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Abstract
In-liquid plasma electrolysis refers to the ignition of a plasma in a thin vapor layer surrounding a
solid electrode immersed in a liquid electrolyte and its associated processes. Over the last century,
this phenomenon has been described under various names and is frequently denoted as contact
glow discharge electrolysis. Previous works could show that the plasma might not solely consist of
a glow that extends through the entire vapor layer, as the name implies, but consists of multiple
filamentary discharges. Building on our previous work on the statistical evaluation of such dis-
charges (Forschner et al 2025 J. Phys. D: Appl. Phys. 58 215204), here we study the discharge prop-
erties, such as their general appearance, gas temperature, electron density, current density, electron
production mechanism, and the discharge voltage, using optical emission spectroscopy, scanning
electron microscopy imaging, and electrolyte potential measurements. Our results indicate that the
discharges do not solely consist of glow discharges. Instead, the possible co-existence of other dis-
charges, such as arcs and sparks, is discussed.

1. Introduction

Applying a high voltage between two electrodes of different sizes in an electrolyte, a vapor layer may
form around the smaller gas-evolving electrode due to ohmic heating and evaporation of the electro-
lyte surrounding it. Inside the vapor layer, a plasma is ignited, evident by the emission of light which
is characteristic of the species present in the plasma [1]. This process was first observed by Fizeau and
Foucault in the middle of the 19th century [2]. The first detailed study was performed in 1950 by
Kellogg, who called the phenomenon ‘aqueous anode effect’, in reference to the anode effect in molten
salt electrolysis, where, for example, a CO2-film forms during the oxidation of a graphite electrode [3].
Several years later, Hickling and Ingram denoted the same process ‘Contact Glow Discharge Electrolysis’
[4, 5]. This name was most likely chosen to distinguish it from ‘Glow Discharge Electrolysis’, where a
plasma is ignited between a liquid electrolyte and a solid electrode located above the liquid, often under
reduced pressure [6–9].

Beside the denotation ‘Contact Glow Discharge Electrolysis’ [10–22], this process has received
many other names, such as ‘High Voltage Polarization’ [1], ‘Plasma Driven Solution Electrolysis’ [23],
‘Glow-Discharge Electrolysis Plasma’ [24–27], ‘Electrolytic Plasma’ [28–30], ‘Solution Plasma’ [31–33],
‘Electrochemical Discharges’ [34, 35], or ‘Plasma Electrolysis’ [23, 36–44]. Most works focused on applic-
ations such as chemical synthesis [4, 24, 45], wastewater treatment [18, 46–48], surface modification
[36, 42, 49, 50], or nanoparticle formation [16, 51, 52]. More fundamental studies on the nature or
type of the plasma are less common. While most terms above use plasma in a very general way, terms
such as ‘contact glow discharge electrolysis’ imply that the vapor layer is filled with a glow discharge
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over the entire volume. The wide use of different denotations for this type of discharge in liquids is not
only problematic in finding related literature, but also raises a question about the fundamental physical
description of the discharge processes.

There are a few works that indicate that the plasma might not consist of a glow discharge only. Some
works refer to ‘micro-arcs’ [39, 40, 53], a term most likely adopted from ‘Plasma Electrolytic Oxidation’
or ‘Micro-arc Oxidation’, where a discharge is ignited in channels through an oxide layer on an elec-
trode surface [36, 54, 55]. Other works, mostly related to micro-machining of otherwise difficult-to-
machine workpieces, use the term ‘spark-assisted chemical engraving’, indicating a possible spark-like
nature of the discharges [53, 56, 57]. Further studies showed the filamentary nature of the discharges
during in-liquid plasma electrolysis [1, 3, 19, 32, 33, 39, 58, 59]. In our recent work (using the termin-
ology ‘contact glow discharge electrolysis’), we confirmed the appearance of individual discharges which
span from the electrode to the vapor–electrolyte interface, where the transverse diameter is between 0.2
and 0.6mm. The discharges are dynamic, and the lifetime of a single discharge is up to 100µs [60].
Due to the ambiguous nature of the discharges, we adopt the notation ‘plasma electrolysis’ in this work.
This work addresses the question of whether the discharges are indeed glow discharges, more fittingly
described as (micro-)arcs, or even another type of discharge.

The glow discharge is one of the most studied types of non-thermal discharge, with its electron tem-
perature significantly exceeding the temperature of the ions and gas atoms/molecules [61, 62]. The free
electrons are mainly produced by ionization and secondary emission by ion impact on the cold cath-
ode. Glow discharges are often obtained at reduced pressures between two metal electrodes, although
discharges at atmospheric pressures and between a metal and a liquid electrolyte have also been invest-
igated, as discussed above [6–9]. They are characterized by voltages of hundreds of V, current densities
in the range of µAcm−2 to low Acm−2, and electron densities of 108–1011 cm−3 [61, 63, 64]. Increasing
the current in a glow discharge first leads to an expansion of the discharge area at a constant voltage and
current density. Once the discharge cannot expand further, the discharge voltage increases in the region
called abnormal glow, until it drops significantly when an arc is formed [63].

Arc discharges are capable of carrying large currents (with current densities up to MAcm−2) at low
voltages (tens of V) [61, 62]. They are typically sustained by thermionic or field emission of electrons,
or a combination of the two [65]. The cathode can heat up locally to temperatures of several thousands
of K, often leading to erosion of the electrode [61]. Electron densities reach values between 1014 and
1019 cm−3 [62]. Distinguishing between glow and arc discharges is, however, not always simple in the
intermediate regime. For example, instabilities in a glow discharge can lead to a constriction, i.e., reduc-
tion of the transverse dimension [61]. This phenomenon may lead to a change in the plasma paramet-
ers, e.g., an increase in electron density and temperature, as well as erosion of the electrode surface [66].
While recent works discuss the transition between different discharge types, especially glow and arc dis-
charge, discharges in contacts with liquids are typically not considered explicitly [64, 67–71].

A spark is a non-sustained discharge, i.e., it is highly transient in its formation and extinction. The
ignition occurs through a streamer mechanism if a certain electric field strength is exceeded (30 kVcm−1

in air at ambient conditions) [61, 72]. In terms of plasma parameters, sparks are similar to arc dis-
charges, i.e., they have a high electron density [61, 73, 74], high currents [61, 72] and high temperatures
[61, 72]. If the current is sustained, a spark can transform into an arc discharge via the formation of
a cathode spot [61, 72]. Since it is difficult to distinguish between a spark and a short-lived arc, in
the following, we will remain vague about this distinction, but will elaborate on the difference in the
discussion.

Distinguishing between glow and arc-like discharges thus requires insights into the fundamental
plasma properties, namely the gas temperature, electron density, current density, discharge voltage, and
the electron production mechanism. In plasma electrolysis, inferring these parameters is difficult due
to the increased experimental complexity compared to fundamental gas-phase plasma physics studies,
i.e., the presence of a (dynamic) plasma–liquid interface. In this work, we provide additional physical
insights into the above-mentioned parameters of the discharges during cathodic plasma electrolysis on
a Au wire in an alkaline electrolyte, using a combination of techniques. These include optical emission
spectroscopy (OES), electrochemical probes for measuring voltage drops in the electrolyte [75], struc-
tural characterization of the electrodes by scanning electron microscopy (SEM), and post-plasma liquid-
phase analysis by transmission electron microscopy (TEM) imaging and UV/Vis absorption spectroscopy
for nanoparticle characterization.
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2. Experimental

The spectroscopy experiments were performed at Ruhr University Bochum, while all other experiments
were performed at Ulm University. Consequently, the experimental conditions are slightly different,
which is detailed below.

2.1. Materials and electrolysis cell
All electrolysis experiments were performed in a rectangular borosilicate glass cell (20× 5× 5 cm) filled
with 200ml of 0.01M KOH solution as described previously [75]. For UV/Vis emission spectroscopy, a
quartz glass cell of the same dimensions was used. For the spectroscopy, the KOH solution was prepared
from KOH pellets (⩾85%, Carl Roth) and deionized water (⩽700µScm−1). For all other experiments,
KOH pellets (99.99%) from Sigma-Aldrich and Milli-Q water (18.2MΩcm, TOC ⩽3 ppb) were used.
Before each experiment, the Au wire electrode (⩾ 99.99%, diameter 0.5mm, MaTecK) was annealed
for 3min in a propane flame (CAMPINGAZ or MTI). Electrode holders, which can be placed in spe-
cific positions along the horizontal axis of the electrolysis cell, were 3D-printed using chemically resistant
PVDF from 3Dogg.

2.2. Electrolysis
In all experiments, the voltage was applied between the Au wire working electrode (WE), which was
immersed so that 1 cm was in contact with the electrolyte, and a fully immersed stainless steel block
counter electrode (2× 2× 0.4 cm). The distance between the two electrodes was 2 cm. The voltage was
applied for 300 s in the spectroscopic measurements and 100 s for the measurements of the electrolyte
potentials. The plasma ignited after around 80 s. In the spectroscopy experiments, a voltage of 300V was
applied using a Magpuls MP2-30 power supply and recorded using a digital oscilloscope (WaveRunner
8254 2.5GHz, Teledyne LeCroy). Otherwise, a TDK Lambda GEN600-1.3 power supply was used.

2.3. Optical emission spectroscopy
Optical emission (OE) spectra were recorded using a relatively calibrated, high-resolution spectrometer
(ARYELLE Butterfly, LTB Lasertechnik Berlin GmbH). The spectra shown in this work were obtained by
averaging five spectra recorded with an acquisition time of 10 s each. The entrance of the spectrometer
was connected to a 200µm quartz fiber with a collimator lens to increase the measured light intensity.
The sample was aligned with the spectrometer optic using an LED, focused on the center of the wire
electrode.

2.4. Scanning electronmicroscopy
Scanning electron microscopy (SEM) images were taken with a Quattro SEM from Thermo Fisher
Scientific using an accelerating voltage of 20 kV.

2.5. Electrolyte potential mapping
The electrolyte potential can be determined using electrochemical reference electrodes, as illustrated pre-
viously in normal high-voltage electrolysis (no plasma) [75]. Two reversible hydrogen electrodes (RHEs)
were placed at different positions in the cell, as described previously (including a schematic illustration
of the setup) [75]. One RHE was kept at a reference position 10 cm from the closest electrolysis elec-
trode, i.e., for measurements on the WE side the reference RHE is located on the side of the WE, and
vice versa. The electrode placement is illustrated in the SI in section S1. Electrolyte potentials between
the electrodes were not measured due to the lack of available space between the electrolysis electrodes.
For simplicity, in this work all potentials are given versus the RHE on the WE side. At distances larger
than 2 cm from the closest electrolysis electrode, the positions are determined accurately by the 3D-
printed electrode holders. For distances closer than that, the RHE had to be tilted towards the respect-
ive electrode, decreasing the positional accuracy [75]. The working and counter electrode potentials
were measured directly versus the RHE at the reference positions. The potential differences were recor-
ded using a National Instruments USB-6009 multifunction DAQ device and an in-house programmed
Python software. For high voltages (the potential of the electrodes), a voltage divider was introduced
between the electrode and the DAQ device [75].

3. Results

Glow or arc-like discharges can be distinguished by their general appearance, electron density, gas tem-
perature, current density, electron production mechanism, and the discharge voltage. In this section, we
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Figure 1. (a) and (b) show the Hα line from an OE spectrum recorded during plasma electrolysis with a Au cathode in 0.01M
KOH at 300V by blue markers (full spectrum see SI section S2 and S3). In addition, (a) includes a one-density Voigt fit in
black and (b) a two-density Voigt fit in black, consisting of the sum of the components in orange and green. The fit residues are
provided below the respective plots.

address these properties by individual or combined experiments, providing direct or indirect evidence
for either of the discharge types. The results are summarized in the discussion section, including the
relation between the individual properties.

3.1. Electron density
The electron density can be inferred from emission lines in OE spectra recorded during plasma electro-
lysis. The complete OE spectrum can be found in the SI (UV part of the spectrum in figure S2, visible
part in figure S3). For the evaluation of the electron density, we focus on the Hα line shown by the blue
markers in figures 1(a) and (b). The Stark broadening of this line is calculated with consideration of
instrumental, Doppler, and Van-der-Waals broadening. Details on the calculation are given in the SI in
section S4. From that, the electron density in the plasma can be estimated if the effect of Stark broad-
ening is sufficiently large, which is typically the case for high electron densities present in arc or spark
discharges. Electron densities in a glow discharge are often too small to be estimated in that way [76].

A one-electron-density Voigt fit is shown as a black curve in figure 1(a). Following the conventional
method described above and more detailed in the SI in section S4, we obtain an electron density of
5× 1015 cm−3. While the fit describes the data reasonably well, the residual shows underfitting in the
center and to the sides of the peak, and overfitting in between. This behavior is typical for peaks that
are more accurately described by a superposition of more than one profile. Figure 1(b) shows a two-
electron-density fit of the same line in black. It is the sum of the profile in orange with an electron
density of (1.2± 0.3)× 1015 cm−3 and the one in green, giving an electron density of (9.8± 1.9)×
1015 cm−3. The residual indicates that this two-density approach fits the data well. As the spectra were
recorded over the time frame of several seconds, the result is an average in time and space, including
formation and extinction processes of individual discharges. More specifically, the acquisition time is
several orders of magnitude longer than the lifetime of the discharges and also the detection region for
the OES signal is larger than the separation of individual discharges. Thus, it is not clear whether or not
the two distinct electron densities can be attributed to spatially separated regions within individual dis-
charges, different times during the lifetime of individual discharges, or different discharge characteristics
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Figure 2. Boltzmann plot of the (0,0) band of the OH A−X transition obtained from OES during plasma electrolysis with a Au
cathode in 0.01M KOH at 300V. The fits corresponding to two temperatures are indicated as dashed lines. The full OH-region of
the spectrum is given in the SI in section S2. The intensities were calculated as described in the text.

occurring in the overall time frame of the measurement. Nevertheless, both electron densities are quite
high and have values that strongly indicate the presence of an arc or spark discharge, with typical repor-
ted values for gas phase plasmas of 1014 to 1019 cm−3 for arcs [62]. Since electron densities cannot be
obtained reliably from this method for a glow discharge, this result does not disprove the simultaneous
presence of an arc-like and a glow discharge.

3.2. Gas temperature
The gas temperature inside the plasma can be approximated from molecular emission bands observed
in OE spectra. This typically involves assuming some equivalence between the rotational temperature of
these bands, and the neutral gas temperature. A typical spectrum recorded during the plasma electro-
lysis for a Au cathode in 0.01M KOH is shown in the SI (UV part of the spectrum in figure S1, visible
part in figure S2). Reliable information is usually obtained from N2 rotational bands [77–79]. However,
no N2 bands (typically found between 500 and 800 nm for the first positive system and between 300
and 450 nm for the second positive system [78]) are apparent in the OE spectrum, although our cell is
not isolated from the ambient air. Instead, we use the emission lines related to the OH-radicals, which
show pronounced bands in the spectrum (305–330 nm), clearly resolving the transitions between differ-
ent rotational levels, where the energy of a transition depends on the rotational level, and the intensity
depends, among others, on the rotational temperature. The rotational temperature can be obtained from
Boltzmann plots, which for the R2 branch of the (0,0) band of the OH A−X transition can be obtained
from equation (1) [80, 81]:

ln
Iλv′J ′

v′ ′J ′ ′

SJ′J ′ ′
= const.−

1

kBTrot
Ev′J ′ . (1)

Here, I is the intensity of a line, λv′J ′

v′ ′J ′ ′ and SJ′J ′ ′ are the wavelength and line strength of a transition,
and Ev′J ′ is the energy of the respective excited state with respect to the rotational ground state. The res-
ulting Boltzmann plot is shown in figure 2. The rotational number of the excited state is indicated at
each point, i.e., R21 is the emission from J ′ = 1 to J ′ ′ = 0. To fit the data, we assumed two temperatures
in different wavelength regions, resulting in a low temperature of 1650K from lines where J′ equals 1, 3,
4, and 7 and a high temperature of 6580K for J ′ ⩾ 13. Some lines overlap and the maximum can not be
inferred unambiguously and are, hence, omitted in the evaluation [80]. This is especially prevalent in the
range for 5 ⩽ J ′ ⩽ 12. Overall, both temperatures are significantly higher than expected for a glow dis-
charge, but not as high as for a typical arc or spark discharge. It should be noted that the determination
of the gas temperature using the OH emission suffers from electronic quenching and an overpopulation
of states with high J, dependent on the production mechanism of the radicals. Consequently, the intens-
ity distribution can correspond to two or even three different temperatures. This phenomenon has been
observed for streamer discharges in vapor bubbles by Bruggeman et al [78, 79]. There, the temperature
as determined by the N2 bands agrees with the one from OH only up to around J = 7. This indicates
that for our case, the lower temperature of 1650K is likely to be more representative of the actual gas
temperature.

5



J. Phys. D: Appl. Phys. 59 (2026) 115203 L Forschner et al

Figure 3. a) High-speed camera image of a Au cathode during plasma electrolysis at 300V in 0.01M KOH as described in [60].
(b) Schematic illustration of a discharge meandering through the vapor layer and (c) fanning out from the cathode to the liquid
anode, both leading to a higher apparent cross-sectional area. (d) SEM image of an as prepared Au electrode. (e) Au cathode sur-
face after 10min of plasma electrolysis at 300V in 0.01M KOH. (f) and (g) SEM images of the Au electrode surface after normal
electrolysis at 300V in 0.01M KOH shortly before plasma ignition. (h) and (i) SEM images of the Au electrode shortly after the
ignition of plasma electrolysis at 300V in 0.01M KOH. One large and one small spot of electrode melting are indicated in orange
and blue, respectively.

3.3. Current density
The current density is one of the most reliable properties that allow differentiation between glow and
arc discharges. In our experiment, the geometric current density j = 1.7Acm−2 is simply determined
by the measured average current (I = 0.27A) divided by the geometric area of the part of the wire elec-
trode that is immersed in the electrolyte (Ageo = 0.16cm2) during plasma electrolysis. This current dens-
ity is clearly in the range of a glow discharge [61, 63, 64]. As illustrated in the high-speed camera image
(without background illumination) of the Au wire electrode during plasma electrolysis in figure 3(a) (see
also reference [60]), the plasma consists of individual discharges (bright spots), covering only part of the
electrode surface (and the space between the electrode and electrolyte). In fact, based on the statistical
evaluation of the size and number of discharges (from high-speed camera images recorded in an inter-
val of 17µs) present at a given time reported previously [60], we inferred that only 10% of the surface
is covered by discharges. Considering that the entire current passes through the discharges, the current
density will increase by an order of magnitude, resulting in j = 17Acm−2, which is already higher than
expected for a glow discharge [61, 63, 64]. This simple consideration assumes that the discharges have a
perfect cylindrical shape.

From our previous work, we determined from high-speed camera images that the shape of a dis-
charge is predominantly an oblate spheroid, where the minor axis is oriented in the direction of the dis-
charge. This means that the region of impact at the interfaces (plasma–solid and plasma–liquid) might
be significantly smaller. Furthermore, the shape determined from individual (or sequences of) images
(recorded in an interval of 17µs) might still not reflect the actual shape or discharge behavior perfectly
on a shorter timescale. For example, it is possible that the discharge does not propagate in a straight line
from the electrode to the electrolyte but meanders both vertically and horizontally (see figure 3(b), thus
appearing wider. Furthermore, the discharge might also fan out, i.e., have a small area close to the cath-
ode and a larger one near the anode, as illustrated schematically in figure 3(c). This means the current
density might not be easily determined from images of the discharge, and might also not be constant
across the length of the discharge.

One type of arc discharges are arcs with hot cathode spots on a cold cathode [61]. In this case,
the cathode spots constitute regions with a high current density, which move rapidly over the surface.
This can induce local erosion of the electrode, which in turn can be used to estimate the cathode spot
size [61]. To confirm this assumption, we recorded SEM images of the electrode surface slightly before
(figures 3(f) and (g), after 75 s of normal electrolysis) and about one second after the ignition of the
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plasma (figures 3(h) and (i)). Because the time of plasma ignition varies in the range of about 10 s
between experiments, the exact time before the ignition takes place can not be given (but should be
in the range of these 10 s). For comparison, an as-prepared electrode surface is shown in figure 3(d),
and an electrode surface after a long electrolysis time of 10min in figure 3(e). It is apparent that nor-
mal electrolysis already has an effect on the electrode surface structure, evident from the dark regions in
figure 3(f), which could be due to a different composition in these regions or actual holes. We assume
the latter is more likely, where the holes might be caused by pitting corrosion. The formation of such
structures is discussed in more detail in the SI in section S5.

SEM images of the electrode surface taken shortly after the ignition of the plasma (<1s) are shown
in figures 3(h) and (i). The large-scale image (figure 3(h)) shows local spots with significant differ-
ences in brightness, where, in between these spots, the surface also does not seem to be homogeneous
(figure 3(i)). Focusing on the dark spots marked in orange and blue in figure 3(i), and considering that
the difference in brightness is due to structures with different heights, it seems that electrode material
is missing in the center of the spot, which has been transported to the edge, where it is located above
the former flat surface. This could be caused by the local melting of the electrode, which is induced by
the local impact of single discharges. Note that for longer plasma electrolysis treatment times, the entire
electrode has undergone structural changes, as shown in figure 3(e).

Furthermore, considering the hole marked in orange, it is not clear whether that spot is caused by a
single discharge, a discharge moving along the wire, or multiple discharges that ignited simultaneously
or consecutively in this region. The latter is a likely process, since we observed in our recent works that
discharges tend to ignite in the vicinity of agglomerates of discharges [60]. However, considering that
these images were taken at less than one second after the plasma ignition, it is expected that the prob-
ability of these phenomena is low. Repeating this experiment showed slight differences in the electrode
structures obtained before and after the ignition. Nevertheless, the spot sizes where the electrode sup-
posedly melted had a similar size. This is discussed in more detail in the SI in section S5. Further ana-
lysis of the electrolyte showed nanoparticle formation, indicating that material is actually removed from
the surface and not only transported from the center of the spots to their edges (see SI section S6 for
TEM images and size distribution of the nanoparticles as well as a size estimation from the UV/Vis
absorption spectrum of the electrolyte). Nevertheless, to estimate the current density through single dis-
charges, we consider the two spots marked in orange and blue as upper and lower bounds of the dis-
charge spot size. Considering a circular geometry, the orange spot has an area of 7.4µm2, while the blue
spot has an area of 0.13µm2. The average total current during plasma electrolysis is 270mA. However,
as there are several discharges present simultaneously, the determination of the current flowing through
each cathode spot is quite difficult.

From high-speed camera images we determined the average number of about ten discharges per
frame (with an upper bound of 20), similar to the number that can be seen in the high-speed cam-
era image in figure 3(a). We expect additional discharges on the backside of the wire, which is, how-
ever, inaccessible to the camera. The number of discharges in that region should be similar or lower
compared to these numbers. Assuming a total of 20 simultaneous discharges, and that every discharge
carries the same amount of current, we obtain a current density of 182 kAcm−2 for the larger cathode
spot (orange) and 10.4MAcm−2 for the smaller spot (blue). If the number is smaller than 20, these cur-
rent densities would even increase. Additionally, one would expect different discharges to carry varying
amounts of current. Especially those discharges that cause the melting seen in the SEM images are likely
carrying significantly more current than those discharges that do not (yet) induce surface modification.

Assuming that the cathode spots in figure 3(i) are caused by discharges which carry 20% of the
total current, one obtains current densities of 730 kAcm−2 for the larger cathode spot (orange) and
41.5MAcm−2 for the smaller spot (blue). Note that for this estimation several assumptions were made
regarding the cathode spot area and the current of the discharges. However, these currents are clearly in
the range of an arc or spark discharge [61, 62, 73, 74], and are significantly larger than those expected
for a glow discharge, i.e., in the range of µAcm−2–Acm−2 [61, 63, 64]. Choosing different values for the
current, cathode spot area, or number of discharges would still result in current densities in the same
range. The presence of a glow discharge in addition to an arc-like discharge can not be excluded. The
contribution to the total current would be smaller, though, and no electrode melting would be expected.

3.4. Electron productionmechanism
High current densities as the ones obtained above are typically sustained in an arc discharge by thermi-
onic/field emission. Focusing on thermionic emission, where the amount of electrons emitted from the
electrode strongly depends on its temperature, one may ask what electrode temperatures are necessary to
produce the present current densities. The current density from thermionic emission jT depends on the
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surface temperature Ts as described by the Richardson-Dushman equation [82, 83],

jT = AT2
s exp

(

−Φ

kBTs

)

, (2)

where A is a constant (120 cm−2K−2)[84] and Φ = 5.22eV is the work function [85]. Considering the
two limiting cases for the current density for the blue (41.5MAcm−2) and orange spot (182 kAcm−2)
above, electrode temperatures of about 10500K and 6000K are expected, respectively. These temperat-
ures are far above the boiling point of Au (3243K). This is consistent with the spots on the electrode
surface in figure 3(i) being ascribed to the melting/evaporation of electrode material. It should be noted
that the actual temperature would be lower when considering the effect an electric field, which facilitates
the liberation of electrons from the surface. Nevertheless, this result indicates that the presence of an arc
discharge is plausible with regard to the electron production mechanism.

3.5. Discharge voltage
Arc and glow discharge can be distinguished by the voltage drop across the discharge, with glow dis-
charges typically showing significantly higher values (hundreds of V) compared to arcs (tens of V).
Comparing our system to typical examples from plasma physics, the voltage drop occurs between two
driving electrodes, which in our case would be the wire electrode (cathode) and the electrolyte (anode).
In a common plasma experiment, the voltage is applied directly to these electrodes. In plasma electro-
lysis, the voltage is applied between two electrodes immersed in the electrolyte. There, the conductivity
of the electrolyte is low, due to the slower ion migration vs. the fast electron migration in the conduc-
tion band of a metal. Consequently, the voltage drops in the electrolyte are usually significant for high
currents [75]. Thus, the voltage drop (i.e., the potential difference) between the wire and the electrolyte
during plasma electrolysis is the voltage applied between the driving electrodes, minus the voltage drop
in the electrolyte. To determine the electrolyte potential at the plasma–electrolyte interface, we follow
the experimental procedure presented previously [75]. The voltage drop in the electrolyte was measured
during high voltage electrolysis (no plasma) with two reference electrodes placed at specific locations in
the electrolyte in a cell with well-defined geometry. Thereby, one reversible hydrogen electrode (RHE) is
placed at a reference position far away from the electrolysis electrodes. Another RHE is positioned at dif-
ferent locations in the electrolyte, and the voltage between both RHEs is measured. This is illustrated in
the SI in section S1. Additionally, the voltage between the electrolysis electrodes and the reference elec-
trode is recorded. For convenience, all potentials are given vs. one reference electrode far away from the
driving electrodes on the side of the WE (REF1). Figure 4(a) shows the electrode (WE as squares and
counter electrode, CE as triangles) and electrolyte potentials (circles) during normal (blue) and plasma
electrolysis (violet) relative to the reference electrode located at −10 cm (REF1). The region between
−10 cm and −4 cm is not shown since the potential difference between the RHEs is zero during normal
and plasma electrolysis.

The shape of the distance-dependent electrolyte potentials during cathodic normal electrolysis in
figure 4(a) (blue) agrees well with that reported in our previous work for anodic normal electrolysis
at high voltages [75]. At distances to the WE larger than 0.4 cm, the electrolyte potential distribution
is determined by the cell geometry. At positions closer to the WE, the potential followed a logarithmic
shape expected from a cylindrically symmetric geometry [5, 86]. The majority of the voltage drops close
to the WE due to the small electrolyte cross-section that the current has to pass through in proximity to
the thin wire electrode. The voltage drops close to the CE are less pronounced due to the significantly
larger size of that electrode, leading to lower current densities at the electrode. In between the electrodes
and at a certain distance from the electrodes, the voltage is expected to decrease linearly [75]. Note that
values could not be recorded in this region due to the size constraints of positioning our bulky RHE
probes.

During plasma electrolysis, the shape of the distance-dependent electrolyte potentials is similar to
that during normal high-voltage electrolysis, with two apparent changes. First, the electrolyte potentials
close to the electrodes decrease significantly (indicated by black arrows 1) due to the lower current dur-
ing plasma electrolysis (0.2 A vs. 1.1 A during normal electrolysis). Second, the electrode potentials shift,
where the CE potential shifts closer to zero (behaves similarly to the electrolyte potential, arrow 2), but
more interestingly, the WE potential shifts to more negative values (arrow 3), indicating a significant
additional voltage drop close to the WE with respect to the electrolyte potential.

During normal electrolysis, the difference between the WE potential and any point in the electro-
lyte is determined by the ohmic voltage drops in the electrolyte. Close to the electrode, and based on
our previous study [75], we suggest that the potential distribution should be determined by a cylindrical
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Figure 4. (a) Potentials at the working electrode (WE, square), the counter electrode (CE, triangle), and in the electrolyte (circle)
during normal electrolysis (blue) and plasma electrolysis (violet) with a Au wire electrode at 300V in 0.01M KOH. The change
when the plasma is ignited is indicated by black arrows. (b) and (c) calculated potential distribution, using different conductivit-
ies for the plasma, between the working electrode and the closest experimentally determined values for the electrolyte potential.
The color of the background illustrates the contributions of the vapor layer and the electrolyte to the total volume in blue and
violet, respectively. Note the different x-axis scales in each part of the figure.

geometry. Accordingly, in general the difference in potentials φi at radii ri and for constant electrolyte
conductivity σel can be described by [75]

φ1 −φ2 =
I

2πσelL
ln

r2
r1
, (3)

where I is the current and L is the length of the wire. During plasma electrolysis, the region around the
WE consists of a vapor layer, the thickness of which fluctuates over time and along the wire. To account
for this constraint, we use the vapor layer thickness distribution determined from high-speed camera
imaging in a previous work [60], allowing for deriving the volume ratios Vi/V of the respective phase.
At distances far from the electrode, the volume fraction of the electrolyte is one, which decreases with
decreasing distance to the electrode, where close to the electrode, the volume fraction of the vapor layer
with the plasma is one, as illustrated in the colored background of figures 4(b) and (c). Each phase is
attributed a conductivity, i.e., σpl for the plasma phase and σel for the electrolyte. The latter are weighted
according to the volume ratios Vi/V of the respective phases. The change in potential with increasing
distance from the electrode is now expressed by the individual volume fractions and respective conduct-
ivities, using infinitesimal differences of the potentials and radii:

dφ =
I

2πLr
dr

(

Vpl/V(r)

σpl
+

Vel/V(r)

σel

)

. (4)

Furthermore, for this calculation, we simplify the plasma part by assuming that the plasma is homo-
geneously distributed in the vapor layer and has a single, constant electrical conductivity, contrasting
our observation above, where the voltage will likely drop across individual discharges in the vapor lay-
ers. A similar assumption was made in the model by Asimakoulas et al, who calculated the electric field
inside the vapor layer using finite element analysis [87]. The variation of the potential curves was cal-
culated from equation (4) for a fixed electrolyte conductivity of σel = 2.5mScm−1 [88] and varying
plasma conductivities (0.06 to 2.5mScm−1), which are shown as solid curves in figures 4(b) and (c).
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Figure 5. Criteria to distinguish between glow (left) and arc discharge (right). Experimental values are given in the center column.
Whether they indicate the presence of a glow or arc discharge is indicated by the opacity of the respective backgrounds.

The best match is obtained with σpl = 0.078mScm−1 (dark red curve), which passes through the meas-
ured electrolyte potential values (here given with respect to the WE potential) marked by the violet
points between −1 and −0.4 cm. For this potential curve, close to the electrode, e.g., at −0.036 cm from
the electrode center where 80% of the volume is occupied by vapor, the discharge voltage is approxim-
ately 145V, indicated by the dashed black line. In contrast, at 0.055 cm where only 20% of the volume
is occupied by vapor, the discharge voltage is 230V (dotted black line). These values for the discharge
voltage are more typical for a glow discharge, although the real situation is more complicated due to
the simultaneous presence of plasma and unionized gas, which would rather correspond to resistances
in parallel with a high and low conductivity, respectively. In the case of a glow discharge, the discharge
regions could be larger compared to regions with arcs, complicating the assessment even further.

4. Discussion

In our previous work, we showed that the plasma during cathodic plasma electrolysis consists of indi-
vidual discharges [60]. This raised the question whether the plasma consists of a glow discharge, which
is also commonly used in names describing the plasma electrolysis process, such as contact glow dis-
charge electrolysis [18, 19]. While our former work mainly focused on the statistical evaluation of the
discharges, to infer their shape, lifetime, or mean velocity, in this work, we performed a set of experi-
ments aiming at gaining a more fundamental understanding of the underlying type of discharge. The
results do not clearly provide evidence for a specific type of discharge. Instead, we suggest that the
plasma possibly consists of several types of discharges. Focusing on glow and arc discharges, which are
suggested to be the most reasonable types of discharges from the visually observed discharge behavior,
typical values for the gas temperature, electron density, current density, electron production mechan-
ism, and the discharge voltage are shown in figure 5 along with our experimental results in the center
column. We first briefly discuss the experimental results with respect to arc, or arc-like, and glow dis-
charges, and the relation between these results. Second, possible reasons for the concomitant appearance
of glow and arc-like discharges are discussed with respect to their ignition and extinction mechanisms.

The result that is most difficult to interpret is the gas temperature, which we estimate from the OH
rotational emission spectrum. A Boltzmann plot of the respective lines shows two linear regions. The
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lower temperature of about 1650K is higher than expected for a glow discharge [62, 89], but too low for
an arc [62]. The origin of the higher temperature, 6580K, is unclear. It is possible that the vapor layer
contains regions with different types of discharges, e.g., an arc region and a glow region (see below).
However, it is likely that the emission from OH radicals simply does not follow a Boltzmann behavior.
This is well established and related to the formation processes of OH radicals in the plasma region [78].
Therefore, local thermal equilibrium cannot be guaranteed, and the temperatures are not reliable.

From high-speed camera imaging (see figure 3(a)), it is evident that the plasma does not completely
fill the vapor layer, but filamentary discharges can be seen, indicating arcs or arc-like behavior. This
interpretation is substantiated by the electron density inferred from OES and the current density through
an individual discharge estimated using the local modification of the electrode surface and the number
of discharges apparent in high-speed camera imaging. Furthermore, the temperature of the electrode
needed to generate the estimated current densities by thermionic emission, as would be expected for an
arc discharge, exceeds the boiling point of Au. This is consistent with the formation of holes on the elec-
trode surface, surrounded by deposits from the melt.

The presence of a glow discharge is mainly suggested from visual inspection, but that could be
caused by the high frequency and number of arc-like discharges igniting and extinguishing within a
second, which the eye or conventional cameras can not differentiate. Experimentally, the glow discharge
can be rationalized by the estimated discharge voltage (up to 250V). If only arc discharges were present,
the voltage would be expected to be below 100V. Note that our estimation of the discharge voltage is
based on a simplified model, which does not account for the full complexity of the system. First, we
assume that the conductivity within a discharge in the vapor layers is constant and homogeneous. In
reality, however, the voltage drop mostly occurs in the sheath regions (close to the electrodes), while
in the bulk of the plasma, the electric field is low and the potential is almost constant. This would also
mean that the discharge voltage is independent of the size of the discharge gap (distance between the
electrode and the electrolyte). Also, if there are different discharges present simultaneously, they would
have different potential distributions. Nevertheless, our results provide a reasonable estimate of the mean
discharge voltage. Note that while our discharge voltage is quite high and thus hints at the presence of a
glow discharge, other examples of plasma electrolysis suggest much lower values. For example, Kellogg
observed plasma electrolysis in 0.5M H2SO4 at a Pt wire anode by applying a total voltage of 60V.
Hence, the discharge voltage must be lower, considering the voltage drop in the electrolyte, and a glow
discharge seems unlikely in this case.

It is also possible that no sustained discharges are formed, but sparks are initiated in the vapor layer.
The electric field strength necessary for breakdown of air in ambient conditions is 30 kVcm−1. For a
vapor layer thickness of 0.1mm, which is on the lower end of the vapor layer thickness distribution [60],
the resulting voltage is 300V. While this voltage is higher than the discharge voltage determined using
the electrolyte potentials (between 120 and 250V), it is reasonably close to consider the presence of
sparks. While sparks have similar properties to arcs, i.e., a high electron density, high currents, and high
gas temperatures, they are not sustained. While there is continuous emission during plasma electrolysis,
it stems from individual discharges that form and disappear on a frequent basis. If the current through
a spark is maintained, the spark can transform into an arc discharge [61, 72]. However, arc discharges
are typically not stable on electrodes of low melting point, such as the Au used in this work. Thus, it is
possible that a spark is ignited first, which then transforms into an arc until the electrode quickly melt-
s/evaporates, providing a natural end to the discharge, which will be discussed further below.

Apart from glow, arc-like or spark-like discharges, other forms of discharges might explain some of
the more ambiguous results from this work. For example, inhomogeneities in a glow discharge may lead
to a constriction, i.e., reduction of the cross section of the discharge. This can, in turn, affect the plasma
parameters, such as the electron density or current density [61]. However, constricted glow discharges
are not expected to show lines of the electrode material in the emission spectrum [66], which, for our
case, are clearly visible (see section S2 in the SI). Thus, we omit a detailed consideration of such a dis-
charge type.

Following, we rationalize the presence of different types of discharges, describing the possible igni-
tion and extinction process for a single discharge. Plasma electrolysis occurs once a stable vapor layer
forms around the plasma electrode. At this point, the electrode is static, but the vapor–electrolyte inter-
face is still rather dynamic. The electrode is possibly still rather cold, as the contact with the electrolyte
prior to the ignition constantly cools it. Nevertheless, the large potential difference between the elec-
trode and the electrolyte can be sufficient to locally ignite a glow discharge in the vapor layer. Next, the
voltage might increase along with the current density, leading to an abnormal glow, which can, how-
ever, not be inferred directly from our experiments. Concomitantly, the cathode temperature increases
due to the impact of positive ions until an arc-like discharge appears. This should lead to a decrease
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Figure 6. Scheme depicting the evolution of discharges from (a) glow to (b) a simultaneous presence of glow and arc discharges.
Glow discharges are illustrated as the wider area discharges and arcs as thin lines.

in discharge voltage [64]. Due to the local restructuring of the electrode depicted by SEM imaging, we
assume that the glow has little effect on major electrode restructuring, and that the holes observed on
the electrode are mainly caused by the other types of discharges. The arc is then sustained by thermi-
onic emission, potentially supported by the electric field, as described above. However, in our previous
work, we could show that the individual discharges have a limited lifetime. We assume that during the
arcing process, the electrode surface locally heats further on the cathode spot of the arc. Consequently,
the heating will lead to local boiling of the surface, and when this process gets too strong, along with
possible spontaneous release of electrode material, the discharge extinguishes. Finally, considering that
we observe spatially separated discharges in the high-speed camera images, it is likely that new glow dis-
charges are ignited on the electrode while other discharge types are still present elsewhere on the surface.
This is illustrated in figure 6, where in figure 6(a) two glow discharges are present, which develop, in
this simple representation, into arcs in figure 6(b), along with the ignition of two new glow discharges.
Consequently, the voltage across the vapor layer would then be determined by the glow discharges,
although the exact potential distribution for the individual discharges would be complex. Overall, it may
seem counterintuitive to simultaneously have discharges with highly different discharge voltages from a
plasma physical point of view. Using metals as electrodes, constant electrode potentials are expected. In
contrast, when one electrode is an electrolyte, which has a significantly lower conductivity, it is conceiv-
able to have a glow and an arc discharge in parallel, connecting different points at the electrolyte–plasma
interface to the metal electrode. The difference in discharge voltage would then appear as an ohmic
voltage drop between the two electrolyte locations. Also, note that in a previous work, we noticed that
new discharges ignite preferentially above groups of established discharges. This is likely related to spe-
cies originating from the extinguished discharge, which move due to buoyancy upwards along the wire,
eventually facilitating the ignition of new discharges [60].

In total, we related the possible types of plasma during plasma electrolysis to values inferred from
typical gas-phase plasma experiments. Considering that we find values which can be related clearly to
different types of plasmas, illustrates the complexity of the nature of plasmas in plasma electrolysis. This
observation is possibly not surprising, given the presence of a dynamic liquid anode (the electrolyte).
Thus, deviations from idealized discharges are expected, and our results do not necessarily reflect the
properties of discharges known from their plasma-physical fundamentals. To gain more fundamental
insights into the possible temporal changes of individual discharges, a more refined model system and
diagnostics other than those presented in this work will be required, especially approaches with higher
temporal resolution. Specifically, solutions must be found to reduce the dynamics of the vapor layer. Due
to the varying local lateral extent of the vapor layer, care must be taken when comparing these results
to theoretical models, where fixed distances between the electrodes are usually assumed. Nevertheless,
the statistical results from our previous work and the data from this work might help in gaining more
fundamental insights from a theoretical perspective.

5. Conclusion

In this work, we studied the properties of the plasma in cathodic in-liquid plasma electrolysis. To
determine the type of discharge present, we combined OES, SEM, and electrochemical measurement of
the electrolyte potentials. By considering the discharge itself as well as its interaction with the solid elec-
trode and the liquid electrolyte, we derived a consistent explanation for the temporal evolution of single
discharges. The following aspects of the discharges were investigated:
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• The electron density in the discharge was calculated using the Stark broadening of the Hα line. This
yielded two electron densities of 1.2× 1015 and 9.8× 1015 cm−3. While we can make no conclusive
statement about the origin of the two electron densities, both values indicate the presence of an arc or
spark discharge.

• A Boltzmann-plot of the OH radical emission gave a two-temperature distribution with temperat-
ures of 1650 and 6580K. While the higher of these two temperatures is likely caused by the non-
equilibrium population mechanisms of the higher OH rotational levels, even the lower temperature,
which is expected to be more representative of the gas temperature, is higher than expected for a glow
discharge. Still, the temperature determination by the OH emission should be viewed with caution as
discussed above.

• High-speed camera images of the electrode indicate a filamentary nature of the discharge. The size
of the discharge as it appears in the camera image is most likely larger than the cross-sectional area
of the discharge due to a meandering or fanning out of the discharge on its path through the vapor
layer. On the cathode, the current is concentrated on spots with a size between 0.13 and 7.4µm2 as
determined from spots of molten electrode material in SEM images.

• Using the cathode spot sizes obtained from the SEM images, we estimated the current density at the
cathode spot to be in the range of 180 kAcm−2 to 42MAcm−2, clearly indicating an arc discharge.

• To generate the current densities above by thermionic emission, electrode temperatures between 6000
and 10500K are necessary. These temperatures exceed the boiling point of the Au electrode, which
is consistent with the local melting observed on the electrode surface, as well as the presence of Au
nanoparticles in the electrolyte.

• The electrolyte potentials were measured electrochemically and extrapolated to the vapor–electrolyte
interface. The discharge voltage was determined to be between 120 and 250V, dependent on the thick-
ness of the vapor layer at the respective position. This indicates the presence of a glow discharge.

Overall, our results clearly indicate the presence of arc- or spark-like discharges during plasma electro-
lysis. It is, however, possible that the high discharge voltage is caused by the presence of glow discharges.
Over time, the electrode heats up until thermionic emission can produce the current densities for an arc
to occur. Alternatively, sparks are ignited directly without prior presence of other discharge types. The
discharges are likely extinguished with the melting and evaporation of the electrode material at the cath-
ode spot. In conclusion, we recommend to forgo the use of ‘Contact Glow Discharge Electrolysis’ when
describing plasma electrolysis to avoid mistaking the plasma for a classical glow discharge.
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