall’,
signifying that the vessel walls are high enough to form a semi-closed space for the plasma discharge, which leads
to amore reactive environment. This situation occurs for higher barrier parameter valuesP> 1. Importantly,
some airflowdelivering the sourceN2 andO2molecules is still necessary for the reactions to take place (see
equations (1)), as we have already pointed out in our previous work [34]. Thus, a trade-off between the flowof
the new sourcemolecules and the formation of a highly reactive environment needs to be reached. Based on the
results presented infigure 2(B), we propose that such a trade-off is reached for geometries close to, but above
P= 1 infigure 2(C).

Based on the analysis of the discharge presented infigures 3 and 4, the geometry of the activation process
described by theP parameter influences not only the composition of the activatedwater, but also the
concentration ofNOx in the discharge area. These experiments also give the timeframe, about 10 min, after
which the composition of the activatedwater changes into the lowH2O2/high nitrites and nitratesmode, in
correspence to the discharge with a high concentration ofO andN atoms instead of themolecular signal. The
same build-up time in the dynamics of the produced reactive species was observed for vessels with two different
geometries, suggesting that in this case it is the geometry of the discharge itself which governs the dynamics of the
activation process.

Our experiments confirm that awide variety of parameters influence the production ofHiN:PAW.Clearly,
PAW is an extremely complexmixture of reactive species and possible reaction pathways, which need to be
determined experimentally rather than predicted by theoretical calculations. Thus, for the time being, we
formulate the conditions favorable for the production ofHiN:PAWphenomenologically based on our
experiments, without the quantification of the rates of the corresponding chemical equations, which are beyond
the scope of the current work and topic for further research.

5. Conclusion

Based on themonitoring of the chemical composition ofHiN:PAW, the emission spectroscopy of the used
discharge and the chemical composition of discharge zone, we showed that a crucial condition for the
production ofHiN:PAWwas an increase of air-originating atomic radicals in the discharge area, whichwas, in
our experimental geometry, obtained after 10 min of the discharge burning. This condition of the discharge was
enabled by the generation of a gradient of the concentration of the relevant species in the reaction vessel above
the discharge, which effectively acts as a partial barrier limiting, but not completely preventing the airflow
between the discharge area and the surrounding atmosphere. The formation of this barrier area and its influence
on the outcome of the activation process can be very simply adjusted by the geometry of the activation process.
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Wedescribe this influence phenomenologically, using a barrier parametrP dependent on headspace height h
and the effective radius of the vessel, while also noting themaximal effective vessel radius rmax for the activation
process to lead toHiN:PAW.The high concentration of atomic air radicals in the discharge resulting from an
optimizedP parameter subsequently boosted the chemical pathways leading to the increase in the concentration
of nitrogen related species. In addition toNO2, the production ofHNO2was an imporant pathway, because it
readily solvates inwater. The combination of these factors allowed us to reach PAWwith theNO3

− toH2O2 ratio
at least 20× 103: 1, in contrast to approximately 1:1 undermore traditional conditions. These results thus show a
way to robustly and reliably tune the dominant chemical pathways in a complex systemof interconnected
individual pathways taking place in plasma activated liquids by controlling a simple parameter of the overall
geometry of the activation setup.
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