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Pulsed microdischarge was generated in microbubbles produced by electrolysis in an electrolyte
solution without external gas feed by using a fabric-type electrode. The electrode structure not only
allowed low-voltage ignition of the atmospheric-pressure discharge in hydrogen or oxygen
containing microbubbles but also worked effectively in producing and holding the bubbles on its
surface. The generation of reactive species was verified by optical emissions from the produced
microplasmas, and their transport into the solution was monitored by the change in hydrogen
concentration. © 2008 American Institute of Physics. �DOI: 10.1063/1.3006348�

Plasmas in or on liquid are promising for advanced re-
active phases that have not been achieved in a usual aqueous
solution. They may contribute to a number of chemical reac-
tions taking place in liquids; inorganic and organic reactions
in chemical plants might be promoted by radical species pro-
duced by plasmas, and a number of surface treatments of
biological materials in liquids will be activated by charged
particles as well as radical species. Several reports showed
that plasmas generated underwater participated in inorganic
and organic reactions,1–3 and further controllability of supply
and transport of reactive species by plasmas will enhance
possibilities of sophisticated plasma processes in aqueous
solutions.

Several reports on plasma generations in or on liquid so
far were given on plasmas with external gas feed, plasmas of
vaporized water, and plasmas of ambient air, and so radical
production was mainly from H2O itself or ambient N2 and
O2; they included reactive species in a significant amount,
but there were little controllable parameters of gas composi-
tion in those cases. Here, we show hydrogen or oxygen
plasma generation in aqueous solution. Plasmas include
one-majority species �hydrogen or oxygen� with water vapor
as a minority species, which has been briefly reported
previously.4

One of the unique points of our method is that hydrogen
and oxygen are not supplied from the external gas feed but
are generated through electrolysis in an efficient-dilute solu-
tion, and so no gas container is required for the equipment.
Hydrogen and oxygen can be supplied selectively and
separately. Another point is that plasmas are generated by
a “fabric”-type electrode,5,6 which sustains low-voltage
atmospheric-pressure discharges and has a fine structure
holding microbubbles on its surface. This fact enables us to
arrange hydrogen or oxygen microbubbles on its surface in
an adjustable way. An assembly of microbubbles containing
microplasmas has a larger surface exposed to liquid than one
bulk plasma, which can be the third advantage for us.

In this report, we demonstrate hydrogen and oxygen mi-
croplasma generations in microbubbles in an electrolyte. Hy-

drogen bubbles were produced on a cathode electrode
through electrolysis. Bipolar voltage was applied to an insu-
lated wire that was attached to the microbubbles and coun-
tered to grounded wire electrode, which worked as the cath-
ode for the electrolysis, and hydrogen microplasmas were
observed with atomic hydrogen emissions. On the other
hand, when oxygen microbubbles were produced on the
grounded wires that also worked as the anode electrode in
electrolysis, oxygen plasmas were generated in the oxygen
microbubbles, which was verified by atomic oxygen emis-
sion. In the case of hydrogen microplasmas, pH values were
measured to estimate net transport of H ions and/or atoms to
the solution, where pH=−log aH+ and aH+ is the activity of
H+ ions.

An electrode system installed in aqueous solution
�50 cm−3 in volume� is shown in Fig. 1. The electrode was
in fabric form, which was originally used for generation of
integrated microplasmas at atmospheric pressure.5,6 One
electrode as weft lines was composed of bare stainless steel
wires of 200 �m in diameter, and the other electrode as
warp lines was formed by insulated wires with ethylene tet-
rafluoroethylene with a thickness of 250 �m, which served
as a dielectric barrier of discharge current. Fabric electrodes
with total area of 4.0 cm2 were weaved by a manual loom
�SET-100, Epitech Inc.�. The weft lines of stainless steel
wires were also connected to a stainless-steel plate through a
low-voltage dc power supply, which produced current for
electrolysis; the wires became cathode when the electric po-
tential of the wires was set to be slightly lower than that of

a�Electronic mail: osakai@kuee.kyoto-u.ac.jp.

e l e c t r o l y t e

( N a
2
C O

3
:  3  w t . % )

U S ( 2 0 0  µ m φ )

C u ( 2 0 0  µ m φ )  +  i n s u l a t o r ( 2 5 0  µ m t )

O
2

H
2
( a r r a n g e d  o n  S U S  w i r e s  

e x p o s e d  t o  e l e c t r o l y t e )

r o t a t i n g  s l o w l y

b y  s t i r r e r  
0 . 0 5  A  ( 7 - 8  V

d c
)

S U S  p l a t e

FIG. 1. �Color online� Schematic view of the experimental setup for gen-
eration of hydrogen or oxygen microbubbles and microplasmas in aqueous
solutions.
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the plate, for instance. When the dc power supply was turned
on, microbubbles were generated on the wires and became
larger gradually. The approximate size �in several hundreds
of microns in our experiment� can be controlled by adjusting
the turn-on time of the dc power supply. The bubbles gener-
ated on the plate electrode were larger in size �2–4 mm in
diameter� than the microbubbles. Na2CO3 in 3 wt % was
used as a solute, and so the solution exhibited a base prop-
erty.

Figure 2�a� shows microbubbles stored on the fabric-
type electrode, where hydrogen bubbles were formed when
the bare wires were negatively biased as the cathode in the
electrolysis. Since the exposed points of the wires to the
solution were completely aligned, the generated hydrogen
bubbles were also arranged on the surface of the fabric-type
electrode. The microbubbles also made contact with the in-
sulated wires, and so microplasmas were generated when a
high voltage of more than 1.3 kV0p at 10 kHz was applied to
the insulated wires by an alternative-current power amplifier
�Trek, Model 10/40A�, as shown in Fig. 2�b�. Discharge
emission was observed in a narrow space between the insu-
lated and bare wires.

Discharge characteristics were investigated using Lissa-
jous curves, which were plotted using accumulated charges
deduced from a flowing current as a function of the applied
voltage. Figure 3 shows Lissajous curves in the cases at 1
and 3 kV0p ac voltage. In the case of the bipolar voltage at
1 kV0p, which was less than ignition voltage, no hysteresis
was observed. In the case of 3 kV0p, however, a hysteresis
curve was obtained, which means that discharge currents
flew in the time period around the maximum voltage and
stopped after that. The integral of the inner area indicated
that the electric power consumed in the discharges and
summed up in all microbubbles was 0.91 W.

Discharge emission was investigated using a monochro-
mator equipped with an intensified charged-coupled device
as a detector array �Princeton Instruments, I-MAX-1024-E�.
Detected spectra from emission in hydrogen bubbles are
shown in Fig. 4�a� at 4.0 kV0p. H��656 nm� and

H��486 nm� lines were clearly observed, which indicated
that hydrogen microplasmas formed. The continuous spec-
trum throughout the measured range arises from H2 mol-
ecules. In the case of oxygen bubbles with the applied volt-
age of 4.0 kV0p, as shown in Fig. 4�b�, an atomic oxygen
line at 777 nm was observed. These facts show that, using
hydrogen and oxygen bubbles generated in electrolysis, hy-
drogen and oxygen plasmas were generated in the regime of
dielectric barrier discharges, and hydrogen and oxygen atoms
were present in a certain amount.

To evaluate net transport of H atoms and/or H+ �or
H3O+� ions into the solution contributing to the increase in
H3O+ ion concentration �H3O+�, we performed pH measure-
ments of the solutions that contained hydrogen bubbles with
hydrogen microplasmas on the wires and oxygen bubbles
without oxygen plasmas. Activity of H+ �or H3O+ in more
precise expression� in solution, aH+, which is approximately
�H3O+� in ideal-dilute behavior, is expressed using the
activity of OH− in solution aOH− as aH+aOH− =Kw, where
Kw�=1.0�10−14� is the autoprotolysis constant or ion prod-
uct of water, and the activities are in the unit of mol dm−3.
Here the meaning of “net” transport indicates combined ef-
fects including increase in �H3O+� by H atoms and/or H+

ions and decrease in �H3O+� by the equilibrium with �OH−�.
In electrolysis, a direct current of 0.05 A flowed for 10

min without imposition of discharge voltage, and a period of
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FIG. 2. �Color online� �a� Enlarged schematic view of a fabric-type elec-
trode. �b� Microscope views of hydrogen microbubbles arranged on a fabric-
type electrode, and visible emission from microplasmas generated in
bubbles. Dotted circles are indicators for the same positions.
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FIG. 3. �Color online� Accumulated charge on dielectric barriers Q as a
function of applied voltage.
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FIG. 4. �a� Emission spectrum of microplasmas in hydrogen microbubbles.
�b� Emission spectrum of microplasmas in oxygen microbubbles.
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plasma generation followed for 20 min at a discharge voltage
frequency of 10 kHz after the electrolysis was turned off, and
then the aqueous solution �80 cm−3 in volume with Na2CO3
in 1 wt %� was transferred to a pH measurement system
�HORIBA F-52, Horiba Inc.�; this series of treatment was
repeated during this experiment. The discharge voltage at
3 kV0p was applied only on the insulated-wire electrodes,
which were surrounded by the conductive solution, and so no
additional electrolysis by this voltage imposition took place,
which was verified by constant size of the microbubbles.
Figure 5 shows the time variation in pH values in the cases
with and without hydrogen plasma generations. We moni-
tored significant difference in the pH values between these
two cases.

Figure 5 also shows difference in aH+�or �H3O+�� in-
creased by hydrogen microplasma generation �aH+. �aH+ be-
came large in the initial phase and saturated after 80 min in
process. This saturation phenomenon might be reflected by
faster reactions of H atoms and H+ ions generated by micro-
plasmas than H2 molecules that are present in the cases with-
out microplasma generation. To conserve charge neutrality,
an H+ ion and an electron are simultaneously transported into
solution. �H3O+� directly affects the pH value as H3O+

+OH−�2H2O. A solvated electron eaq
− , working as a reduc-

tant, and an H atom are converted into OH− by the diffusion-
controlled reaction as

eaq
− + H + H2O → OH− + H2, �1�

in addition to the reaction as 2eaq
− +2H2O→2OH−+H2. Such

an OH− ion makes �H3O+� in equilibrium after a transient
phase. Additional factor by a transported H atom is H2O2
formation with reactions of O2 naturally solved in water,

leading to a further increase in �H3O+�. On the other hand,
H2 molecules are in equilibrium according to the similar re-
action in the standard hydrogen electrode as

H2 + 2H2O � 2H3O+ + 2eaq
− . �2�

These differences of reaction schemes might give rise to
faster saturation of microplasma effects on �H3O+�; produc-
tion of H+ ions and electrons enhances �H3O+� in the solu-
tion and the following reaction �1� hastens saturation of
�aH+.

Other reactions of H atoms with other solutes, such as
CO3

2−, may affect the pH value. These effects are also larger
than reaction �2� and might be involved in �aH+ shown in
Fig. 5. We also note that another source of change in the pH
value without hydrogen microplasma generation may be un-
balanced solubility of hydrogen and oxygen molecules in
bubbles with different surface areas on the cathode and an-
ode electrodes of the electrolysis.

One of the significant advantages of hydrogen plasma
generation in solution is abstraction and addition reactions of
H atoms.7 When they abstract an H atom from a solute RH as
H+RH→R+H2, successive reactions triggered by free radi-
cals R will take place. When an H atom is added to an un-
saturated system like benzene, other kinds of successive re-
actions will take place. That is, H atoms, of which presence
was convinced by the H� spectrum, are possibly generated
much more than H+ ions and enhance the chemical reactions
in aqueous solutions. Similarly, in the case of oxygen
bubbles, produced oxygen atoms are also very reactive to
induce various chemical reactions in solutions.3

In summary, experimental results on hydrogen and
oxygen microplasmas were demonstrated, and these two
kinds of gas bubbles were selectively prepared through a
simple electrolysis system. This scheme enables us to be free
from gas containers for plasma generations in aqueous solu-
tions. Thanks to the fabric-type electrode, positions of mi-
crobubbles were controlled. The monitored tendency of pH
values showed enhancement in �H3O+� by microplasma gen-
eration in hydrogen microbubbles, which will trigger en-
hancement of chemical reactions by plasmas in solutions.

This work was supported in part by the Grants-in-Aid
for Scientific Research from the Japanese Ministry of Edu-
cation, Culture, Sports, Science, and Technology.
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FIG. 5. �Color online� Time evolutions of pH in cases with and without
microplasma generation in hydrogen microbubbles and difference of activity
in H+ between two cases. The dotted line is plotted as an exponential func-
tion of time.
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