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Abstract 

Atmospheric pressure dc glow discharges in contact with liquid with a miniature argon flow were created between a needle 

cathode and an electrolyte anode (NaCl solution) in the open air. The effect of argon flow in stabilizing the obtained discharge 

was explored. Electric characterization of the discharge was studied for electrode separation range from 1 to 12 mm at 

atmospheric pressure. The electrical characterization of the discharge revealed that the obtained Paschen curve showed a bi-

straight line for the relation between the gas breakdown voltage and the product of the gas pressure 𝑝 with the electrode 

separation distance 𝑑. The current-voltage characteristics of the discharge revealed that the discharge was operated in the normal 

glow mode. Optical characterization of the discharge showed that the discharge was strongly non-equilibrium, which is suitable 

for electrochemistry applications such as synthesizing magnetic nanoparticles from the iron electrode. Proposed chemical 

reaction routes for different electrochemical applications of DC glow discharge in contact with the liquid electrode were 

discussed. 
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1. Introduction 

Electrochemical reactions generally proceed 

between an electronic rod and an ionic rod, with 

electrical charge moving crossways the boundary 

between these two phases. Although most 

electrochemical reactions are held out using liquid 

electrolytes such as aqueous solutions, non-aqueous 

solutions, or melted salts. A plasma is an ionized gas 

having equal numbers of positive and negative charges 

and usually a different number of non-ionized neutral 

molecules. One of the main types of stable plasmas is 

glow-discharge plasma (low-temperature plasma or 

non-equilibrium plasma). Atmospheric plasma DC 

glow discharge in contact with liquid is one of the 

simplest methods of obtaining a stable gas discharge 

plasma. Atmospheric non-thermal plasma in and in 

contact with liquids has been studied extensively for 

various applications in biomedical, nanomaterials 

synthesis, environmental and chemical engineering, as 

well as for general science issues in atmospheric 

chemistry and other scientific and engineering fields 

[1–13]. Non-thermal plasmas (also known as non-

equilibrium plasmas or cold plasmas) are typically 

characterized by their electron temperature (Te), 

vibrational temperature (Tvib), rotational temperature 

(Trot), and translational temperature (Ttrans). In non-

thermal plasmas created by externally applied electric 

fields typically Te> Tvib> Trot = Ttrans [14]. This paper 

investigated the characteristics of an atmospheric DC 

glow discharge using a liquid electrode with a 

miniature argon flow. The discharge system is 

considered an electrolytic system using plasma. 

Specifically, plasma acts as an electrode in 

electrolysis. The plasma electrode delivers electrons or 

ions into the liquid, creating reactions. When metal 

cations are melted in a solution, metallic nanoparticles 

are synthesized at the liquid by electron or positive ion 

irradiation from the plasma. One characterization 

technique is optical emission spectroscopy (OES), 

which can give information on the presence of various 

species in the discharge. We focus our attention on 

liquid reactions and chemical processes present during 
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the run, which is the main role for plasma liquid 

interaction application.  

This paper is organized as follows. After this 

general introduction, Section 2 describes the 

experimental setup used for creating and analysing the 

discharge in contact with liquid. Section 3 presents the 

results of our work and the used characterization 

techniques; this section is divided into two parts; the 

first part is the electrical characterization. The second 

part is the spectroscopic characterization techniques 

for identifying emitting species and determining 

vibrational temperature (Tvib) and rotational 

temperature (Trot).   While section 4 describes our 

discussions for chemical processes that occur in 

plasma liquid interaction. Finally, Section 5 presents 

our conclusions. 

 

2. Experimental Setup 

Figure 1 shows the schematic diagram for the 

experimental setup used for creating the discharge in 

contact with liquid and for the diagnostic techniques 

used to study the electrical and optical characterization 

of the discharge.   We used a nozzle cathode made of 

stainless-steel needle with an inner diameter of 500 

µm and an outer diameter of 1mm.  Working gas was 

argon, which was fed through the nozzle cathode, 

which was placed with varying gap distances above 

the surface of the electrolytic anode filled in a glass 

beaker as shown in figure (2). The gas flow rate was 

adjusted using a commercial flow meter to a value of 

0.20 L/min in the whole work. A NaCl aqueous 

solution, with a 5 mg/ litre concentration, worked as 

the electrolytic anode.  The discharge was powered by 

a regulated home-made dc power supply which can 

deliver applied voltage up to 10 kV.  A ballast resistor 

of 100 kΩ was connected in series to the electrolytic 

anode.  This ballast resistor is crucial to limit the 

discharge current in order to avoid the transition of the 

discharge to the arc mode. The electrolytic anode was 

connected to the ballast resistor through an iron spiral 

wire of 1 mm diameter and a length of 5 cm. The 

needle cathode was connected to the ground via a 

100Ω resistor. The discharge current was measured by 

recording the voltage drop across the terminal of the 

100Ω resistor. The gap voltage was measured using a 

home-made high-voltage probe. The voltage and 

current waveforms were recorded using (GDS-1000-U 

Series) digital storage oscilloscopes. The optical 

emission spectroscopy (OES) measurement in the 

discharge region centre was performed using Ocean 

optics' USB4000 dual fibre optic emission 

spectrometer. 

 

 
Figure 1: Electric circuit used to generate and to analyze Stabilized 

glow discharge 

 

 
Figure 2: Photograph of glow discharge in contact with liquid 

 

3. Results and Discussion 

3.1. Effect of Argon Flow on the Stability of the 

Generated Glow Discharge 

It is well known that the generation of glow 

discharge at atmospheric pressure is not easy because 

of the discharge transition from the glow mode to arc 

or spark mode.  The main reason for the transition of 

the glow to arc at atmospheric pressure is thermal 

instability. In literature, there are many techniques to 

generate stable atmospheric pressure glow discharge 

by avoiding the thermal instability by limiting the 

discharge current by using a suitable limiting 

resistance or electronically using a choke coil. Other 

techniques used to stabilize atmospheric pressure glow 

discharge are dissipating the thermal energy generated 

in the discharge by using massive electrodes or by 

using a flow of gas with high specific heat capacity. 

In the current work, a miniature argon flow is used 

to stabilize the discharge. The use of a miniature argon 

flow effectively generates stable atmospheric 

discharges in the air. The argon flow generates a 
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streamlined flow from the needle cathode in ambient 

air. The discharge is generated along the streamline 

because the breakdown voltage in argon is much lower 

than that in air. In other words, the miniature argon 

flow constricts the discharge zone [15]. Figure 2 

shows typical images of atmospheric DC glow 

discharges using the liquid anode with and without a 

miniature argon flow. With a miniature argon flow, 

both the discharge and the liquid surface appear static 

and stable as shown in figure 2. If the argon flow rate 

is too high, the liquid surface becomes turbulent. 

However, if a moderate streamline flow is generated, 

a stable discharge is realized even in a relatively long 

gap of several tens of millimeters.   

The discharges are very unstable without an argon 

flow when the discharge current is lower than 11 mA. 

A conical discharge-shape is formed with increasing 

discharge current above 11 mA; nevertheless, it is less 

stable than the discharge with a miniature argon flow. 

Using a miniature argon flow, a glow discharge is 

generated with a stable plasma–liquid interface. 

Consequently, we examined atmospheric DC glow 

discharge characteristics using the liquid anode with a 

miniature argon flow to investigate the plasma–liquid 

interface for synthesizing magnetic nanoparticles. 

 

3.2. Electrical Characterization 

The chemical and physical processes occurrences at 

the plasma in contact with liquid are particularly 

composite; indefinitely glow discharge electrolysis 

has been used as a chemical tool. Attempts have been 

made to comprehend the chemistry and physics of 

these systems. There have been studies looking to 

characterize critical plasma parameters; one of these is 

electrical characteristics. In the current work, DC 

discharge was run to raise the applied voltage from the 

home-made DC power supply from zero volts. When 

argon gas breakdown was initiated through a rise in the 

applied voltage of the DC power supply, the voltage 

across the electrodes showed a sudden drop, and at the 

same time, a discharge current of a particular value 

was continuously flowing in the discharge circuit, as 

shown in figure 3.  Figure 3 shows the current and 

voltage oscillograms for the electrolytic anode and 

needle cathode with a separation distance of 1mm and 

an argon flow rate of 0.2 litre per minute. The 

discharge current was 11mA and became constant 

with an increase in the applied voltage. The continuous 

form of the current-voltage waveform was observed in 

this investigation with all varying gap distances, which 

indicates that the discharge was operated in continuous 

mode where there was no pulsed mode observed. 

 

 
Figure 3: Current and voltage oscillograms for electrode separation 

of 1mm and argon flow rate of 0.2 liter per minute 

 

3.2.1. Breakdown characteristics 

The minimum required voltage to create a plasma 

between two electrodes is called the breakdown 

voltage 𝑉𝑏𝑟, which mainly depends on the type of gas, 

the gas pressure, and the gap size. Paschen’s law was 

introduced in 1889 and stated that the breakdown 

voltage is a function of the product of the gap length 𝑑 

and gas pressure 𝑝 (𝑉𝑏𝑟=𝑓(𝑝𝑑))[16].  In the current 

work, the breakdown voltage was investigated for our 

discharge system, and to our knowledge, this is the 

first study of the Paschen curve, which shows the 

relation between the breakdown voltage and the 

product of the electrode separation times the gas 

pressure, for plasma generated between needle 

cathode and liquid anode.   

The dependence of the breakdown voltage on the 

𝑝𝑑 for the electrolytic anode and the needle cathode is 

depicted in figure 4. The data shown in figure 4 was 

obtained by changing the separation distance between 

the electrolytic electrode and the needle cathode from 

1mm. up to 12 mm. while the argon pressure was kept 

constant at the atmospheric pressure. The 𝑝𝑑 at the 

minimum breakdown voltage in argon is about 1 

Torr.cm [17]. This corresponds to an electrode space 

of 15 m at atmospheric pressure.  In the current work, 

the smallest spacing reliably achievable was 1mm, 

therefore, the data shown in figure 4 was a part of the 

right-hand side of the Paschen curve, and in addition, 

the Paschen minimum was not measured.   For non-

uniform electric field between electrodes and for 

higher 𝑝𝑑 than the Paschen minimum, the breakdown 

voltage was a logarithmic function of electrode 

spacing at a constant pressure of 760 Torr for air 

discharge with cathode plate and anode wire [18].  

Meanwhile, the breakdown voltage against 𝑝𝑑 was a 

straight line for argon discharge in coaxial cylindrical 
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electrodes configuration [17].  The data shown in 

figure 4 revealed that the breakdown voltage of the 

right-hand side of the Paschen curve was not a 

logarithmic function of 𝑑 at a constant pressure of 760 

Torr.  Instead, it was fitted by two straight lines with 

two different slopes.  The first line has a smaller slope 

of 2.1V/Torr.cm, while the second line has a more 

significant slope of 9.2 V/Torr.cm.  From figure 4, it is 

clearly seen that the slope of the line is changed for the 

data with 𝑑 greater than 7 mm. (where 𝑝 is kept 

constant at 760 Tor).  The reason for obtaining bi-

straight lines for breakdown voltage against 𝑝𝑑 is 

unclear, and more study is needed to explain it.  To our 

knowledge, the bi-straight line behavior of breakdown 

voltage against 𝑝𝑑 was not observed in the literature 

before for both uniform and non-uniform electric field 

distribution between the discharge electrode 

 

 
Figure 4: The dependence of the breakdown voltage on the pd 

parameter 

 

3.2.2. Current-voltage characteristics 

Current-voltage measurements are described in 

figure 5 for the discharge in contact with liquid, for 

electrode gap range of 1 to 12 mm. The measurements 

were recorded by the digital storage oscilloscopes. For 

the small spacing of electrodes, the I –V characteristic 

is relatively consistent form.  This is consistent with a 

normal glow discharge and previous measurements in 

atmospheric pressure glow discharge [19-21]. The 

discharge voltage upstairs occurs significantly in the 

positive column. The I-V characteristics have a 

negative dV/dI and a negative resistance for the more 

significant electrode gap. This might be due to the 

neutral gas temperature gradient through the positive 

column.  It is clearly seen from figure 5 that, for a fixed 

separation electrode distance 𝑑, the discharge voltage 

required to sustain the discharge decreases slightly 

with increasing the discharge current, and the 

discharge voltage at fixed discharge current increases 

with increasing the separation electrode distance 𝑑.   

The slight decrease of the discharge voltage (sustain 

voltage) with increasing discharge current might be 

explained by a slight increase of the gas temperature, 

which leads to a decrease of the gas density (at 

constant gas pressure) and thus decreases the 

resistance of the discharge region. At a more 

significant electrode gap separation (for 𝑑 > 12mm.), 

the discharge channel started from the cathode surface 

had a filamentary shape that could not research the 

electrolyte's anode surface, which showed some type 

of corona discharge. 

 

Figure 5: Current-voltage characteristics for plasma discharge in 

contact with liquid at several electrode spacings 

 

3.2.3. Spectroscopic Characterization 

Optical emission spectroscopy is acquired and 

carefully examined as a diagnostic tool for 

characterizing plasma in and in contact with liquid. 

We used spectrometers to cover a range of 

wavelengths between approximately  340 and 1000 

nm, i.e., from ultraviolet to near-infrared range. The 

emission spectra shown in the current work were 

measured for electrode separation distance 𝑑 of 3mm 

and discharge current of 30mA. 

 

3.2.3.1. Ultraviolet range 

Figure 6 shows the optical emission spectra in the 

range of 350–400 nm measured in the active region of 

the discharge (the whole region of the discharge).  

The most intense emissions detected between 350 

and 400 nm can be ascribed to the N2 Second Positive 

System (SPS: N2[C3Πu] → N2[B3Πg]) emission bands, 

with a dominant emission band assigned as (1,2) band 

(band head at 353.6 nm), (0,1) band (band head at 

357.6nm), (1,3) band(band head at 375.5 nm), (0,2) 

band (band head at 380.4 nm) and (1,4) band (band 

head at 399.8 nm). The low emission at 391.4 nm is 

attributed to the (0-0) transition of the N2 First 

Negative System (FNS: N2[B3Πg] → N2
+ [A3Σ+

u]). The 

spectrum of the N2 Second Positive System in the UV 

range was typically accompanied by the N2 First 
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Negative System (FNS: N2[B3Πg] → N2
+ [A3Σ+

u]) 

indicating the formation of N2 [A3Σ+
u] states. These 

long-lived metastable (energy~6 eV) are important as 

reservoirs of energy promoting plasma chemical 

reactions leading to condensed products in cleaning 

applications [22]. 

 

Figure 6: Emission spectra of DC discharge in the UV region 

Gap: 3 mm; I= 30 mA 

 

3.2.3.2. Visible spectrum 

The visible spectrum recorded between 400 and 

700 nm is shown in figure 7.  

The N2 Second Positive System (SPS: N2[C 3Πu] → 

N2[B 3Πg]) emission (0,3) band head at 405.9 nm and 

(1-5) band at 426.97 nm. FNS (0-1) transition emitting 

at 427.8 nm is present. FeI transition (3d7(4P)4s → 

3d7(4P)4p) at 415.6 nm, Fe I transition 

(3d6(5D)4s4p(3P°) →3d6(5D)4s (6D)5s) at 419.14 nm, 

Balmer Hβ transition (2s 2S 1/2 → 4p2P°1/2) at 

486.135 nm and Ha transition 2p-3d at 656.3 nm. In 

addition, to NaI atomic line at 589 nm was observed. 

Several emission lines of argon were also observed. 

The observed lines are presented in Table 1 with their 

transition parameters, which are referred to from the 

NIST database [23]. 

 

Figure 7: Emission spectra of DC discharge in the visible region 

Gap: 3 mm; I= 30 mA. 

 

 

3.2.3.3. Near IR 

Figure 8 shows the emission spectrum in the near 

Infrared region range from 700 and 1000 nm. 

 

Figure 8: Emission spectra of DC discharge in the Near IR region 

Gap: 3 mm; I= 30 mA. 

 

Atomic oxygen line O I (transition 3p5P 3s5S0) at 

777.41 nm and O I atomic line (transition 3p3P 3s3S0) 

at 844.6 nm were observed in addition to several Ar 

atomic lines which are presented in Table 1[23]. 

 

3.2.4.  Discharge Temperatures 

 The temperature of heavy species (neutrals and 

ions) belongs to the most critical discharge parameters. 

One of the usual techniques is UV-VIS emission 

spectroscopy, whenever the discharge emits light. 

Here, air entrained in the discharge region was used in 

most of the experiments. Thus, the major and the most 

radiative species in the UV-VIS region were N2 

molecules species. Consequently, the bulk gas 

temperature was determined by the rotational 

temperature of N2, which is in equilibrium with the 

translational temperature of the gas. The rotational 

temperature of excited N2 molecules was determined 

by comparing experimental spectra with simulated 

ones. It concerns the second positive system of N2. We 

used software developed at the Technical University 

of Eindhoven to determine the rotational (Trot) and 

vibrational (Tvib) temperatures of the discharge [14]-

[24].  Figure 9 shows an experimental spectrum of N2 

second positive system N2[B3Πg] bands emitted from 

the discharge shown in Fig.6 together with the 

simulated spectrum.   
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Figure 9: Measured spectra and corresponding best fit modelled 

spectra 

The best fits of Trot and Tvib temperatures were 

1419K and 2816K, respectively, with a correlation of 

0.9956. The values of Trot and Tvib indicate that the 

discharge was strongly non-equilibrium.  Therefore, 

this kind of discharge is suitable for electrochemical 

applications because of the presence of energetic 

electrons, as can be seen in the following section. By 

using the current setup, we succeeded in synthesizing 

magnetic nanoparticles where this work will be 

published in forthcoming article.   

 

3.3. Chemical Processes 

Plasma electrochemistry is a highly reactive 

condition. Neutral gas is decomposed into a chemical 

mixture of ions, electrons, molecular, atomic radicals, 

excited metastable, and photons, as shown in figure 

10. Electrochemical reactions can be driven by these 

species and secondary species formed at the vapor 

interface and in solution. The properties of free 

radicals produced in the plasma are essential. 

 

 
Figure 10: The chemical processes in plasma electrochemistry 

produced in contact with liquid 

Table 1: The most powerful Ar atomic and ionic lines detected are listed below [23] 

Line λ (nm) Upper state (i) Low state(j) Aij (108 s−1) 

Ar I 415.859 5p 4s 0.0140 

Ar I 416.418 5p 4s 0.00288 

Ar I 418.188 5p 4s 0.00561 

Ar I 419.071 5p 4s 0.00280 

Ar I 419.832 5p 4s 0.0257 

Ar I 420.068 5p 4s 0.00967 

Ar I 425.936 5p 4s 0.0398 

Ar I 427.217 5p 4s 0.00797 

Ar I 452.232 5p 4s 0.000898 

Ar I 706.722 4p 4s 0.0380 

Ar I 714.704 4p 4s 0.00625 

Ar I 727.294 4p 4s 0.0183 

Ar I 738.398 4p 4s 0.0847 

Ar I 750.387 4p 4s 0.445 

Ar I 751.465 4p 4s 0.402 

Ar I 763.511 4p 4s 0.245 

Ar I 794.818 4p 4s 0.186 

Ar I 800.616 4p 4s 0.0490 

Ar I 801.479 4p 4s 0.0928 

Ar I 810.369 4p 4s 0.250 

Ar I 811.531 4p 4s 0.331 

Ar I 826.452 4P 4s 0.15 

Ar I 840.821 4p 4s 0.22 

Ar I 842.465 4p 4s 0.22 

Ar I 852.144 4p 4s 0.14 

Ar I 866.794 4p 4s 0.24 

Ar I 912.297 4p 4s 0.19 

Ar I 922.450 4p 4s 0.50 

Ar I 935.422 4P 4s 0.11 

Ar I 965.779 4p 4s 0.54 
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In the current work, there are conditions where the 

liquid itself serves as a conductive element in a direct 

current (DC) plasma circuit. One electrode is 

immersed, and the other is pendent over the solution, 

rather than being immersed. When applying a high 

voltage between the electrodes (in the kV order), the 

gas between the liquid and the pendent electrode 

breaks down to form a conductive discharge column. 

There are plenty of explanations for [25-30] specifying 

a general mechanism that occurs. Figure 10 shows the 

Ar plasma which generated over the aqueous solution 

of NaCl. An inert metal spiral such as Fe is submerged 

in the solution to direct the circuit. There are liquified 

metal ions Fe2
+   in the solution. The chemistry can be 

extracted as  

 

Fe2
+ + 2e− → Fe                 (1) 

 

Still, the electrons delivered by the plasma can arise in 

highly different pathways. In the aqueous solution 

(NaCl), water molecules will be decomposed into OH 

radicals, and atomic hydrogen which can be combined 

to form H2.  In addition to the direct combination of 

OH radicals, H2O2 can be formed in many ways [31]. 

Dissociative electron attachment can indicate the 

formation of (H−) which is a very strong species and 

can be melted into the liquid. 

 

H2 O+ e−→H− + OH                    (2) 

 

UV photons can be used as the energy source for 

generating atomic H and OH. 

 

H2 O+ hν → H+OH                          (3) 

 

Free electrons from the plasma and secondary 

electrons from ion radioactivity on the liquid surface 

have extensively strong reducing abilities due to their 

excessive energies; they can reduce virtually any metal 

ion in its liquefied form or most metal ions in the 

aqueous solution.  

 

4. Conclusions 

The formation of stable DC glow discharge 

generated between a needle cathode with electrolytic 

anode was investigated. NaCl solution was used as the 

electrolyte anode. The discharges were characterized 

by measuring the conception voltage in addition to 

discharge voltage and discharge current 

measurements. The measured discharge voltage and 

discharge current revealed that the discharge was 

working in glow mode.  Measurement of rotational 

and vibrational temperatures in the discharge showed 

that the discharge was strongly nonequilibrium.  The 

nonequilibrium state of the discharge in the current 

work is strong evidence to use the current 

experimental setup in electrochemical applications 

such as plasma assist electrolysis applications.   
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