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ABSTRACT 

This paper reports investigations on the formation of hydrogen peroxide resulting 

from micro-pulse plasma discharges obtained in pin-to-pin configuration underwater. 

In particular, this study reports the influence of the discharge regime (cathode regime 

with and without breakdown, and anode regime) as well as that of the discharge 

energy (from 10 to 45 mJ per pulse). It has been shown that the H2O2 production is 

higher for high energy and anode regime. In addition, the variation of the pulse width 

(from 50 to 500 µs) highlights the dependence of the chemical processes induced by 

the discharge according to the regime. Considering two different electrode materials 

(tungsten and platinum), we do not observe any significant influence of the electrode 

material on the H2O2 production, whereas the injected energy depends on the high 

voltage electrode material. Finally, the erosion of the electrodes have been studied 

using in-situ optical microscopy and SEM. It is shown that the erosion mechanisms 

strongly depend on materials, regimes and the polarity of the electrodes. 

KEYWORDS: Underwater plasma, pulsed electrical discharge, pin-to-pin geometry, 

electrode erosion, hydrogen peroxide formation. 
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1. Introduction 

The study of electrical discharges formed under water is of great interest because of 

their large applications in material, environmental and biomedical  sciences [1-5]. 

Indeed a series of physical and chemical processes formed by discharges in the water  

lead to the production of various reactive chemical species such as radicals (OH, H, 

O), molecular species (H2O2, H2, O2, O3) and solvated electron (e
-
) [2, 5-8]. Their 

concentrations are obviously strongly dependent on the experimental conditions. In 

the frame of industrial applications, there is a need to determine these relationships 

in order to master and optimize the process. Most of the underwater discharges have 

been performed using pin-to-plate electrode configuration, of which the works of 

Locke and Lukes groups [6, 7, 9-17] are major contributions in valuable insights in 

chemical analysis. As an example, it has been shown that the early chemical activity 

is related to OH and H radicals formed by electron collisions with water molecules in 

the plasma channel [6]. It has been also demonstrated that the rate production of 

molecular hydrogen and hydrogen peroxide is 1:2 [7] and that the recombination of 

hydroxyl radicals is the major pathway to H2O2 formation[14, 15]. A special 

attention has been paid on the study of hydrogen peroxide production according to 

the experimental conditions such as the discharge treatment time [7, 9-13, 18, 19] the 

solution conductivity [6, 7, 11], the discharge power [6, 7, 10, 12], the gas flow [9, 

19], the reactor configuration [12], the pH [19] and the electrode material [11, 13, 

19, 20]. These discharges can produce about k=5.10
-7

 M/s of H2O2 with high energy 

consumption (about 1 J/pulse). An exhaustive review discussing the methods to form 

hydrogen peroxide in electrical discharges with liquid water is available [16]. It 

reports that the energy yields are within the range from 0.5 to 1 g.kWh
-1

 for a very 

wide range of types of discharge suggesting that a common mechanism drives the 

H2O2 formation. 

In order to reduce this consumption, a needle-to-needle underwater discharge was 

used with low pulse energy (about 10 mJ) using reduced voltage (< 4 kV) but high 

frequency (10 kHz) and bipolar pulses [18]. The electrodes, made either in stainless 

steel or tungsten, are 1 mm diameter and the solution conductivity is high (from 500  

to 1250 µS/cm). They have measured H2O2 concentration up to 5 mM independently 

of the type of plasma discharge (bridged or not). However, it is known that the 
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erosion of needle electrode involves the modification of the electrical field 

distribution since it is very sensitive to the electrode curvature radius. It is then 

possible to observe time evolution of the discharge characteristics, whi ch is not 

suitable for industrial applications.  

As a consequence, in parallel to the H2O2 production measurements, several studies 

focused on electrode erosion in underwater pulsed discharge [11, 13, 18, 20-22]. In 

particular these studies investigated the catalytic effect of W which leads to H2O2 

decomposition [11, 13, 18, 23-27]. Possible mechanisms causing electrodes erosion 

by electrical discharge in water include melting, evaporation, electron/ion 

bombardment, sputtering, oxidation, cavitation…[21, 28]. As mentioned previously, 

most of the studies dealt with pin-to-plane configuration and they focused on the 

erosion of the HV-pin electrode [11, 13, 21] according to electrode material or 

solution conductivity. In particular, Lukes et al [11, 20] have reported that the anodic 

electrolysis is the significant form of erosion of the HV electrode [29] which can 

represent 40% of the total erosion process for tungsten or stainless steel electrodes 

[11, 20, 22]. In addition, thermal processes of erosion involving melting and 

condensation have been suggested [11, 20-22]. Potocký et al [18] have investigated 

the erosion of tungsten and stainless steel needle electrodes and the presented results 

suggest that the erosion mechanisms are similar on HV and GND for both materials 

and are also related to electrolysis and thermal processes. One mean of reducing the 

erosion issue is to decrease the diameter of the electrode enough that the discharge 

characteristics do not depend anymore on the shape of the tip, resulting in the pin-to-

pin geometry that we used in the present work. 

In this paper, we report the measurement of H2O2 production and electrodes erosion 

after underwater discharge using pin-to-pin configuration and low energy for 

different discharge regimes. Considering these experimental conditions, two different 

regimes have been identified (cathode and anode regimes) in which three different 

cases of discharge occur. A detailed description is given in [30]. As a summary, the 

cathode regime involve the case 1, in which a bush-like structure propagates from the 

cathode to the anode, a glow discharge appears on the cathode and no breakdown 

occurs between the two electrodes; and the case 2, where the bushy structure still 

appears at the cathode but the discharge spans the electrode gap causing the 
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breakdown. The anode regime corresponds to the case 3, where a filament structure 

appears and propagates from the anode to the cathode leading to several successive 

breakdowns. 

In this work, a series of experiments were performed for different cases of discharge 

by changing the applied voltage, the pulse frequency and the pulse duration in order 

to determine the production of hydrogen peroxide. We also report the effect of 

different electrode materials (Tungsten and Platinum) on the production of hydrogen 

peroxide. The final section presents a study of the electrode erosion by the pulsed 

electrical discharge in water according to the material and the case of the discharge. 

2. Experimental set-up 

The scheme of the experimental set-up is presented in Fig.1. Pin electrodes of 

100 µm diameter are covered by an insulating capillary tube. The length of both pin 

electrodes protruded from the capillary tube in water is about 400 µm (±100 µm). 

The distance between the two electrodes is set at 2 mm for all experiments. Most of 

the experiments are performed using tungsten electrodes, but use of platinum is also 

considered (see parts 3.5 & 4). The pin-to-pin geometry of electrodes has been used 

in two different reactors for two different kinds of experiments. Experiments 

investigating H2O2 concentration during the discharge are performed in a 200 mL 

cylinder glass reactor, whereas experiments dedicated to the variation of electrodes 

length involve a 150 mL rectangular reactor including two parallel silica windows 

for optical access. Changing the shape and the volume of the vessel does not involve 

significant variations on the final results on either H2O2 or electrodes measurements 

(lower than the estimated uncertainties). 

The high voltage pulsed power supply consists of a low inductance capacitor 

(C = 1 nF) charged by a 30 kV DC high voltage supply passing through a 30 kΩ 

resistor which discharges through a fast high voltage solid-state switch (Behlke HTS 

301-03-GSM). The positive high voltage pulse has a rising time equal to 30 ns and 

adjustable pulse duration from Δt = 50 µs to 1 ms. The pulse frequency is adjusted 

from f = 5 Hz to 100 Hz and the voltage range is between U = 4 kV and 11 kV. 

Discharge voltage and current waveforms are measured via a Tektronix high voltage 

probe connected to the high voltage electrode and a 10 Ω resistor connected with the 
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ground electrode respectively. Both signals are recorded by a digital oscilloscope 

(Lecroy HDO9104) every five minutes during the 30 min long experiment.  

The conductivity of the solution is kept constant at σ=200 µS/cm for various 

experiments by using sodium chloride (NaCl). A magnetic stirring bar at the bottom 

of the reactor with speed of 200 rpm is used to homogenize the solution.  

The concentration of hydrogen peroxide is determined by measuring the  absorbance 

at 410 nm of the product of 2 mL sample with 1 mL of titanyl ions giving a yellow-

colored complex [31]. These ex-situ measurements are performed in Avaspec-

DHC2048XL spectrometer. Measurements are performed every 5 minutes during the 

30 min long experiment. Uncertainty on H2O2 concentration is estimated to be lower 

than 2%. Both electrodes are imaged on a CCD Camera (IDS Imaging Development 

Systems) through a homemade microscope with a (×2)-magnification. A long 

working distance objective (Mitutoyo plan apochromatic, infinity corrected) was 

used to take into account the dimension of the reactor and coupled to a tube lens with 

a f=200 mm focal length. This optical system allowed in situ and real time 

measurement of the variation of the electrodes length during the plasma discharge  

(presented in Fig.1) with an accuracy of about 98%. Morphology and composition of 

the electrodes after the discharge are also studied ex-situ by using Scanning Electron 

Microscopy (SEM) and Energy-Dispersive X-ray spectroscopies (EDX) respectively.  

For both, H202 and electrode length measurements, a minimum of three 

measurements have been carried out for each experimental condition in order to 

ensure the reproducibility of the observed phenomena, and to provide reliable 

analysis of the results. 
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Fig. 1 Schematic diagram of the experiment set-up (150 mL rectangular reactor is shown). 

 

3. H2O2 measurements 

Basic experimental conditions involve tungsten wire for both electrodes and a pulse 

frequency fixed at 50 Hz (if no other specification). 

3.1 Characteristics of the discharge 

Fig.2(a) shows the typical voltage and current waveforms obtained for one pulse with 

different applied voltages (4, 6 and 9 kV). Detailed analysis of the waveforms can be 

obtained in [30]. The value of the applied voltage has been determined in order to 

obtain the three cases of discharge mentioned previously with f=50 Hz [30, 32]. 

Indeed, even if the occurrence of the different cases is random for given initial 

conditions, it is possible to identify a set of experimental conditions that makes a 

case dominant. Accordingly, case 1, case 2 and case 3 of the discharge correspond to 

applied voltages of 4 kV, 6 kV, and 9 kV respectively. 
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Fig.2 Typical electrical waveforms of pin-to-pin discharge generated in water: V = 200 mL, 

f = 50 Hz, Δt = 500 µs, 2 mm of gap, and σ = 200 µS/cm); (a) Voltage and Current signals 

and (b) Time evolution of the energy per pulse  

In addition to identifying the case of the discharge, electrical signals are used to 

estimate the energy delivered to the discharge. The energy per pulse results from the 

time integration of the current and voltage product  (Fig. 2(b)). We observe that most 

of the energy is deposited in the liquid during the first 50 µs of the discharge. Since 

the variation of the waveforms from pulse to pulse is lower than 10%, we determine 

the average energy per pulse by considering the average of all the waveforms 

measured (every 5 min) during the experiment. As an example for the experimental 

conditions reported in Fig.2, the average energy per pulse delivered for case 1 is 

about 12 mJ, for case 2 is 24 mJ and for case 3 is 45 mJ (reported on Fig.3(b)). We 

also determined the total energy of the process by integrating the average energy per 

pulse over the total duration of the experiment considering the frequency of the pulse 

generation. Considering the same example, we obtained a total energy equal to 1.1 kJ 

for case 1, 2.4 kJ for case 2 and 4.1 kJ for case 3. 

3.2 Production of H2O2 

The time evolution of H2O2 production was obtained by sampling 2 mL of the 

solution every 5 min (Fig.3(a)). After 30 min of discharge, the concentration of H2O2 

remained very low in case 1 (< 0.1 mM); it reaches 0.3 mM in case 2; whereas the 

value is the highest one in case 3 with almost 0.8 mM. Moreover, the detection time 

of H2O2 production changes with the case as H2O2 is detected after 30 min in case 1, 

after 15 min in case 2 and from 5 min in case 3. Once H2O2 is detected, its 

concentration increases almost linearly with time. The global production rate has 
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been estimated for each case and reported in Table 1. Values from about 10
-3

 g/h 

(case 1) to 10
-2

 g/h (case 3) were obtained, and are about one order of magnitude 

lower than those reported in [16]. This difference may be due to the lower energy 

used in this work, as detailed below. 
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Fig. 3 Hydrogen peroxide concentration for three different cases (applied voltages). (a) 

Concentration of H2O2 as a function of time. (b) Final concentration of H 2O2 as a function 

of total energy (measured after 30 min) (V = 200 mL, f = 50 Hz, Δt = 500 µs, 2 mm of gap, 

σ = 200 µS/cm). Uncertainty of [H2O2] (2%) is not discernable. 

The formation of hydrogen peroxide by pulsed corona discharge in deionized water 

use to be represented by the global reaction [7, 10, 15]: 

  6 H2O     2 H2O2 + 4 H2 + O2
 
        (1) 

Reaction (1) is assumed to be directly initiated by the discharge, to be zero-order 

(considering that the water concentration remains constant) [10] and to dominate the 

other reactions [7]. Measurements of [H2O2] corresponding to case 3 show linear 

increase in relation to the time, which could be expressed as: 
       

  
   , k1 is the 

rate constant of reaction (1). This equation shows that reaction (1) dominates the 

H2O2 production. As a consequence, the rate constant k1 can be estimated from the 

slope of the plot, being equal to about   
      = 4.7×10

-7
 M/s. This model is not 

perfectly adapted to describe H2O2 production for case 1 and case 2 because of the 

presence of an ignition delay. Nevertheless, by using the same approach for case 2 

(from 10 min), the estimation of the rate constant   
       provides 2.3×10

-7
 M/s, 

which is 2 times lower than for case 3. The differences between the ignition delay 

and the estimated rate constant according to the cases suggest that the chemical 
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processes strongly depend on the discharge regime. The values of these rate 

constants are in good agreement with measurements obtained for needle-to-plate 

configurations [7, 9, 10, 13]. Using this configuration, the authors have reported up 

to [H2O2] = 2 mM after 30 min, but these performances have been obtained using a 

very high energy (about 40 times higher than this work) [9]. For the same duration, 

Potocky et al. [18] have reported H2O2 concentrations equal to 1.8 mM in unbridged 

conditions (similar to case 1) and equal to 2.7 mM in bridged conditions (similar to 

case 2 or case 3). These values have been obtained using a needle-to-needle 

geometry with low energy (10 mJ/pulse) but for higher solution conductivities (at 

least 500 µS/cm) and higher electrode diameter (1 mm).  

As reported in Fig.2(b), the energy delivered to the discharge depends on the case. 

Fig.3(b) presents the H2O2 concentration measured after 30 min of discharge 

according to the total energy consumed during the experiment. The highest the total 

energy, the highest the H2O2 concentration, and the relationship is quite linear with a 

coefficient of about 0.19 mM/kJ which can be interpreted as the H2O2 formation 

efficiency. The calculations of the corresponding energy yield for each case are 

reported in Table 1. We obtain energy yields from 1.5 g/kWh
-1

 (case 1) to 4,7 g/kWh
-

1
 (case 3), which are close to the values reported in [16]. 

Considering these results, two different parameters are responsible for the increase in 

H2O2 production: the increase in the energy and the change of the discharge case. In 

order to discriminate the influence of these two parameters  on H2O2 production, the 

effect of the frequency and the pulse width was inspected. 

 Case 1 Case 2 Case 3 

Production rate (g/h) 9.10
-4

 4.10
-3

 10
-2

 

Energy yield (g/(kWh) 1,5 3,3 4,7 

Table 1.Hydrogen peroxide production rate and energy yields  

 

3.3 Variation of the pulse frequency on the production of H2O2 

In order to study independently the influence of both the total energy and the 

discharge case on H2O2 production, we have performed experiments by decreasing 



 
10 

 

the pulse frequency. This study focuses on only case 2 and case 3 experiments since 

H2O2 production is very low for case 1. 

It is to notice that changing the frequency of the pulse has an influence on the total 

energy consumption, and also on the characteristics of the discharge. Indeed whereas 

only case 2 is observed for 6kV-50Hz and 6kV-25Hz, a mix of case 1 and case 2 

appears for 6kV-5Hz (Fig.4). In order to isolate the influence of the total energy 

only, we have to adjust the applied voltage to ensure that only case 2 is present at 

5 Hz, which is the case for U = 8kV. We note that these two experimental conditions 

(6kV-5Hz and 8kV-5Hz) give similar results in terms of energy and H2O2 production 

(Fig.4) since the mix of case 1 and case 2 involves mainly case 2 experiments. The 

same approach justifies the change of the applied voltage used to obtain only case  3 

for different frequencies (e.g. 11kV-5Hz, 10kV-25Hz to obtain the whole discharge 

process is case 3) (Fig.4). This means that in order to keep the same case, the 

decrease of the frequency has to be compensated by increasing the applied voltage. 
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Fig. 4 H2O2 concentration according to the total energy for 2 different cases (V = 150 mL, 

Δt = 500 µs, 2 mm of gap, σ = 200 µS/cm) – couples “applied voltage – frequency” are 

reported. Uncertainty of [H2O2] (2%) is not discernable. 

Fig.4 shows that, for a given case (either for case 2 or case 3) , the increase of the 

energy involves the increase of [H2O2]. The evolution is almost linear with a 

coefficient equal to about 0.12 mM/kJ for both cases. This value is lower  than those 

estimated from Fig.3(b) (0.19 mM/kJ), which includes the influence of both the total 

energy and the discharge case. It confirms that both parameters exercise comparable 

influence on H2O2 production. This result is also observable directly on Fig.4 which  
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shows that for a same total energy, the concentration of H2O2 in case 3 is greater 

than that in case 2. For example at 2.5 kJ, case 3 conditions (10kV-25Hz) produce 

twice more H2O2 than case 2 conditions (6kV-50Hz). These results are in good 

agreement with the rate constants estimated previously which have shown that   
       

is 2 times lower than   
     . These results confirm that chemical processes involved 

in the discharge mechanisms strongly depend on the discharge regime (case). They 

are consistent with [16], which suggests that the power is not the only parameter 

determining H2O2 production.   

3.4 Effect of pulse duration on the production of H2O2 

In order to analyze the effect of the discharge regime on the H2O2 production, the 

length of the pulse duration is changed from 50 to 500 µs. Fig. 5 presents the results 

obtained for case 2 (6 kV) and case 3 (9 kV). We observe that increasing the pulse 

duration from 50 to 500 µs involves a low increase of the deposited energy equal to 

25% for case 2 (from 1.8 kJ to 2.25 kJ) and to 12% for case 3 (from 3.7  kJ to 4.1 kJ). 

Indeed, as mentioned previously (Fig. 2(b)), most part of the energy is deposited 

before 50 µs (before the first breakdown). 
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Fig. 5 H2O2 production measured for different pulse durations (Δt =50,100,500 µs) and 

reported for 2 different cases (V = 200 mL, f = 50 Hz, 2 mm of gap, σ= 200 µS/cm). 

Uncertainty of [H2O2] (2%) is not discernable 

Whereas the variation of the energy is similar for both cases, the influence of the 

pulse duration is different on H2O2 production. From 50 to 500 µs, the concentration 

of H2O2 increases by 100% for case 2 (from 0.15 to 0.3 mM), but by only 10% for 
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case 3 (from 0.72 to 0.78 mM) (Fig.5). This result shows that the chemical kinetics 

initiated by the discharge was very different for case 2 and case 3. Experiments at 

50 µs give information on what happens during the pre-breakdown and the 

breakdown: the chemical mechanisms are much more efficient for case 3 than for 

case 2 for these stages. To increase the pulse duration from 50 µs to 500 µs means 

increasing the post-breakdown duration. During this phase H2O2 production is much 

more efficient for case 2 than for case 3. H2O2 production seems to be mainly driven 

by the initial stage of the discharge in case 3 whereas the tail of the discharge has 

also a significant influence for case 2. These results confirm that the chemical 

processes induced by the discharge are very different according to the regime. 

3.5 Effect of different electrode materials on H2O2 formation  

We have shown that case 3 is more efficient than case 2 for H2O2 production. Even if 

energy cost and chemical efficiency are important parameters of the process, its 

durability is also essential. The weak point of such process is the lifetime of the 

electrodes. According to the physical and chemical mechanisms occurrin g during the 

discharge, and to the nature of electrode material, the erosion phenomena are very 

different [21]. Before studying the erosion processes, we propose to investigate for 

our experimental conditions the influence of the electrodes material on the H2O2 

production.  

Fig. 6 shows H2O2 concentration obtained using electrodes in tungsten (dotted 

curve), platinum (solid curve) and a combination of platinum for the anode and 

tungsten for the cathode (dash and dot curve). The measurements have been 

performed for 3 different applied voltages and during 30 min of discharge, except for 

experiments using platinum electrodes at 6 kV and 9 kV (solid curve) because of the 

total erosion of the cathode (GND) after 10 min.  
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Fig. 6. The effect of electrode material on the production of H 2O2 by the discharge in water 

(V = 200 mL, f = 50 Hz, Δt = 500 µs, 2 mm of gap, σ = 200 µS/cm). HV means anode and 

GND is for cathode. Uncertainty on [H2O2] is not discernable (2%) 

For case 1 and case 2, the electrode material has no influence on the total energy 

consumed after 30 min of discharge, as already observed by [13]. For case 3 we 

observe that the total energy consumed during the experiment is about 20% higher 

for Pt-W electrodes than for W-W electrodes (using the same applied voltage).  

On the whole range of energy, the influence of the electrode material on the H2O2 

production is low. At very low energy (1.08 kJ), H2O2 is not detected either with Pt-

electrodes or with Pt-W electrodes, whereas a low concentration is measured with W-

electrodes ([H2O2] = 0.065 mM). For medium energy (~2 kJ), the concentrations of 

H2O2 are similar whatever the electrode material (~0.25 mM). Finally at high energy 

(4-5 kJ) the concentration of H2O2 generated after using the combination of two 

different materials for the electrodes is similar to the production obtained with W-

electrodes (for a given energy). 

This result is consistent with [13, 18], which have reported no influence of the 

electrode material on the initial H2O2 formation rates. However, it has been shown 

that after several tens of minutes of discharge, tungsten particles dissolved into the 

bulk solution via the electrodes erosion, lead to H2O2 decomposition by catalysis 

reactions [11, 13]. Moreover, it has been shown that hydrogen peroxide 

concentration can be affected when Pt is used (depending on the pH) [19]. Therefore, 

in addition to limiting the process, the erosion of electrodes by electrical discharge in 

water can modify the chemical activity in the solution. Even if such catalytic effect 
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has not been observed in our conditions, the erosion of tungsten and platinum 

electrodes is investigated in detail in the next section. 

4. Erosion of electrodes  

The erosion of the electrodes is estimated from the decrease of the length of the 

protruding part with time. In situ measurements have been performed every 5 min 

using an IDS camera. Even though the measurements have shown that the erosion is 

all around the electrodes, the variation of the length is a good indicator to describe 

the erosion process. Fig.7 shows the time evolution of the normalized length of 

positive (HV) and ground (GND) electrodes for experiments performed with either W 

or Pt at 3 different applied voltage (i.e. different energies per pulse which involve 

different cases). 
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Fig. 7 Variation of normalized length of anode and cathode electrodes as a function of time, 

(a) tungsten electrodes, (b) platinum electrodes  (V = 150 mL, f = 50 Hz, Δt = 500 µs, 2 mm 

of gap, σ = 200 µS/cm). Uncertainty of measurement is not discernable (2%) 

It is obvious that the erosion of both materials (tungsten and platinum) increases with 

the discharge time. However, the erosion of electrodes strongly depends on the 

material, the case and the energy per discharge. 

It is to notice that for case 1 (e.g. discharge in cathode regime without breakdown), 

the erosion of both electrodes is not significant for both materials  (decrease lower 

than 10%), except for W-anode which shows a fast decrease (85%) after 10 min of 

discharge. The variation of the electrodes length for case 2 (e.g. discharge in cathode 

regime with breakdown) is significant for W-anode (55%) and Pt-cathode (85%) but 

negligible for W-cathode (15%) and Pt-anode (5%). This work does not highlight the 
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influence of the breakdown phenomena on the erosion process for cathode regime 

neither on W or Pt electrodes, whereas Potocký et al. have shown that the erosion 

rate for an unbridged discharge was lower than for a bridged discharge with W 

electrodes [18]. 

Nevertheless, when dealing with electrodes discharge-induced erosion, several 

processes might be considered, as presented in other works  [19, 20, 22]. One of these 

processes concerns electrochemical reactions that may occur at the electrodes 

surface. In the case of tungsten electrodes, the anodic oxidation of W to WO 3 [33], 

followed by the oxide dissolution into tungstate ions, WO4
2-

 [29], is to be 

considered: 

                      (2) 

            
          (3) 

This mechanism could explain the W-anode length decrease presented in Fig.7(a)  

whereas no significant change is observed for the cathode. 

For the platinum electrodes, a significant length variation is only observed at the 

cathode. Once again, we might take into account the possible cathodic reactions 

taking place during the process, one of these being oxygen reduction:  

                                (4) 

In addition, the presence of chloride ions might have a role in the erosion of Pt 

electrodes [34] according to the reactions: 

               
           (5) 

               
           (6) 

Thus, cathodic reduction of oxygen added to an easier oxidation of Pt electrodes in 

the presence of chloride ions could explain the significant length change observed at 

the Pt-cathode. 

Regarding breakdown conditions, the erosion of both electrodes is always more 

important for case 3 (initiation of the discharge from the anode) than for case 2 (from 

the cathode), which is expected since the energy per pulse is higher in case 3 than in 
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case 2 (Fig.2(a)). Furthermore, for W electrodes (Fig.7(a)), erosion is more important 

at the anode than at the cathode, showing respective variations of 55%/15% for case 

2 and 90%/45% for case 3. This result is consistent with experiments performed in 

plate-plate configuration [22]. Liu et al. suggested that a larger amount of mass is 

lost from the anode since the arc develops from the anode. This phenomenon can 

only explain case 3 results since for case 2 the discharge is initiated from the 

cathode.  

In contrast, for platinum electrodes (Fig.7(b)) erosion is less intense at the anode 

than at the cathode, showing respective variations of 5%/85% for case 2 and 

30%/90% for case 3. These results justify experiments performed with a combination 

of material using platinum for the anode and tungsten for the cathode. This 

configuration gives the best result in terms of electrodes erosion. We point out that 

the evolution of the electrodes showed similar behavior to Fig.7(a) for cathode and 

Fig.7(b) for anode (not shown here). 

The decreases in the length are almost linear for all the conditions presented in Fig.7 , 

except for the tungsten anode electrode in case 1 (as already reported), and in case 2, 

for which a fast decrease occurs after 20 min of discharge.  These results will be 

discussed below. 

The morphology of the electrodes exposed to the discharge is studied with electronic 

microscopy. Fig. 8 shows SEM images of anode and cathode for  W and Pt electrodes 

after plasma discharge in water. Complementary SEM images (pin orientation and 

higher magnification) are provided in supplementary material 1 . These images 

confirm the results shown in Fig.7. The initial shapes of the electrodes are sharp and 

they became rounded after discharge exposure, except for HV-Pt, GND-W and more 

slightly for GND-Pt used in case 1 (Fig.8(a)); as well as for HV-Pt and GND-W used 

in case 2 (Fig.8(b)), conditions for which the erosion process is not significant.  

 

    

(a) 
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HV - W 

4kV – after 10min 

HV - Pt 

4kV – after 15min 
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4kV – after 10min 
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HV - W 

9kV – after 15min 

HV - Pt 

9kV – after 5min 

GND - W 

9kV – after 15min 

GND - Pt 

9kV – after 5min 

 

Fig. 8 SEM images of the eroded tip of tungsten and platinum electrodes after the electrical 

discharge obtained for (a) case 1 (4kV), (b) case 2 (6  kV) and (c) case 3 (9kV), anode and 

cathode are shown on left and right respectively (V = 150 mL, f = 50Hz, Δt = 500µs, 2mm 

of gap, and σ = 200 µS/cm) with a ×500 magnification 

The results show the diversity of the surface states according to the polarity and the 

materials, which confirms that many physical and chemical processes take action on 

electrodes erosion during pulse discharges in water [20-22].  

We remind that case 1 corresponds to cathode initiation of the discharge which does 

not span the electrodes gap. Based on previous studies [18, 20, 22], we can state that 

for case 1, the dominant process that causes the electrode erosion is electrochemistry 

involving anodic electrodissolution (anodic oxidation + electrolyte dissolution). 

Indeed, the erosion process is only significant for HV-W electrode, which presents a 

lower standard potential than platinum. This result is also confirmed by EDX 

measurements which reports almost 17% of oxygen on the HV-W surface whereas no 

[O] trace is detected for other electrodes. It has been suggested that electrolysis is 

   

(b) 

(c) 
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most predominant before the formation of the conductive channel in the water but 

when electrons arrive to the anode, they inhibit the anodic electrodissolution [20]. 

As a consequence, we observe that for case 2 (cathode initiation with breakdown), 

the body of HV-W also shows typical patterns for electrochemical oxidation process, 

i.e. the surface is not smooth anymore whereas the tip of the electrode, which 

receives a high electron bombardment through  the conductive channel, shows mainly 

protrusions. On the contrary, the HV-Pt electrode presents a smooth surface. Thermal 

processes are primarily responsible for the erosion which is due to melting 

(evaporation can also be considered) followed by condensation. The differences 

observed on the surface roughness can be explained by the physical properties of 

tungsten and platinum. Tungsten has much higher thermal conductivity than platinum 

which leads to a faster solidification of the tungsten surface after melting. As a 

result, the molten tungsten part quickly solidifies to produce a thorny structure on the 

tip of electrode surface, while a slower solidification of platinum leads the smoother 

electrode surface [11, 13, 20]. Both ground electrodes also show patterns 

characteristic to thermal processes but we also report spherical cavities that can be 

due to ions bombardment. 

For case 3, the energy per pulse is higher so the electrochemical and bombardment 

processes are no more significant in comparison to thermal effect. Surface patterns of 

the electrodes are quite similar to those observed for case 2, except for GND-Pt 

which shows smooth crater like surface with no more cavities. 

It is to notice that cracks have been observed on W-electrodes which can be 

explained by the fact that at high temperatures, tungsten recrystallizes and becomes 

brittle [35], whereas platinum is known to be fragile. This property can explain the 

break of the electrode tip reported for HV-W in case 1 and case 2 after 10 and 20 

minutes of discharge, respectively.  

 

5. Conclusion 

We studied the formation of hydrogen peroxide in water by pin-to-pin micro-pulsed 

discharge and the resulting electrodes erosion. We have estimated concentrations of 

H2O2 for the three different discharge modes of operation: case 1 (cathode regime – 
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no breakdown), case 2 (cathode regime – breakdown) and case 3 (anode regime – 

breakdowns). Besides different mechanisms, the cases also consume different total 

energies (estimated over 30 min of process): case 1 - 1.1 kJ, case 2 - 2.2 kJ and case 

3 - 4.1 kJ. We report that the concentration of H2O2 changes with both the cases and 

the energy, the influence of these two parameters being in the same order of 

magnitude. On the one hand, we have reported that the hydrogen peroxide 

concentration increases linearly with the total energy. On the other hand , we have 

shown that, for a given energy, case 3 produces more H2O2 than case 2. The highest 

concentration of H2O2 is formed for discharges propagating from the anode. 

Moreover, we have highlighted that the post discharge plays an important role in 

case 2, whereas it does not affect significantly the concentration of H2O2 in case 3. 

These results confirm that the two discharge regimes (cathode and anode) involve 

very different initiation and propagation mechanisms, which result in different 

chemical mechanisms.  

Finally, we have demonstrated that the production of H2O2 does not depend on the 

electrode materials by comparing tungsten and platinum. Regarding the strong 

erosion occurring during the process, we have performed experiments with a 

combination using W-cathode and Pt-anode that allows improving the process 

lifetime. Time evolution of the electrodes' length and SEM images provide new and 

complementary results in order to study the erosion processes according to the 

discharge cases, the material and the polarity of the electrodes. We suggest that for 

case 1, the dominant process of electrode erosion is electrochemistry (anodic 

oxidation followed by electrolyte dissolution) which is only significant at the anode. 

For case 2 and case 3, this process is no more significant but thermal processes are 

dominant in the erosion process. 

This work contributes to a better understanding of pin-to-pin micro-pulsed 

discharges in water. H2O2 measurements together with the erosion study highlight 

very different mechanisms involved in the discharge according to the case. Studying 

H2O2 concentration is the first step to study the complex chemical activities in the 

solution after plasma discharge. Chemical components are thought to have many 

applications in wastewater treatment, medicine, and biology.  
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