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Abstract
Self-Organized Patterns (SOPs) at plasma-liquid interface in atmospheric pressure plasma discharges
refer to the formation of intricate and puzzling structures due to the interplay of electrodynamic and
hydrodynamic processes. Studies conducted to date have shown that this phenomenon results in the
formation of distinctive patterns such as circular ring, star, gear, dots, spikes, etc., and primarily
depends onworking gas, electrolyte type, gap distance, current, conductivity, etc. However, an
adequate understanding of how these patterns change fromone type to another is still not available.
This study aims to elucidate the influence of initial liquid conductance (σi) on the temporal evolution
of SOPs in liquid-anode discharges. The discharge was generated in a pin-to-liquid anode
configuration at a constant helium (He)flow rate of 500 sccm andDCapplied voltage of 6 kV at a gap
distance of 12mm. Through the gradual increment ofσi from 1.8μS to 4820μS, we observe that the
trend in the evolution of SOPS takes place as solid discs, spikes, dots, rings, double rings, and stars. The
continuous formation of reactive species onto the liquid anode in all conductive solutions results in a
decrease in pH, an increase in bulk liquid temperature, and an increase in total dissolved solutes, and
these have been confirmed through experimentalmeasurements. Observations using optical emission
spectroscopy show that the electrons at the plasma-liquid interface participate in the reduction of
cations followed by their excitation& ionization due towhich electron density as well as emissions
from excited species (mainly hydroxyl radicals & excited nitrogen) decrease with time.Our
investigation provides experimental evidence on the presence of cations at the plasma-liquid interface
required for SOP formation.

1. Introduction

Self-organized patterns (SOPs) at plasma-liquid interfaces refer to the formation of spatially non-uniform,
dynamic structures that arise from the interaction between a gaseous plasma and a liquid. Plasma interactions
with liquids have given rise to several emerging applications including nanomaterial synthesis, surface
modification, water treatment, sterilization,material recycling, decontamination of toxic compounds and
medicine [1–4]. The SOPs in discharges with liquid anodes can be of various shapes, patterns, or structures. This
phenomenon is a complex,multi-phase process involving a combination of electrodynamic and hydrodynamic
effects.

During the last decade, the formation of SOPs in liquid-anode discharges has been extensively investigated
using both experimental andmodeling techniques [5–10]. Experimental observations havemainly been done
through the variation of plasma operating parameters (such as applied voltage, current, working gas, gap
distance, etc) and the properties of liquid solution (such as conductivity, pH, and electrolyte type). Shirai et al
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investigated the dependence of gap distance, the presence of oxygen, applied potential, and the liquid
temperature [3, 11–16] on the formation of SOPs. Different patterns such aswedge-shaped, annular-shaped,
and spot have been observed by variations of these parameters. Their observations suggest that the addition of
electronegative gases such as oxygen in the discharge region is a key factor to control the formation of SOPs [16].
The presence of negative ions in discharges have been suggested to lead to a type of ionization instability, which
may play a role in the formation of patterned anode spots. Li et al reported different patterns including diffuse-
disk, single-ring, disk-ring, wheel-spokes, and radial stripes by using aminiature argon flow [17]. The formation
of these patterns is attributed to themovement and periodic formation/collapse of anode spots due to the
presence of electronegative species like atomic oxygen (O), nitric oxide (NO), hydroxyl radical (OH), and amine
(NH)whichwere also detected through optical emission spectroscopy. This observation supports the essential
role of electronegative gases as proposed by Shirai et al on the formation of SOPs [13]. Zhang andDufour
observed that the formation of SOPS is dependent on the type of electrolyte solution and its conductivity [18].
Differences in the size of SOPs and discretizationwere observedwhen the liquid anodewas set to sulphuric acid
and hydrochloric acid at the same conductivities for the discharge operated in ambient air. Their report suggests
that the electronegativity of the anion could play a key role in the formation of SOPs. This hypothesis contrasts
the recent observationmade by Srivastava et al [19]. Although, they also observe the dependence of SOPon
liquid conductivity and electrolyte type, the condition for pattern formation is ascribed to the presence of cations
forwhich the correspondingmetal atomhas low ionization energy. Kovach et al also studied the behavior of
pattern formationwith 13 different liquid anode electrolytes with different ionic strengths [20]. The pattern
evolution in their case did not appreciably depend on ionic strengths. It should be understood that themolecular
concentrations used in [20]were relatively high and initial liquid conductivities among different electrolytes
were not the samewhich could be a possible reason for not observing the differences. In addition, numerical
modeling and simulations carried out by Islamov andGulamov indicate effects of electron-ion recombination
on pattern formation [21].Modeling studies of the liquid boundary layer by Rumbach et al to predict the
formation of patterns on a liquid anode surface suggest that the size and structure of the patterns depend on the
plasma current and the conductivity of the liquid anode [22].

Despite the extensive number of published literatures, the transition among different types of patterns and a
clear understanding on their behavior is still not available. In this article, we investigate the influence of initial
liquid conductivity on the formation of SOPs at the plasma-liquid interface. This has been analyzed through the
measurement of chemical properties of the anode solution and optical emission spectroscopy.

2. Experimental setup

Figure 1 shows the schematic of the experimental setup. The plasma source is designed by inserting a tungsten
needle electrode (inner diameter, ID= 0.80 mm, outer diameter, OD= 1.64mm) inside both ends open quartz
tube (ID= 2 mm,OD= 2.91mm) and inserting the assembly inside a straight Swagelok connector. Two silicon
tubings (OD= 6mm) separated by a distance of 1 cm surround the needle electrode on the top portion. The
negative terminal of the power supply is connected to the needle electrode at this point. The top silicon tubing is
fitted to another straight Swagelok connector throughwhich helium gas at aflow rate of 0.5 standard liters per
minute (SLPM)flows into the discharge region. The region of the silicon tubing below / above swagelok
connector(s) is sealed by torr-seal. The bottomportion of the internal quartz tube andneedle electrode assembly
is further inserted inside a second quartz tube (OD= 6 mm, ID= 3 mm, length= 10 cm). The distance between
the end of the needle electrode (aswell as the internal quartz tube) and the end of the second quartz tube is 3 mm.
TheflowofHe gas into the discharge region is controlled using amassflow controller (Model:
GE50A013503SBV020,MKS Instruments Inc.). The anode is a liquid solution (distilledwater or distilled water
with dissolved sodium chloride (NaCl) of different initial conductivity, volume= 120ml)filled inside a quartz
petri-dish (diameter= 90 mm, height= 20mm). A tungsten electrode (diameter= 1mm) remained in contact
with the liquid solution through a small hole drilled and sealed by torr-real at the bottomof the petri-dish.
Plasmawas generated by connecting the positive terminal of theDCpower supply (Model no: AU-10P60,
Matsusada Inc.) to the liquid solution through a 102 kΩ ballast resistor (power rating: 100W) and the negative
terminal connected to the upstream tungsten needle electrode. The ballast resistor limits the current in the
discharge and prevents the transition to arcmode. The gap distance (g) between the nozzle of the quartz tube and
anode solutionwas set to 12 mm.

The patterns formed at the plasma-liquid interface during the discharge process were recorded using aDSLR
camera (NikonD5500) placed at an inclination of 45°. The images were recorded using the continuous shoot
function at an interval of every 60 seconds and the plasmawas operated continuously until tenminutes. Due to
the formation (and accumulation) of reactive oxygen and nitrogen species (RONS) inside the liquid solution, the
properties of the liquid solution changedwith time. This was analyzed through themeasurement of
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conductance, pH and total dissolved solutes (TDS) using a Zentest liquid probe (Model no: LLC-AI3719 PC60-
Z, Apera Instruments) before and after discharge ignition.Optical emission spectra of the SOPswere recorded
using a 0.5 mPrinceton Instruments SP2500 spectrometer coupled to a PI-MAX4 1024× 256 pixel ICCD
camera aswell as Avantes spectrometer (Model no: AvaSpec-ULS4096CL-EVO). SP2500 spectrometer was
calibrated inwavelength and intensity using themanufacturer-provided calibration lamps (Intellical, Princeton
Instruments)while the Avantes spectrometer was factory calibrated. The spectra recordedwith SP2500
spectrometer were used for the calculation of electron density. The change in optical emission intensities from
different species in the range of 200-900 nmwere analysed from the spectra recordedwithAvantes
spectrometerThe current values during the dischargewere obtained from the digital display of theDCpower
supply.

3. Results and discussion

The results in this work are presented to showhow the initial liquid conductance influences the formation of
SOPs and how this induces a change in liquid chemical properties of the such as conductance, total dissolved
solute, pH, etcwith time. The formation of SOPs at different plasma ignition time are then correlatedwith the
emission fromdifferent species at the plasma-liquid interface.

3.1. Effect of initial liquid conductance (σi)
The patterns observedwith increasingσiʼs from1.8μS—4.8mS are shown infigure 2. The conductance of the
liquid solutionwas adjusted by dissolvingNaCl in distilled water. The images were recorded at an interval of
every sixty seconds and until 10mins of plasma operation. For distilledwater(σi= 1.8μS), the plasmawas very
unstable during the first 60 seconds. During the secondminute, a clear circular patternwith a bright emission
was observed on thewater surface. The intensity of this pattern decreased at 3-4mins and closely spaced hair-
shaped structures filled the circle. At t= 6–7mins, a gear-shaped pattern is formed on thewater surface. The
spacing between the individual gears increases with plasma ignition time. The conductance after t= 10mins
reaches 203μS, resulting in an increase by≈ 112 times. For the liquid solutionwithσi of 101.8μS, the plasma
startedwith closely spaced hair-like structures forming a circular pattern and (unlikeσi= 1.8μS) the discharge
was stable since the plasmawas turned on.With the increase in plasma ignition time, the conductance of the
solution increased and the spacing between the hair-shaped structures also increased giving rise to gear-shaped
patterns. This was accompanied by the increased spacing between the individual gears as the plasma ignition
time increased (quite similar toσi= 1.8μS). After 10mins of plasma operation, the conductance of the liquid
solution reached 318μS, resulting in an increase by 2.12 timesw.r.t. initial liquid conductance. Forσi = 191.6μS,
a similar behavior asσi = 101.8μSwas observed but the spacing between the individual hair-like structures or
gears increasedwith plasma ignition time. Thefinal conductance of the solutionwas higher by 1.25 times as
compared to the initial liquid conductance. Upon further increasing the initial liquid conductance, the

Figure 1. Schematic of the experimental setup.
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gear-shaped patterns started to formmuch earlier (e.g. at t= 1–2mins forσi = 284μS—759μS).With
increased plasma ignition time, the gears started to disappear andwere replaced by dots around the
circumference. These structures changed to dotted rings, rings, overlapped rings, or star-shaped structures
between 1015-4820μS. Forσi = 4820μS, the discharge startedwith a ring-shaped pattern. The ring around the
circumference slowly started to disappear and after t= 5mins, a star-shaped pattern started to form. Thefinal
conductance after 10mins of plasma exposurewas 5150μS and it was higher by 6.85%w.r.t. the initial liquid
conductance.

The gradual increment ofσi infigure 2 reveal several interesting features. Firstly, it is interesting to note a
sudden change of irregular shaped patterns to different types of patterns at the plasma-liquid interface. Initial
charge buildup can play an important role in the formation of these patterns through the formation of electric
double layers near the surface. Electric double layers usually separate plasmaswith different properties [23–25].
They could occur at the interface between a gaseous plasma and a liquid electrolyte [26]. As the currentflows
through the plasma-liquid interface, these double layers can affect the formation of complex patterns.Next, the
formation of these structures follows specific trend. Infigure 2, the transition takes place as: solid discs, spikes,
dots, rings, double rings, and stars. These beautiful structures represent plasma-induced emission at the liquid-
anode interfaceand are necessary to sustain the discharge current [5]. Also, infigure 2, it is observed that the
diameter of these patterns reduces as the conductance of the liquid solution increases. Indeed, ionswithin the
liquid solution travel to the attachment point in order to neutralize the incoming electron charge. At high
conductance, there aremore ions per unit volume to neutralize the incoming electrons. Because of this, the
diameter of the patterns reduces in size.

The change in liquid conductance infigure 2 only takes place in an incrementalmanner, and the initial liquid
conductance for some conditions almost overlap or are close to the final conductance obtained after 10mins of
plasma ignition. For example,σi = 191.6μS (in the third row) is close to thefinal conductance of 203μS
obtainedwithσi = 1.8μS. Similarly, thefinal conductance (=757μS) obtainedwithσi = 568μS (5th row) is
close toσi = 759μS (in the 6th row). If conductance is the only factor influencing the formation of SOPs, the
patterns at the same liquid conductivities should be similar. But, they are observed to be different. This suggests
that there are other factors, in addition to liquid conductance that influence the formation of patterns.

Figure 2.Temporal evolution of SOPs at the plasma-water interface for differentσiʼs (applied voltage = 6 kVDC,Heflow rate = 0.5
SLPM, g = 12mm).
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In order to understandwhat other variables influence the formation of SOPS, wemeasured the current, pH,
total dissolved solutes (TDS), and liquid temperature. This is illustrated infigure 3. The change in current values
at different plasma operation times is shown infigure 3(a). For distilled water (σi = 1.8μS), the current increases
linearly and slowly stabilizes. After 10mins of plasma ignition, themeasured value of current is≈47 mA. For
other anode solutions,σi = 101.8-4820μS, the current was stable atσi = 46-48 mA.Distilledwater contains
less conductive ions, and ions tend to form through the ionization of ambient gas orwatermolecules by an
increase of TDS. This process is seen to continue until there are sufficient ions for the conduction of electricity
inside the solution.

The current values observed infigure 3(a) and the diameter of SOPs infigure 2were further utilized to
estimate the current density. This was performed for the liquid solutionwith the lowest and highest initial
conductance (σi = 1.8μS,σi = 4820μS). As represented in figure 3(b), the diameter of SOPs for distilledwater
is observed to be three times higher thanNaCl solutionwithσi = 4820μS. For distilledwater, the SOP diameter
decreases from≈10.45 mm to≈8.29 mmas the plasma ignition time is increased from1 to 10mins. On the
other hand, the diameter of SOPs forσi = 4820 μS varies between 3.15 mm (t= 1min) to 3.25 mm (t= 10
mins). The current density (=Current /Area of SOP) forσi = 1.8μS increases linearly from≈ 3.49
×10−5 A/m−2 (t= 1min) to≈ 6.21×10−4 A/m−2 (t= 4mins). After that, it increases very slowly and remains
constant≈ 8×10−4 A/m−2. The point at which the current density starts to become stable (i.e., t≈ 4-5mins,
figure 3(b)) corresponds to the point at which gear-shaped patterns start to form (figure 2). In contrast to this,
the current density forσi = 4820μS varies between≈ 6.21×10−3 A/m−2 (t= 1min) to≈ 5.80×10−3 A/m−2

(t= 10mins) and patterns are observed since the start of the discharge. Fromfigure 3(b), it can be inferred that
the current density tries to remain constant when there are sufficient charge carriers for the conduction of
current inside the liquid solution.

The increase inσi followed by subsequent plasma treatment also results in a change in the pH&TDSof the
anode solution (figure 3(c)). The dissolved sodium salt slightly increases the pHof the liquid solution before
plasma treatment, while the reactive species formed during the discharge processmake the solution acidic. The
pHof the 10mins plasma activated solutionwasmeasured to be 3.25 and 3.64 (corresponding to initial pH of
5.95 and 6.45 respectively) forσiʼs of 1.8μS and 4820μS, respectively. Themost acidic solution (corresponding
toσi = 1.8μS) resulted in the highest increment of conductance (≈ 11200%). The corresponding increments
forNaCl dissolved solutions were lower. These values forσi = 101.8μS andσi = 4820μSwere obtained to be
266.4% and 6.85% respectively. These increments were accompanied by the linear increase in TDS and is a
possible reason for the increment offinal liquid conductance.

We alsomeasured how the temperature (T) of the liquid solution changes during the pattern formation. The
results are shown infigure 3(d). The initial temperatures of all liquid solutionswere 22 °C.Distilledwater (σi

Figure 3.Measurement of (a) current; (b) diameter of SOPS and current density; (c) pH; and (d) liquid temperature before and after 10
mins of plasma treatment.
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= 1.8μS) resulted in themaximum increase of temperature (T after 10mins= 50 °C)while the increase for
higher conductive solutions was lower. The increase in temperature forσi = 4820μS after 10mins of plasma
treatmentwas≈ 17 °C).

The observations infigure 2 and 3 suggest that in addition to the liquid conductance (initially and after
subsequent plasma exposure), the formation of SOPs could also be influenced by temperature, pH, ionic species
present, etc. It is thus difficult to explain themechanismof SOP formation based on conductance alone. The
liquid anode solution at atmospheric pressure is chemically active due to the formation of several RONS and the
local plasma effects (including chemical and thermal) induced at the attachment point slowly spread throughout
the liquid through convection and diffusionmechanisms. Some of the previous publications have tried to
explain themechanismof pattern formation based on the reaction-diffusionmechanism [5, 22] as the patterns
observed are similar to those observed in chemically active systems [27, 28]. But because of the complex
interaction of the electrodynamic and hydrodynamic forces, additional investigations are necessary to
understand their formation.

3.2.Optical emission spectroscopy
Optical emission spectroscopy is an important tool to identify the excited species formed during the discharge
and the emission intensities from excited species could indicate several plasma parameters. In our study, we
investigatedwhether the electrical conductance of the anode solution had any influence on the production of
excited species at the SOP formation region.

Figure 4 shows the optical emission spectra (OES) recorded from the SOPs for the anode solutions withσiʼs
of 1.8μS and 2060μS respectively after 2mins of plasma ignition. The solutionwith andwithout sodium salt
was chosen to understand if therewere any differences in the emission spectra. Both spectra show emissions
fromhydroxyl radical in the range of 309 nm, several bands of nitrogen second positive system (N2 SPS) at
337 nm, 356 nm, 380 nm, etc., excited helium (587 nm, 667 nm, 706 nm), hydrogen alpha (656 nm) and atomic
oxygen (777 nmand 844 nm) [29–31]. The anode solutionwith dissolved sodium salt showed emissions from
sodium at 589 nmand 589.6 nm and thesewere not observedwith distilledwater anode. Emissions from
hydroxyl radicals and hydrogen alpha appear due to the dissociation of water vapormolecules present in the
interface region, while emissions fromnitrogen second positive system and atomic oxygen are due to the
dissociation of airmolecules present in the ambient atmosphere [32, 33]. Helium emissions are due to the
excitation of helium atoms fed through theworking gas. The emission from sodium is due to the excitation of
sodium atoms at the plasma-liquid interface [19, 34].

In the next step, we investigated the variation in the optical emission intensities frommajor reactive species
(309 nmOH, 337 / 380 nmN2, 656 nmH-α, 777 nmO, and 667 nmHe) as observed in theOES infigure 4. The
spectrawere recorded usingAvantes spectrometer at an integration time of 100ms and averaging of 10. These
settings enabled recording of single spectrum every seconds. The results for a discharge duration of 10mins for
three anode solutions (σ= 1.8μS, 101μS and 2060μS) are presented infigure 5. Forσ= 1.8μS (figure 5(a)), the
intensities from all species during thefirst 60 seconds are quite low. At≈ 1–2mins, the intensities are seen to rise
and fall. This is due to the unstable nature of the discharge as also observed at≈ 1–2mins (figure 2). After 2mins,
the intensities fromOHand excitedN2 (309 nm&337nm) slowly start to decrease while the emission from

Figure 4.Optical emission spectra recorded from the SOPs for conductance (σi) of 1.8μS and 2060μS after 2mins of plasma
operation.

6

Phys. Scr. 98 (2023) 095602 BGhimire et al



other species remains constant. The decrease in intensities fromOHand excitedN2 ismore obviouswhen the
conductivity of the anode solution is increased (figures 5(b), 5(c)).With higher conductive solutions, the
intensities from selected species appear immediatelyas soon as the discharge is on and this also correlates the
immediate formation of SOPs infigure 2. The emissions from656 nmH-α, 777 nmO, 667 nmHe and 589 nm
Na increase or remain constant for the total duration of the discharge.

The observations infigure 5 suggest that theremust be amechanism to balance the decrease inOHandN2

species concentration through the formation of SOPs. The formationmechanism ofOHandN2 in atmospheric
pressure plasma jets with liquid targets is well known [4, 33]. However, for plasmas generated above liquid-
anode solutions, the liquid electrolyte could dissociate through electrolysis as:

H2O⇌H++OH− (R1)
NaCl⇌Na++Cl− (R2)
The anions formed during this processmove towards the anode, while the cationsmove towards the liquid-

interface where the free or solvated electrons reduce them into stable atoms as:
H++ e−→H (R3)
Na++ e−→Na (R4)
The nascent hydrogen and sodium atom formed in (R3)-(R4) could go into the discharge region above the

water-interface and could be further excited/dissociated by electron impact. Thismechanism results in the
emission of light at 656 nmand 589 nm fromH-α and sodium respectively as observed in the optical emission
spectrum. This suggests that electrons at the plasma-water interface play an important role to reduce the cations
and also to excite/ionize them. A plot of the electron density (ne) obtained using themethod of Stark broadening
[35] for liquid anode solutions of conductance 1.8μS and 2060μS is shown infigure 6.With increasing time, we
observed that the rotational temperature kept on increasing and this resulted in the decrease of electron density.
The electron density forσi = 1.8μS reduced from1.54×10 14 cm−3 to 1.33×10 14 cm−3 as the plasmawas
operated from1-10mins. A similar trendwas observed forσi = 2060μSwith a corresponding decrease in
electron density from1.94×10 14 cm−3 to 1.60×10 14 cm−3. In atmospheric pressure plasmas, energetic
electrons also play a key role in the excitation/dissociation of ambient air/watermolecules which could result in
the formation of short-lived species such asOH, N2

+, etc. Since, the source electrons participate either in the
reduction of cations formed at the plasma-water interface or excite/ionize them and their concentration
decreases with time, the collisions with ambient water and nitrogenmolecules are also reducedwhich results in
the decrease of intensities from309nmOHandN2 SPS.

Figure 5.Variation in optical emission intensities from309 nmOH, 337 / 380 nmN2, 656 nmH-α, 777 nmO, and 667 nmHe for
anode solutions of initial conductance - (a) 1.8μS, (b) 101μS and (c) 2060μS.
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4. Conclusions

In conclusion, we investigated the role of initial liquid conductance on the temporal evolution of self-
organization patterns at the plasma-liquid interface.With less conductive solutions, the formation of patterns
was not realized immediately after discharge ignition and the discharge at the plasma-liquid interface was very
unstable.With increasing liquid conductance, the formation of plasmawas stabilized and formation of patterns
took place.With enough ions in the electrolyte solution, i.e., higher liquid conductance, the current became
stable, and the patterns formed as soon as the discharge was ignited. Patternswith specific trends (solid discs,
spikes, dots, rings, double rings, and stars)were observedwith gradual increment of initial liquid conductance
up to 4820μS.We also investigated the change in liquid properties due to SOP formation at the interface. The
pHof the liquid solution changed to acidic, the temperature of the bulk of the liquid doubled, and the total
dissolved solutes significantly increased as a result of SOP formation until tenminutes. Investigations through
optical emission spectroscopy showed that emissions from short-lived reactive speciesmainly hydroxyl radical
and excited nitrogen decreasedwhile the decrease in the intensities fromother excited species such as atomic
oxygen, hydrogen alpha, excited sodium, etcwere not realized. The decrease in the emissions fromhydroxyl
radical and excited nitrogenwas accompanied by the decrease in electron density at the plasma-water interface.
Our observations provide additional evidence to verify that cations formedwithin the anode solution interact
with the electrons at the plasma-liquid interface and result in the formation of self-organized patterns through
electrochemical reactions.
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