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Abstract—The paper presents the current−voltage characteristics, the magnitudes of cathode potential drop,
the dependences of the total and specific glow discharge power which is injected into the plasma from the dis-
charge current, as well as the density of electrons in the glow discharge in air at atmospheric pressure with the
cathode based on 1−10% solutions of aluminum sulfate in distilled water. The distance between the electrolytic liq-
uid cathode and the metal anode is varied from 1 to 10 mm at an average discharge current of 8−36 mA. The dis-
charge is promising for the synthesis of nanostructures of aluminum and aluminum oxide which are formed
when processing the solutions with a glow discharge.
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INTRODUCTION
A glow discharge in free air between a metal anode

and water or liquid electrolytic cathode is distin-
guished by simple implementation and control of
plasma parameters, inexpensive materials, many vari-
ous applications in plasma chemistry, as well as the
conversion of chemical compounds within the dis-
charge bulk and on the liquid surface. In ecology, it is
used to purify air and water, to utilize harmful wastes,
in medicine and agriculture, to modify surfaces of var-
ious materials, as well as to synthesize nanoparticles of
metals and their oxides [1–8]. This glow discharge
plasma is strongly nonequilibrium, it serves as a source
of radicals of hydroxyl, hydrogen peroxide, nitrogen
oxides, as well as atoms of hydrogen and oxygen that
can be used to synthesize nanostructures of metal
oxides. As the greater part of this plasma radiation is
concentrated in the ultraviolet region, it has been pro-
posed to design a simple windowless long-lived lamp
using the noncarcinogenic UV radiation from the
hydroxyl radical bands and the second positive system
of a nitrogen molecule [9]. In the case of
plasma−chemical open−type reactors, it is important
that there is a steady-state discharge in free air for dif-
fuse plasma formation so no expensive vacuum equip-
ment is required.

Works [10, 11] reported a successive synthesis of
small copper and nickel nanoparticles (up to 10−30 nm)
in the spark discharge in free air over the surface of
copper and nickel sulfate aqueous solutions. In these
experiments, the dimensions and the yield of
nanoparticles greatly depend on the discharge device

circuit, the electrolytic cathode properties, as well as
the characteristics and parameters of plasma formed
over the electrolyte.

At present, there is no glow discharge in free air
over the surface of the aluminum sulfate distilled
aqueous solution whose characteristics and parame-
ters are promising for synthesis of Al2O3 aluminum
oxide nanostructures in a macroscopic amount. In
comparison with the synthesis of the metal oxide
nanostructures in a nanosecond discharge in distilled
water the glow discharge over the surface of a metal-
containing salt solution has a number of advantages:
lower working voltage, a simple source of discharge
ignition, and no automated system of maintaining the
interelectrode gap [12]. Aluminum oxide-based nano-
structures are widely used in modern micronanoelec-
tronics [13].

This paper presents the electrical characteristics
and parameters of a glow discharge in free air with the
cathodes based on aluminum sulfate distilled aqueous
solutions. This discharge is promising for use in the
open-type plasma-chemical gas discharge reactors
with possible synthesis of nanostructures based on
aluminum oxide in a macroscopic amount.

EXPERIMENTAL
A glow discharge in free air was ignited over the sur-

face of the solution of aluminum sulfate (Al2(SO4)3) in
distilled water in a Plexiglas cuvette. The test bench
diagram is presented in [9, 14]. The metal anode
placed over the surface of electrolyte in air was made
267



268 SHUAIBOV et al.

Fig. 1. Current−voltage characteristics of a glow discharge with an electrolytic cathode based on aluminum sulfate aqueous solu-
tion in distilled water (1 (a), 10% (b)) with different spacings between the solution surface (♦ 1, j 3, d 5, m 7 mm) and metal
anode. 
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in the form of a copper needle 2 mm in diameter. The
copper anode was attached in a special mobile device
to vary the spacing between the needle tip and the
electrolyte surface from 1 to 12 mm. The second cop-
per electrode in the form of a plate was situated in the
electrolyte. The distance between the upper plate
metal surface and the electrolyte surface could be var-
ied from 1 to 10 mm. The container volume was about
103 cm3. The main experiments were carried out at an
anode tip-electrolyte surface spacing of 7 mm and a
solution thickness of 5 mm over the metal cathode sur-
face. A high-voltage rectifier with the peak output
characteristics (voltage U = 1−25 kV; current I =
1−100 mA) was used to ignite a glow discharge. A bal-
last resistance of R = 434 kΩ was used to stabilize the
glow discharge.

The geometrical dimensions of the glow discharge
were determined imaging (digital camera Olympus
FE-25/X-20) the corresponding plasma formation at
different currents. The electric glow discharge power
was determined according to the current−voltage
characteristics measured using an C-196 kilovoltmeter
and a M 906 milliammeter.

CHARACTERISTICS AND PARAMETERS
OF A GLOW DISCHARGE

The spatial characteristics of the glow discharge in
free air over the surface of the Al2(SO4)3 solution in
distilled water (1−10% of salt in water) for different
metal anode−electrolyte surface spacings and differ-
ent depths at which the metal cathode was arranged in
the solution at currents I = 8−34 mA were close to the
corresponding data for the glow discharge with the
cathode based on the solution of copper sulfate in
water [15]. The highest plasma radiation intensity was
achieved at the discharge currents I = 20−34 mA, an
interelectrode spacing of d = 7 mm, and at the depth
of the metal cathode arrangement of h ≈ 5 mm. The
diameter of the cathode spot for the cathode based on
SURFACE ENGINEERING AND APP
1−10% aluminum sulfate solutions stayed within
3−4.5 mm.

The current−voltage characteristics (CVCs) of the
glow discharge in air with a liquid electrolytic cathode
are presented in Fig. 1. The CVCs of the glow dis-
charge with an electrolytic cathode were similar to the
CVCs of the glow discharge over the surface of distilled
water produced using the same installation [16] and
the CVCs of the longitudinal discharge in low-pres-
sure gases with metal electrodes which had the
expressed subnormal and normal stages [17]. With the
increase in the solution concentration and the inte-
relectrode gap (d > 3 mm), the voltage drop in the dis-
charge gap became sharper with the increase in the
current, which indicates the more important role of
the subnormal discharge stage. The independence of
the voltage drop in the gap on the current value (nor-
mal combustion mode) for the glow discharge with an
electrolytic cathode mostly manifested itself within
the range from 24 to 36 mA for the 10% solution of
Al2(SO4)3 in distilled water at d = 7 mm.

The change in the ignition potential versus the
interelectrode gap was studied in work [18]. The cor-
relation of the discharge ignition potential [18] and the
voltage at a current of 8 mA at an interelectrode gap
from 1 to 7 mm is shown in Fig. 2 for water, 1 and 10%
Al2(SO4)3 solutions. The breakdown voltage greatly
decreases when the interelectrode gap is reduced.
The voltage at small discharge currents is similar. It
grows considerably with the increase in the interelec-
trode gap. At an interelectrode gap of 1 mm and a
current of 8 mA the voltage in the discharge gap in all
the cases was similar (~ 0.6 kV). The breakdown volt-
age at an interelectrode gap of 1 mm is 1.2 kV, and at
an interelectrode gap of 3 mm it is 5.2 kV in the case of
water [18].

With an increase in the aluminum sulfate content
in distilled water from zero to 10%, the variation in the
voltage in the discharge gap is not monotonic. Thus,
for example, at d = 7 mm, I = 8 mA for the cathode
LIED ELECTROCHEMISTRY  Vol. 54  No. 3  2018
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Fig. 2. Correlation of breakdown voltage (Ubr) for water j
and voltage with a discharge current of 8 mA for water h,
1 s and 10% d aluminum sulfate solutions.
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Fig. 3. Cathode potential drop in the glow discharge with liq-
uid cathode versus discharge current magnitude with different
content of aluminum sulfate in water: ♦ 1, d 10%. 
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based on 1% Al2(SO4)3 solution it is about 1.3 kV, and
for the cathode based on 10% Al2(SO4)3 solution it is
≈1.75 kV. Under the same conditions, the voltage for
the glow discharge over the distilled water surface was
≈1.5 kV [16]. This indicates the interrelation between
the electrolyte properties and the discharge character-
istics.

The procedure presented in work [16] was used to
determine the magnitude of the drop of the potential
(UC) at the cathode in the glow discharge with electro-
lytic cathodes at different concentrations of the
Al2(SO4)3 salt in distilled water based on the measured
CVCs (Fig. 3). For the 10% Al2(SO4)3 solution, the
potential drop at the cathode is about 40 V less than for
the cathode based on distilled water, though the form
of the dependence of UC on the discharge current was
similar. The greatest differences of the UC values for
the cathodes with the 1 and 10% salt concentrations in
water were observed with the discharge currents in the
range from 10 to 20 mA. The UC value for the cathode
with the 10% salt concentration at low currents (<30 mA)
was more than for the cathode based on the 1% solu-
tion. For the cathode based on distilled water, the
highest value UC = 495 V was achieved at a discharge
current of 12 mA, and with the current increase it was
reduced to 440 V [15].

The electric power of the glow discharge was the
highest for the cathode based on distilled water
(Fig. 4). With the increase in the solution concentra-
tion, less power is put into the glow discharge, and a
decrease in its volume is observed. With the glow dis-
charge current increasing from 12 to 32 mA, the elec-
tric power of the discharge increased from 16 to 31 W,
and in the range from 14 to 26 W for the cathode based on
distilled water and 10% Al2(SO4)3 solution, respectively.
The discharge volume was 64−80 and 49−63 mm3,
respectively.

At present, the physical processes in the plasma of
the glow discharge with liquid nonmetal electrodes are
little studied, which retards the development and
improvement of the operation of various plasma
chemical reactors. For advances in this direction, it is
necessary to know the main parameters of this plasma
(density ne and electron temperature Te) in free air, as
well as their dependences on the reactor characteris-
tics (interelectrode gap, solution concentration, cur-
rent value, etc.).

In [19, 20], by probing the plasma with microwave
radiation and the probe technique, estimates of the
electron density and temperature for a glow discharge
in air between two electrodes based on technical water
were made. In the center of the interelectrode gap (d =
6 mm) the electron density value was about 1012 cm−3

(at currents 60−100 mA), and the electron tempera-
ture was 0.4 eV.

The parameters of the glow discharge in free air
over the surface of aluminum-containing salts in dis-
SURFACE ENGINEERING AND APPLIED ELECTROCH
tilled water were not studied earlier. The estimation
procedure for electron density in the glow discharge over
the electrolyte surface is described in [12], and the results
were reported at the international conference [21].

The electron density in parts of the different glow
discharge were estimated according to the value of the
measured current (I) which is proportional to the
magnitude of the electric charge passing through the
cross section of a conductor S in area:

(1)
where e is the electron charge, ne is the electron den-
sity, and vdr is the electron drift velocity [17]. In for-
mula (1), we take account of the fact the current in the
discharge is formed mostly by the electrons as their
mobility is three orders of magnitude more than the
mobility of ions. The electron density was defined by
the following formula:

(2)
The electron drift velocity in the discharge can be

presented in the form of the product of the electric
field intensity (E) and the electron mobility (μ)  =

= e dr ,I en Sv

= de r( / )(1/ ),n I S ev

vdr
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Fig. 4. Dependence of total electrical (a) and specific electrical (b) powers put in glow discharge plasma on current magnitude
for electrolytic cathode: m 1% Al2(SO4)3 solution; j 10% Al2(SO4)3 solution; d distilled water.
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μE, where μ = (2еl/mE)0.5 (here l is the electron free
path and m is the electron mass). The electric field
intensity can be estimated from the formula E = Ei/el
where Ei is the nitrogen molecule ionization energy.
The electron free path length can be estimated through
the diameter D and the nitrogen molecule density nN2

(nN2 = p/kT): l = 1/(20.5πD2nN2).

In any gas at low currents, the anode potential drop
(UA) is significantly smaller than the cathode potential
drop: UA ≪ UC [12, 17]. The measured experimental
CVCs of the glow discharge were used to determine
the cathode potential drop and the voltage drop in the
discharge gap: U = UC + UA + UPC, where UPC is the
voltage drop in the positive column of glow discharge.

The cathode potential drop was determined at the
fixed discharge current in the anode−electrolyte gap
as a function of the cathode−anode spacing. The
extrapolation of this function to the zero spacing gave
the value of the cathode potential drop UC.
SURFACE ENGINEERING AND APP

Fig. 5. Electron density in positive column (d) and cath-
ode part (j) of glow discharge over the surface of 10%
Al2(SO4)3 solution versus current magnitude. 
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In the region of positive column, the electron den-
sity value is the lowest. To estimate the electric field
intensity in the positive column of glow discharge, the
following formulas were used:

(3)
Knowledge that, according to collision theory, the

size of the cathode and anode layer is about 10−6 m
[17], the electric field intensity in the positive column
can be estimated from the relation (U – UC)/d, where
d is the interelectrode spacing. The error of the elec-
tron concentration computation within the proposed
model is 30%.

The value of the glow discharge cross-sectional area
in the region of the cathode spot and the positive column
was estimated using the plasma formation pictures.

The preliminary experiment with the cathode
based on distilled water allowed the estimation of elec-
tron density in the cathode part and the positive column
of the glow discharge for currents within the range from
10 to 32 mA [22]. Thus, the value ne in the discharge
cathode part increased (from 2 to 10) × 1012 cm−3 with
the increase in current. The electron density for the
positive column in the current range from 10 to 20 mA
also increased (from 1 to 2) × 1011 cm−3. At the cur-
rents over 20 mA, the value ne became stable at the
level of 2 × 1011 cm−3.

The increase in the electron density in the cathode
part of the glow discharge against a slight change in the
cathode spot diameter indicates the formation of mol-
ecules with small ionization potentials in the cathode
layer. In our case these can be NO radicals.

The dependences of the electron density in differ-
ent parts of the discharge on the current for the 10% alu-
minum sulfate solution are presented in Fig. 5. With the
increase in the discharge current from 12 to 36 mA, the
value ne grew in the range (1−4) × 1011 cm−3 (the positive
discharge column) and (3−10) × 1012 cm−3 (the cath-
ode layer) for the currents from 12 to 27 mA. For the
currents І > 27 mА, the value ne in the cathode layer
became saturated at a level of 1013 cm−3. The increase

= −�A C PC C, .U U U U U
LIED ELECTROCHEMISTRY  Vol. 54  No. 3  2018



ELECTRICAL CHARACTERISTICS OF A GLOW DISCHARGE 271

Fig. 6. Electron density in plasma of positive column (d)
and cathode region (j) of glow discharge over the surface
of 1% Al2(SO4)3 solution versus current magnitude. 
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in the electron density in glow discharge over the sur-
face of the salt solution in comparison with the dis-
charge with a water cathode is connected with the
increase in the conductivity of the solution and the
appearance of molecules with a low ionization poten-
tial due to the electrolytic dissociation in the solution
(SO gas can evolve) and plasma-chemical reactions
(synthesis of NO).

The results can be compared with the data in [23],
where in the central part of the atmospheric-pressure
discharge plasma in the glow discharge with an elec-
trolytic cathode ne = 7 × 1012 cm−3.

For the discharge with the cathode based on the
1%-salt solution, the electron density in the cathode
layer and the positive column are presented versus
current in Fig. 6. The values of ne for this discharge
(1% solution) for the cathode layer and the positive col-
umn of the glow discharge with the increase in current
increased within the range 4 × 1012−1 × 1013 and 1.1 ×
1011−3 × 1011 cm−3, respectively.

As seen from Figs. 5 and 6, for the glow discharge
with the cathodes based on the solution, a great
increase in the electron density is observed at currents
of I > 25−28 mA. After 25 mA, the plasma chemical
reactions and the electrolytic dissociation begin to be
manifest, which results in the change in the discharge
color.

The electrolytic dissociation can be presented by
the following equations: Н2О = Н+ + ОН−, Al2(SO4)3 =

2Al3+ + 3 . Negative ions formed as a result of the
electrolytic dissociation (ОН−, ) and secondary
processes in the electrolyte (Al ) will enrich its sur-
face layer. The reactions of the plasma and electrolyte
components with the mentioned radicals, their oxida-
tion and decomposition will determine the change in

−2
4SO

−2
4SO

−
2O
SURFACE ENGINEERING AND APPLIED ELECTROCH
the composition of both electrolyte and plasma. As a
consequence, within the discharge gap, SO molecules
will appear which contribute to the specific nature of
the combustion discharge, its characteristics and
parameters.

CONCLUSIONS

Thus, the study of a glow discharge with an electro-
lytic liquid cathode showed that in free air at currents
8−36 mA the discharge exists in the form of a diffusion
channel; the breakdown voltage with a reduction in
the interelectrode gap greatly decreases, and the volt-
age at low discharge currents nonmonotonically
depends on the concentration of aluminum sulfate in
the solution and varies from 1.3 (1% solution) to
1.75 kV (10% solution) though the combustion poten-
tial of the discharge  over the distilled water surface was
1.5 kV under the same conditions; the potential cath-
ode drop at currents from 8 to 36 mA  changed from
370 to 450 V, and it was high for the more concentrated
solution with currents up to 30 mA; with the increase
in the solution concentration, lower power was
injected into the discharge at the highest current (from
31 to 26 W) and the decrease in its volume was
observed (from 80 to 63 mm3), For the solutions, the
value ne increased with the increase in current and
attained 4 × 1011 cm−3 (the positive discharge column)
and  1013 cm−3 (the cathode layer). To increase the yield
of nanostructures, increases in the current and discharge
area are desirable, with studies of the influence of plasma
UV radiation intensity on their formation.
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