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Abstract. We investigated oxidation-reduction reactions on the surface of water jet
immersed in a low-pressure inductively coupled helium plasma. The electrical potential of the
water jet was floating, and no electrical current was supplied from the plasma to the water jet.
We observed the productions of molecular hydrogen and molecular oxygen. We also observed
negligible consumption of water vapor in the gas phase, suggesting that the productions of
hydrogen and oxygen were not owing to the conversion from water vapor. When we employed
silver nitrate solution instead of pure water, we observed the decrease in the production rate of
hydrogen, whereas the production rate of oxygen was the same in pure water and silver nitrate
solution. In addition, we found the synthesis of silver particulates in the silver nitrate solution,
indicating the competition between the reductions of H+ and Ag+. Thus, the experimental
results reveal the simultaneous oxidation and reduction at the same plasma-liquid interface.

Electrochemistry or electrolysis utilizes reactions induced by the transfer of electrons
at the interfaces between solid electrodes and solution. The electrodes for oxidation and
reduction are separated in usual electrolysis, and they are called the anode and the cathode,
respectively. Electrons are provided from a reactant (reductant) on the anode, resulting in an
oxidation reaction, whereas the cathode provides electrons to a reactant (oxidant), resulting in
a reduction reaction. An external power supply is necessary to keep the electrolysis reaction.
The voltage between the anode and the cathode must exceed the redox potential difference,
which is 1.23 eV for water oxidation to O2 with respect to water reduction to H2.

Recently, many researchers report plasma-assisted electrolysis, where one or both
of the electrodes are replaced with atmospheric-pressure plasmas [1]. The difference
between the plasma-assisted and conventional electrolyses is summarized as follows; 1)
the plasma-assisted electrolysis can utilize the interface between gas (plasma) and solution
for redox reactions [2, 3], 2) electrons can have kinetic energy if the plasma works as the
cathode [4–7], and 3) ions and neutral radicals are transported from the plasma in addition to
electrons [8–10]. We can obtain various nanoparticles of metals [11–14] and oxides [15–17] in
a form of suspension by plasma-assisted electrolysis. The synthesis of nanoparticles is owing
to the reduction of metal cations by the reaction with electrons, but the contribution of atomic
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hydrogen transported from the plasma is discussed in some papers [18–20]. The plasma-
assisted electrolysis opens a new aspect of electrochemistry. However, all the experiments of
plasma-assisted electrolysis keep the situations with the separated interfaces (electrodes) for
oxidation and reduction.

In this paper, we report oxidation and reduction on a water surface immersed in a low-
pressure plasma. The reason for the use of a low-pressure plasma instead of an atmospheric-
pressure plasma is that it is more suitable to quantitative experiment since the measurements
of the plasma density and the composition of gas-phase species are easier. The difficulty
that is caused by the high vapor pressure of water is solved by employing water in the form
of a slender jet, a turbomolecular pump with a high pumping speed, and water traps at the
temperature of liquid nitrogen [21–24]. A point of this work is that we did not use the typical
geometry of electrochemistry. We observed oxidation and reduction on the surface of the
same water jet immersed in a low-pressure plasma.

Figure 1 shows the schematic of the experimental apparatus. Purified water with an
electrical conductance less than 0.01 mS/cm was stored in a glass beaker, and it was supplied
to a plastic nozzle through a plastic tube at a flow rate of 1.6 mL/min using a plunger pump.
The plunger pump was electrically floating using an isolation transformer. The diameter of
the nozzle was 50 µm. The inside pressure of the nozzle was so high that water was ejected
from the nozzle in the form of a jet. The water jet system was installed at the top of a vacuum
chamber, and the water passing through the chamber was caught at the bottom of the chamber
using a tank at the temperature of liquid nitrogen. The distance between the nozzle and the
tank was approximately 50 cm. The water jet was switched on before starting the evacuation
of the vacuum chamber, otherwise the static water inside the nozzle was frozen by the latent
heat of vaporization. We employed a turbomolecular pump with a pumping speed of 2000
L/s. In addition to the high-speed pump, we installed a water vapor trap at the temperature of
liquid nitrogen to reduce the pressure of water vapor in the chamber. By using this evacuation
system, we realized 2.0 mTorr for the pressure of water vapor in the chamber. The water jet
was stable and had a length of 20 cm in air, but it was dispersed into droplets during the flight
in vacuum. The length of the water jet in vacuum was approximately 10 mm and it did not
reach the water tank. Therefore, the potential of the water jet was floating and we did not
have current through the water jet. We used a silver nitrate solution with a concentration of
0.1 M instead of pure water in an experiment for comparison. In addition, we carried out a
comparative experiment without the water jet (but with water vapor), where we connected a
small container with liquid water to the plasma chamber. Note that the liquid water in the
container was not in contact with the plasma. The flow rate of water vapor was controlled by
the temperature of the container and the conductance of a needle valve, and the pressure of
water vapor was adjusted at the same pressure of 2.0 mTorr. The liquid nitrogen-cooled water
tank and the water vapor trap were activated, and the evacuation speed in the comparative
experiment was the same as that in the water-jet experiment. The role of the comparative
experiments was to verify the plasma-induced redox reactions on the surface of the water jet.

After completing the evacuation, we introduced helium into the vacuum chamber at a
flow rate of 355 sccm. The reason for the use of helium was its boiling temperature lower than
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the temperature of liquid nitrogen. The partial pressure of helium was 10 mTorr. The plasma
was produced by inductively coupled discharge at 13.56 MHz. The rf power was supplied to
a 2.5-turn rf antenna wound around the glass tube of 8.5 cm diameter via a matching circuit.
The distance between the rf antenna and the water jet was approximately 70 mm. The H-
mode discharge was observed at the present experimental condition. We used a Langmuir
double probe for measuring the plasma density and the electron temperature. The probe was
positioned at a distance of 10 mm from the water jet. The plasma density was approximately
proportional to the rf power, whereas the electron temperature was ∼ 4 eV and was roughly
independent of the rf power.

We installed a quadrupole mass spectrometer (QMS) in another vacuum chamber. The
QMS chamber, which was connected to the plasma chamber via an orifice with a diameter
of 0.5 mm, was positioned at the counter side of the rf discharge system, as shown in Fig. 1.
The distance between the orifice and the water jet was 17 mm. The QMS chamber was
differentially evacuated using a turbomolecular pump below 10−6 Torr. The orifice to extract
the gas in the plasma was covered with grounded aluminum plate, by which we avoided
the direct transport of positive ions in the plasma to the secondary electron multiplier in
QMS. To evaluate the production rates of molecular hydrogen and molecular oxygen, we
introduced hydrogen or oxygen gas into the plasma at an arbitrary flow rate. We obtained
the relationships (the calibration curves) between the flow rates and the increases in the QMS
signals at m/z = 2 and 32, and they were used for evaluating the production rates in the
plasma. The decomposition (or the production) rate of water vapor was evaluated from the
decrease (or the increase) in the QMS signal at m/z = 18 with the help of the evaporation
rate of the liquid water. The evaporation rate of water was estimated to be 80 µmol/s from
the decrease in the volume of water in the container used in the comparative experiment. We
observed the change in the QMS signal of helium when we changed the rf power, which was
understood to be due to the variation in the gas temperature. In this case, we normalized
the QMS signals at m/z = 2, 18, and 32 by the ratio of the change in the helium signal to
compensate the variation in the gas temperature.

Figures 2(a) and 2(b) show the mass spectra we observed in the absence and presence
of the plasma, respectively. The water jet was immersed in the plasma at an rf power of 120
W. As shown in the figure, we observed significant increases in the densities of molecular
hydrogen and molecular oxygen by producing the plasma. In addition, we also observed the
increase in the water vapor density. The similar mass spectra we observed in the comparative
experiment using the water vapor injection are shown in Figs. 2(c) and 2(d). We also observed
the increases in the densities of molecular hydrogen and molecular oxygen in the comparative
experiment. A remarkable difference from the results observed using the water jet was the
decrease in the water vapor density by the plasma production.

The production rates of molecular hydrogen, molecular oxygen, and water vapor are
plotted in Fig. 3 as a function of the plasma density. The plasma density was varied by
changing the rf power with keeping the helium pressure. Figure 3(a) was obtained when
we used the water jet, while only water vapor was injected into the chamber in Fig. 3(b).
The plasma densities were almost the same in Figs. 3(a) and 3(b) at the same rf powers.
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The production rates of molecular hydrogen and molecular oxygen were proportional to the
plasma density, as shown in Fig. 3. The production rates of molecular oxygen were almost the
same in Figs. 3(a) and 3(b), whereas the production rate of molecular hydrogen when using
the water jet was higher than that using the water vapor injection. In addition, the half of the
production rate of hydrogen was higher than the production rate of oxygen. The vaporization
rates of water vapor were significantly different in Figs. 3(a) and 3(b). We observed the
negative rate, i.e., the loss of water vapor, in the experiment using the water vapor injection,
as shown in Fig. 3(b). In contrast, in the experiment using the water jet, we observed the
increase in the water vapor density as a function of the plasma density, as shown in Fig. 3(a).

The sputtering of the water jet surface was negligible since the plasma potential (∼ 15

V) was much lower than the threshold energy. Hence, the mechanism for the production of
water vapor in the water jet experiment was considered to be the increase in the vaporization
pressure of the water jet due to the rise in the temperature, and we measured the temperature
of the joint just above the nozzle using a thermocouple at each rf power. As a result, we
observed the increase of 1-7 K at rf powers between 80 and 140 W. We assumed the same
temperature rise for water as the upper limit estimation, and we evaluated the increase in the
vaporization pressure. The temperature of the water jet after the ejection into the vacuum was
estimated by

dT (z)

dz
= −2

r′

vjet

L

cp

1

r0

√
T (z)

Tref

exp

[
− L

kTref

(
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T (z)

)]
, (1)

where z and r0 are the distance from the nozzle along the jet axis and the jet radius,
respectively, r′ = dr/dt is the rate of the temporal decrease in the jet radius, vjet is the
flight speed of the jet, L = 6.79 × 10−20 J and cp = 1.26 × 10−22 J/K are the specific
latent heat of vaporization and the specific heat capacity per a molecule, respectively, and
k is the Boltzmann constant. The validity of Eq. (1) has been verified in [25] by Wilson
and coworkers, where they compared T (z) with the water jet temperature measured by laser
Raman scattering. In our experimental condition, r0 = 25 µm and vjet = 13.6 m/s. We
employed r′ = 5.5 mm/s by referring to the literature [25]. In this calculation, we ignored
the heating power from the plasma to the water jet, since the heating power was estimated to
be less than 1% of the cooling power due to the latent heat of vaporization. The flux of water
vapor produced from the jet surface was estimated by

ΓH2O(z) = α · 1
4

PH2O(z)

kT (z)

√
8kT (z)

πM
, (2)

where PH2O(z) is the vapor pressure at T (z) [26] and M is the mass of H2O. α denotes
the ratio between the outward and inward fluxes of water vapor. We evaluated α = 0.43

by comparing the production rate of water vapor calculated by Eqs. (1) and (2) with the
experimental net production rate (80 µmol/s).

The variation in the production rate of water vapor calculated by Eqs. (1) and (2) is
plotted in Fig. 3(a). As shown in the figure, the production rate calculated by Eqs. (1) and (2)
was higher than that measured using QMS very slightly (the difference is below the magnitude
of the error bars), indicating that almost all hydrogen and oxygen produced in the experiment
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using the water jet were not originated from the consumption of water vapor. Therefore, it
is possible to set up a hypothesis that the productions of hydrogen and oxygen are attributed
to the oxidation and reduction, which are induced by the irradiation of the plasma, on the
surface of the water jet. To confirm the redox reactions, we used the silver nitrate solution
instead of pure water, and examined the production rates of hydrogen and oxygen. As a
result, we observed a lower production rate of hydrogen, as shown in Fig. 4, and in contrast,
the production rate of oxygen was the same as that observed using pure water. In addition,
we observed cream-colored ice in the tank at the bottom of the chamber. We filtered the
solution which was obtained by the melting of the cream-colored ice using a laboratory tissue
paper and transferred the sample to a scanning electron microscope (SEM). Figure 5 shows
the SEM image of the sample, together with the map showing the element distribution which
was obtained by energy dispersive X-ray spectroscopy (EDS). We observed the production
of particulates in the silver nitrate solution, as shown in Fig. 5(a). The EDS map shown in
Fig. 5(b) indicates that they are silver particulates. This result clearly indicates the reduction
of Ag+ in the silver nitrate solution by immersing it in the plasma. The lower production rate
of hydrogen in the silver nitrate solution, which is shown in Fig. 4, suggests the competition
between the reductions of H+ and Ag+. The hypothesis of the redox reactions on the surface
of the water jet has been thus approved by the comparative experiments.

The productions of hydrogen and oxygen in the experiment using the water vapor
injection, which are shown in Fig. 3(b), can be explained by the conversion from water vapor
(2H2O → 2H2+O2), since the production rate of hydrogen is approximately equal to the loss
rate of water vapor. The half of the production rate of hydrogen was slightly higher than the
production rate of oxygen, and the difference may be due to the different pumping speeds for
oxygen and hydrogen (Note that the production rate evaluated by the experiment is the “net”
production rate). The first step in the production process is considered to be electron impact
dissociation of H2O. The collision with the metastable state of helium may partly contribute
to the dissociation of H2O, but the rate of the Penning dissociation is probably negligible since
the loss rate of water vapor is proportional to the plasma density. Since three-body reactions
are not expected at the pressure of 12 mTorr in the experiment, hydrogen and oxygen are
likely produced by surface reactions on the chamber wall from dissociated species.

On the other hand, the experimental results shown in Figs. 3(a), 4, and 5 suggest the
oxidation and reduction on the surface of the water (or the solution) jet immersed in the
plasma, since hydrogen and oxygen were produced without consuming water vapor and the
production of hydrogen was in the competition with the reduction of Ag+ when the silver
nitrate solution was used in stead of pure water. The production processes in the water jet
experiment are considered to be

2H2O → O2 + 4H+ + 4e, (3)

4H2O+ 4ep → 2H2 + 4OH− (4)

and

4He+ + 4e → 4He, (5)
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where ep denotes electron transported from the plasma. He+ transported from the plasma
oxidizes H2O to form O2 and H+, which is the combination of reduction reaction (5) and
oxidation reaction (3). The electron transported from the plasma reduces H2O to form H2 and
OH− (reaction (4)). Note that the electron and ion fluxes are equal in this experiment since
the water jet is electrically floating. This means that we can expect the twice amount of H2

production as compared with O2. By summing up reactions (3)-(5), the overall reaction can
be written as

2H2O+ 4He+ + 4ep → 2H2 +O2 + 4He. (6)

Note that H+ produced in reaction (3) and OH− produced in reaction (4) recombine to be H2O.
This redox reaction has two peculiar features. One is that both the oxidation and reduction
occur simultaneously on the same water surface with no current. This is significantly different
from a usual redox reaction system where the anode is separated from the cathode and a
power supply is used for transferring electrons between the anode and the cathode. The other
peculiar feature is its nonequilibrium nature. The normal reaction after the arrivals of He+

and ep on the water surface is the neutralization (He+ + ep + H2O → He + H2O) since the
energy state of the products is minimum. However, what we observed experimentally is that
a part of the ionization energy of He (24.6 eV) is used for converting H2O to H2 and O2 (the
redox potential is 1.23 eV). This is an analogy with water decomposition using photocatalysts,
where an electron and a hole work for the reduction and the oxidation of H2O, respectively.
Note that we detected hydrogen peroxide (H2O2) in the ice stored in the tank at the bottom of
the chamber. The production of H2O2 may be owing to the reaction [3, 27, 28]

2H2O → H2O2 + 2H+ + 2e. (7)

H2 is produced additionally from H+ in reaction (7), which may explain the experimental
result that the half of the production rate of hydrogen is higher than the production rate of
oxygen.

The aforementioned production processes of hydrogen and oxygen have quantitative
difficulty in the absolute production rates. If we assume a Bohm sheath between the plasma
and the water jet, the fluxes of electrons and ions toward the water jet surface are

ΓHe+ = Γep = 0.61npuB, (8)

where np is the plasma density and uB is the Bohm velocity given by uB =
√

kTe/Mi with
Te and Mi being the electron temperature and the ion mass, respectively. The surface area of
the water jet is 1.6× 10−6 m2 if we assume a cylinder with a diameter of 50 µm and a length
of 10 mm. Hence, the total number of electron-ion pair arriving at the water jet surface at a
plasma density of np = 2×1016 m−3 is estimated to be 3.1×10−10 mol/s, which is five orders
of magnitude lower than the production rates of hydrogen and oxygen. The huge difference
would be compensated by the redox reactions on the surfaces of water droplets in the plasma
chamber. The flow rate of water in the experiment was 1.6 mL/min or 2.7× 10−8 m3/s. Since
the volume of the water jet with the length of 10 mm is 2.0 × 10−11 m3, it is understood that
almost all water injected into the plasma chamber does not keep the form of the jet and it
is dispersed into droplets due to the Rayleigh instability [21, 25, 29]. We actually observed



Currentless redox reactions at plasma-water interface 7

the Mie scattering of visible light in the chamber, indicating the existence of droplets. If we
assume ∼ 1 µm and ∼ 1 s for the diameter and the residence time of droplets in the plasma,
respectively, the total surface area of droplets can explain the production rates of hydrogen
and oxygen shown in Fig. 3(a). We speculate that the residence time of ∼ 1 s is possible
for droplets since they have negative charges and are trapped in the plasma. Note that the
vaporization of droplets is negligible because of the low temperature.

In summary, we observed the productions of molecular hydrogen and molecular oxygen
when a water jet was immersed in an inductively coupled helium plasma. The water jet
was electrically floating, and no current was supplied from the plasma. The consumption
of water vapor was negligible. The production of silver particulates was in competition
with the production of hydrogen when we used a silver nitrate solution instead of water.
These experimental results suggest that oxidation and reduction of water are the production
processes of oxygen and hydrogen, respectively. The surface area of the water jet was
significantly insufficient to explain the production rates, but it may be compensated by the
surfaces of water droplets stored in the plasma. The reactions we observed are peculiar in the
simultaneous oxidation and reduction at the same plasma-liquid interface by utilizing a part
of the ionization potential of helium to fill the redox potential of water.
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Figure 1. Experimental apparatus.
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Figure 2. Examples of mass spectra. (a) and (b) were observed in the absence and presence
of the plasma when the water jet was injected into the chamber, respectively. (c) and (d) were
observed when only water vapor was introduced into the chamber.
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Figure 3. Relationship between the production rates of H2, O2 and H2O and the plasma
density (a) in the water jet experiment and (b) in the water vapor experiment.
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Figure 4. Production rates of H2 and O2 observed using silver nitrate solution were compared
with those observed using pure water.
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Figure 5. (a) SEM image and (b) silver EDS map of particulates produced by immersing silver
nitrate solution in helium plasma.


