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Abstract. In this paper, interaction of the air plasma generated in an atmospheric pressure pin-to-solution electrical
discharge with aqueous solutions of silver nitrate, copper nitrate and also their mixture is experimentally investigated in
the cathode-plasma electrolysis configuration. Experiments show that a black (green–blue) powder is obtained for pure
solution of AgNO3 (Cu(NO3 )2 · 3H2 O). Through X-ray diffraction (XRD) characterizations, the black (green–blue) powder
is found to be Ag2 O2 (Cu2 (OH)3 NO3 ). On the other hand, the electrolysis product for AgNO3 /Cu(NO3 )2 · 3H2 O mixture
solution is a black–brown powder. XRD and EDS analyses of the powder along with its FESEM images reveal that it is truly
Cu2 (OH)3 NO3 micro-plates covered sparsely with Ag7 NO11 nanoparticles of diameter ∼30 nm.
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1. Introduction
Interaction of plasmas and plasma-generated species with
solutions, which offers new electrolysis configurations with
plasma electrodes (rather than metal electrodes in conventional electrolysis) has opened new and novel theoretical and
experimental research areas [1,2]. Plasma–liquid interactions
and their consequent electrochemistry are more advantageous and versatile than the traditional electrolysis setups
for a number of reasons [3,4]: (1) the gas composition of
the plasma medium, which has undeniable effects on the
solution can easily be changed and controlled. (2) Both the
discharge type (spark, corona, glow and arc) and the polarity
of the plasma electrode (i.e. cathode or anode) increase the
variety of experiments. (3) Plasma-generated species (including ions, electrons, neutrals and radicals) and also amount
of the current passing through the plasma and entering the
solution can trigger various plasma-chemical reactions each
with different products. (4) The material and shape of the
plasma-generating electrode can also have effects on the electrochemical processes. Plasma–liquid interaction as one of
the critical research areas of the plasma community has many
promising applications especially in nanotechnology and is
being converted to an important branch of the plasma science
and technology [5].
The number of scientific reports and research articles in
the literature regarding the synthesis of nanomaterials by
electrical discharges contacting with solutions, is growing
rapidly. Richmonds and Mohan Sankaran [6] using a novel
electrolysis configuration containing an argon micro-plasma
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cathode and a silver foil anode immersed in the electrolytic
solution, could synthesize silver nanoparticles at the plasma–
electrolyte interface. With a stainless steel capillary tube
in the cathode-pin configuration carrying He gas and an
immersed platinum foil anode in silver nitrate aqueous solution, Huang et al [7] directly produced silver nanoparticles
by plasma–solution interaction. In a similar method, but
with a U-shaped vessel and an argon-feed copper capillary
cathode, Wang et al [8] produced silver nanoparticles for
antibacterial applications. By a novel dual-plasma electrolysis configuration with helium gas, Shiari et al [9] synthesized
silver and gold nanoparticles. These papers together with
many other emerging reports on nanomaterial synthesis by
plasma electrolysis imply that the process, in spite of its rapid
growth, is steel in infancy stage and needs more research
to become mature enough. All the above mentioned references (and also most of the others existent in the literature)
use an inert gas (i.e. Ar or He) as the electrical discharge
medium. Utilization of reactive gases, such as oxygen and
nitrogen or even gas mixtures (especially air) for plasma
medium may generate different products even if the other
conditions (i.e. electrical current and solution type) are fixed.
In the present paper, a simple pin-to-solution setup to induce
electrical discharge in the atmospheric air is considered and
its effect on pure silver nitrate and copper nitrate aqueous
solutions as well as their mixture is experimentally investigated.
The paper is organized as follows: Experimental details are
first considered. Then, the results are presented and discussed.
Conclusions are drawn in the last section.
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2. Experimental setup and materials
Various configurations to realize plasma electrolysis in the
atmospheric pressure can be found in the literature most of
which are tabulated in review papers [1,4,5]. Some of the
configurations (such as those mentioned in the introduction,
i.e. [6–9]) use a capillary metal tube with internal diameter of
several hundred micrometres as its plasma electrode. The capillary tube permits injection of a desired gas (mostly Ar or He)
through itself and easily generates the so-called microplasma
between the tube head and the solution surface. In some of
the other configurations, the plasma electrode is a solid metallic wire with a conic head (i.e. a pin or spike) hanged over
the solution surface [1,10]. Such pin-to-liquid configurations
are very suitable choices, wherever there is no need of gas
injection into the discharge region. In this paper, a simple
pin-to-solution electrical discharge apparatus, as schematically depicted in figure 1, is set up. A pin electrode made
of copper wire (2 mm diameter) is placed above the solution surface. A silver wire of diameter 2 mm is selected as
the anode and is immersed into the solution. A high-voltage
AC (50 Hz) source is used to supply the electrolysis circuit.
To give a fixed polarization (cathode or anode) to the pin, a
high-voltage diode is used in the circuit to rectify the current.
Here, the cathode-pin configuration is intended, so, direction
of the diode is set towards the anode electrode. The gas above
the solution is the air at normal conditions. After pouring the
desired solution in the vessel and adjusting distance of the pin
tip from the solution surface to <1 mm by a micrometer, the
power supply is turned on. The supply voltage is increased
gradually until a stable electrical discharge between the pin
and the solution is formed. Afterwards, the voltage is fixed at
nearly 5 kV with a current of ∼12 mA. The air plasma generated in this setup is the so-called glow discharge, which can
play the role of an electrode in the electrolysis process [10].

Figure 1. Schematics of the pin-to-solution glow discharge electrolysis supplied by a 50 Hz AC high voltage source with a copper
pin electrode and immersed silver rod electrode. A diode is used to
rectify the current and, hence, to give a fixed polarity (here cathode)
to the pin electrode.
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Three different solutions are used in the experiments: (1)
a pure silver nitrate (AgNO3 ) aqueous solution of 0.3 M
concentration, (2) a pure copper nitrate (Cu(NO3 )2 ·3H2 O)
aqueous solution of 0.3 M concentration, and (3) a mixture
solution containing the copper nitrate and the silver nitrate
solutions with equal volumes. Seventy microlitres of each
solution is poured in a beaker and the plasma electrolysis is
conducted. Experimental results are presented in the following section.

3. Results and discussion
3.1 Pure silver nitrate solution
The pure solution of silver nitrate is put in the cathode-plasma
electrolysis of figure 1. After turning on the discharge, a black
powder is immediately produced in the contact point of the
plasma column with the solution surface. The black powder
diffuses throughout the solution and gradually covers all the
spaces. After half an hour, the apparatus is turned off and the
black powder is centrifugally separated and, then, is washed
thoroughly with distilled water. A photograph of the powder along with its X-ray diffraction (XRD) pattern and field
emission scanning electron microscopy (FESEM) image are
shown in figure 2. Comparing the XRD with the standard patterns reveals that the black powder is silver peroxide, Ag2 O2
with its main peaks at 2θ = 32.30 and 37.20◦ belonging to
[−1, 1, 1] and [1, 1, 1] crystal surfaces, respectively [11,12].
More inspection of the pattern shows that very small traces of
Ag2 CO3 (main peak at 2θ = 33.79◦ ) and Ag2 O (main peak
of 2θ = 32.73◦ ) are also seen in the product, but in very small
(<5%) percentages [11,12]. In the FESEM image, it is seen
that the powder is composed of sub-micrometre particles with
various sizes similar to that of reported Ag2 O2 synthesis with
other methods [11,12]. Measuring the pH values of the solution before and after the electrolysis shows that it increases
slightly due to interaction with the air plasma.
Based on the above results, the plasma electrochemistry
of the experiment can be extracted. Electrons flowing from
the cathode pin to the solution surface through the plasma
pathway can produce various charged and neutral species. So,
in addition to the electrons, other kinds of plasma-produced
chemicals, such as reactive oxygen ions (e.g. O− and O−
2 ) or
oxidizing molecules like hydroxyl radical (∗ OH), hydrogen
peroxide (H2 O2 ) and ozone (O3 ) can also enter the solution
[13,14]. Such species can react with the Ag+ cations present
in the solution and oxidize them to Ag+2 and finally produce
Ag2 O2 through reactions like:
2Ag+ + 2O3 + 2e− → Ag2 O2 + 2O2 ,
2Ag+ + 2O− → Ag2 O2 .

(1)

The first reaction is justified by the fact that one of the main
conventional methods of Ag2 O2 synthesis is ozonization of
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Figure 2. A photograph (upper left), an FESEM image (upper right) and the XRD pattern (bottom) of the
black powder produced in the cathode-pin plasma electrolysis of the pure silver nitrate aqueous solution.

an alkaline aqueous solution of AgNO3 [15]. Oxidation of Ag
to Ag2 O2 by atomic oxygen is also a well-studied mechanism
in the literature suggesting that the second reaction shown
above may also be a possible route to Ag2 O2 generation [16].
However, detailed experimental work is needed to test and
confirm equation (1), which is not the aim here.
The injected electrons can also electrolyse the water
molecule and increase the pH value of the solution as observed
in the experiment [17]:
2e− + 2H2 O → 2OH− + H2 .

3.2 Pure copper nitrate solution
(2)

It seems that the injected electrons should also directly
reduce Ag+ cations to Ag metal via the reaction:
Ag+ + e− → Ag.

although equation (3) is dominant for plasma-production of
silver nanoparticles with inert gas atmospheres (i.e. Ar and He
as reported in refs. [6–9]), it is marginal in our experiment with
air atmosphere [18]. In fact, execution of the simple reduction
reaction, equation (3), is inhibited in the presence of reactive
gases in the plasma medium (such as air) and, hence, the electrolysis is mainly conducted through reactions like equation
(1).

(3)

But, there is no visible trace of Ag metal in the XRD
pattern of the synthesized powder (figure 2). This implies that

Now, in place of the silver nitrate solution of the previous subsection, the pure solution of copper nitrate is used under the
same conditions. The product is a pale green–blue powder,
whose photograph and also its XRD and FESEM are shown
in figure 3. Comparison of the XRD pattern with the standard ones proves that the green–blue powder is ‘basic copper
nitrate’ (BCN) crystal with chemical formula Cu2 (OH)3 NO3
[19–22] and highest diffraction peak of 2θ = 12.81◦ . Small
percent (<3%) of the solute material (i.e. Cu(NO3 )2 · 3H2 O)
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Figure 3. A photograph (upper left), an FESEM image (upper right) and the XRD pattern (bottom) of
the green–blue powder produced in the cathode-pin plasma electrolysis of the pure copper nitrate aqueous
solution.

with the main diffraction peak of 2θ = 14.98◦ is also seen
in the XRD, which may be due to inaccurate washing. It is
clear from FESEM image that the powder is composed of
BCN micro-sheets with ∼60 nm thickness. Such a microsheet structure is a characteristic of BCN crystal and has also
been seen in other growth methods [19–23]. Again, the solution pH value increases during the process. Thus, it can be
inferred that electrolysis of the water molecules by the plasma
electrons through equation (2) is responsible for the production of BCN powder via reactions such as:

2Cu+2 + 3OH− + NO−
3 → Cu2 (OH)3 NO3 .

(4)

This reaction is suggested and confirmed by Di et al [19]
in the synthesis of Cu2 (OH)3 NO3 through ‘dielectric barrier
discharge’ plasma-solution reactor.

3.3 Silver nitrate/copper nitrate mixture solution
Further, the mixture solution (which contains silver nitrate
and copper nitrate aqueous solutions of 0.3 M concentration
each and equal volumes) is plasma-electrolysed. It is again
observed that immediately after the start of the glow discharge
between the cathode-pin and the solution, a black–brown
powder is generated and convectively spreads throughout the
beaker. A picture from the experiment vessel as well as the
centrifugally separated powder are shown in figure 4.
XRD pattern of the powder is seen in figure 5. Inspection of the XRD pattern reveals that it is very similar to that
of BCN powder produced in the previous subsection except
for a decrease in height of the diffraction peaks (especially
for 2θ > 30◦ ) and, more importantly, appearance of a new
diffraction peak at 2θ = 31.30◦ . Comparison of the new
peak with standards says that it belongs to silver oxynitrate
with chemical formula Ag7 NO11 and is, in fact, its highest
diffraction peak [24,25]. Intensity ratio of this peak to the
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Figure 4. (Left) Production of a black–brown suspension by air-plasma electrolysis of the mixture solution;
(right) the centrifugally separated powder.

Figure 5. XRD pattern of the black–brown powder obtained from
the plasma electrolysis of the mixture solution.

highest peak of BCN (at 2θ = 12.81◦ ) is nearly 0.1
suggesting that 10% of the black–brown product is Ag7 NO11
and remaining part is Cu2 (OH)3 NO3 . No visible trace of
Ag2 O2 , Ag2 O or Ag2 CO3 is seen in the product although they
were produced in the silver nitrate pure solution (section 3.1).
It is also interesting that despite equal concentration and volume of the silver nitrate and copper nitrate solutions in the
mixture, the dominating product is BCN. However, pure BCN
(as synthesized in the previous subsection) is green–blue, but
colour of the product here is black–brown. It is claimed that
the minor product Ag7 NO11 is responsible for the black colour
of the powder. In other words, the air-plasma electrolysis of
the mixture solution mainly produces BCN powder, which
is presumably ‘painted’ by the black colour of synthesized
Ag7 NO11 . To confirm this conjecture, the powder is analysed
with electron microscopy (FESEM) as well as energy dispersive X-ray spectroscopy (EDS).

FESEM images of the black–brown powder in different scales are shown in figure 6. The images clearly show
that similar to upper-right image of figure 3, the BCN
crystals grow again in micro-sheets. Closer view of the
microplates (figure 6-right) evidently shows that spherical
nanoparticles of diameter ∼30 nm are deposited on them.
The nanoparticles seem to be the mentioned Ag7 NO11 , whose
diffraction peaks appeared in figure 5. The FESEM image
shows that the nanoparticles are distributed sparsely on
microplates and that their amount is much less than that of
BCN microplates, which is consistent with the XRD analysis [26]. Coverage of the BCN plates with black Ag7 NO11
nanoparticles can also decrease the intensity of Bragg reflections from BCN crystal surfaces. This can be a convincing reason for the observed decrease in XRD intensities
of the black–brown BCN compared to that of green–blue
BCN.
To get more information, the black–brown powder is
element-analysed by EDS as shown in figure 7. EDS spectrum
shows that the black–brown powder contains both copper and
silver and, as seen in table 1, the atomic percentage of silver
is less than that of copper. If the black–brown powder contains both Ag7 NO11 and Cu2 (OH)3 NO3 (as claimed) then,
their amount ratio (as predicted by the XRD analysis above)
should be ∼0.1. With typical atomic populations of Ag and
Cu reported in table 1, a simple calculation shows that the
percentage of Ag7 NO11 molecules to that of Cu2 (OH)3 NO3
is nearly 0.1, which is in excellent consistence with XRD prediction. This confirms again that the main product is BCN and
a small amount of Ag7 NO11 is produced in the electrolysis of
the mixture.
From the above discussion, the plasma electrochemistry
governing the mixed solution can be predicted as follows:
the BCN microplates are again grown by equation (4). On
the other hand, Ag7 NO11 may have been produced from the
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Figure 6. (Left) FESEM image of the black–brown powder indicating growth of micro-crystalline plates
of Cu2 (OH)3 NO3 ; and (right) deposition of spherical Ag7 NO11 nanoparticles on them.

Figure 7. EDS spectrum of the black–brown powder produced in
the mixed solution.
Table 1.

Typical atomic percentages of the black–brown powder.

Element (line)

Atomic %

Nitrogen (Kα)
Oxygen (Kα)
Copper (Kα)
Silver (Lα)
Total

29.65
40.77
21.79
7.79
100.00

plasma-generated species, such as O3 through reactions like:
+
7Ag+ + NO−
3 + 5O3 + 3H2 O → Ag7 NO11 + 5O2 +6H .

(5)
This is the reaction proposed in ref. [27] for production of Ag7 NO11 through ozone treatment of silver nitrate

aqueous solution. However, confirmation of such reactions in
the plasma electrolysis presented in this paper needs more
study which is not accomplished here.
After proving that the main product of the mixture solution
is BCN and its black–brown colour is due to the deposition of
Ag7 NO11 nanoparticles on BCN microplates, two questions
arise: (1) why is BCN, the main product, whereas the concentration and volume of the mixed solutions are the same? and
(2) why does the air-plasma electrolysis of pure silver nitrate
solution yield Ag2 O2 , but that of silver nitrate solution mixed
with copper nitrate solution produces Ag7 NO11 ?
Regarding the first question, it should be said that not only
for the equal-concentration and equal-volume mixture solution, the main product is BCN, but also in other experiments
(not reported here) with higher concentrations and volumes of
silver nitrate, the dominating product is again BCN. Perhaps,
the answer to this question has its origin in the oxidation
state of the metallic cations: in conversion of Cu(NO3 )2 to
Cu2 (OH)3 NO3 , the oxidation state of Cu does not change
and remains 2, but in production of Ag7 NO11 from AgNO3 ,
the oxidation state increases from 1 to averagely 2.5 [24–28].
This means that production of Ag7 NO11 needs more energy
than BCN, which results in the less production efficiency.
For the second question, it should be noted that the oxidation state of Ag ion in Ag2 O2 is 2, which is less than that
of Ag7 NO11 (i.e. 2.5), so, it seems that Ag2 O2 should have
higher production rate in the mixture solution, but interestingly, it is not produced at all. The answer may be obtained
by considering pH of the solution. Nishimura and Hoshoda
[27] have shown that in ozone oxidation of pure silver nitrate
solution, the product for pH values >6 is Ag2 O2 , but in the
lower values of pH, the product is Ag7 NO11 . In all the experiments reported here, the pH of the solution is increased in
the plasma-solution contact point due to electrolysis of the
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Figure 8. UV–Vis absorption spectra of the mixture solution
(a) before and (b) after plasma electrolysis. The new appeared
absorption peak at λ = 400 nm can be related to the plasmonic
resonance of Ag nanoparticles.

water molecule and generation of OH− through equation (2).
So, if there is no scavenger for OH− ions then, the increasing pH value will lead to generation of Ag2 O2 as occurred in
the pure silver nitrate solution. For mixed solution, however,
many of the OH− ions are scavenged and consumed by equation (4), so the local pH value decreases and the condition for
the production of Ag7 NO11 is fulfilled. In other words, production of BCN in the mixed solution (which locally reduces
the population of OH− ions) is the main cause of production
of Ag7 NO11 in place of Ag2 O2 .
In the final part of the study, UV–Vis absorption spectrum
of the mixture solution before and after the plasma electrolysis is obtained and is shown in figure 8. Appearance of a
new absorption peak (of course very weak) at 400 nm in the
plasma-treated mixture solution can be a sign for generation of
Ag nanoparticles in the solution, which originates from their
plasmonic resonance [7]. This means that very small traces
of Ag nanoparticles are also produced in the electrolysis, but
their amount is so small that cannot be centrifugally separated and detected by XRD analysis. This small amount of Ag
nanoparticles may have been produced through equaion (3).
On the other hand, UV–Vis spectra of the pure silver nitrate
solution before and after the electrolysis (not shown here)
does not show appearance of such absorption peak, i.e. there
is no Ag nanoparticles in the plasma-treated solution. Because
more experimental study is needed to discuss the subject, further discussion is avoided.

4. Conclusion
In the present paper, the electrolysis of aqueous solutions of
AgNO3 , Cu(NO)2 ·3H2 O and also their mixture by a glow
discharge cathode in the ambient air was studied. Based on
the experimental results, a number of conclusions are drawn:
• Electrolysis product of the pure silver nitrate solution was Ag2 O2 crystalline powder, although there

•

•
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were very small amounts (i.e. <5%) of Ag2 CO3 and
Ag2 O. Comparing with other similar experiments in the
literature, but with an inert gas atmosphere (He or Ar),
it is concluded that the presence of air in the plasma
medium completely prevents the plasma reduction of
Ag+ ions to Ag atoms.
In the copper nitrate solution, the product was purely
Cu2 (OH)3 NO3 micro-sheets.
In the mixed solution, however, the major product
was Cu2 (OH)3 NO3 micro-plates, but a thin layer
of Ag7 NO11 nanospheres of ∼30 nm diameter was
sparsely grown on them. An interesting conclusion is
that two different size scales (i.e. micro-BCN and nanoAg7 NO11 ) were simultaneously produced by plasma
electrolysis of the mixed solution. In fact, plasma electrolysis could produce nanometric layers of Ag7 NO11
on the micrometric Cu2 (OH)3 NO3 plates and, in other
words, it could colour BCN microplates with black
Ag7 NO11 paint.
Oxidation state of the metallic atoms Cu and Ag and
its change during the plasma electrolysis along with the
local pH value of the solution can be regarded as two
main factors in the prediction of final product of the
process.
Beside the conclusions above, the main conclusion
of the paper is that the simple pin-to-solution plasma
electrolysis setup has a powerful ability in material synthesis. In fact, synthesis of materials, such as
Ag2 O2 , Cu2 (OH)3 NO3 and Ag7 NO11 with this simple
and green method by only changing the solution can
have great advantages over other (usually complicated)
approaches followed in the literature.

Experiments with anode-pin plasma electrolysis are also
underway. First stage results show that the main product of
the pure silver nitrate solution is Ag2 O (rather than Ag2 O2
in the cathode-plasma case studied here). Experiments also
show that depending on level of the CO2 gas in the ambient
air, silver carbonate, Ag2 CO3 can also be produced in the
electrolysis. Details of these experiments are in progress and
will be reported in the future.
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