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Abstract—A review of studies on the synthesis and modification of nanosized particles by electrical
discharges in liquid media is presented. The modern understanding of the mechanisms of initiation and features
of discharge evolution in liquids are analyzed. By using of the spectroscopic diagnostics, parameters of the
discharge plasma in liquids (water, ethanol) are determined. It is shown that the pulsed electrical discharge
between electrodes immersed in a nonconducting or weakly conducting liquid, provides a simple and effective
method for the synthesis of nanoparticles of different compositions with the average size ranging from 5 to
50 nm. The morphology, phase structure, and composition of the particles formed are defined by the discharge
mode and composition of the liquid medium in which the discharge is produced. The conditions for the
synthesis of nanosized metal oxides, carbides, and silicides (for example, copper and zinc oxides, titanium and
tungsten carbides, gadolinium silicides) were found. Zinc oxide nanoparticles were produced in pulsed
electrical discharge plasma in distilled water, and the possibility of their doping with nitrogen atoms during
synthesis was demonstrated. Experimental results on the modification of tungsten and copper powders by spark
discharge in ethanol are discussed. The possibility to synthesize copper chalcogenides CulnSe, by electrical

discharge treatment of a mixture of copper, indium, and selenium powders was demonstrated.
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INTRODUCTION

Research into the engineering potential of plasma
generated by electrical discharges in liquids or in direct
contact with liquids has recently evolved into a new
practically important field of plasma physics and
chemistry. Immersed or surface discharges are a source
of intense UV radiation, shock waves, and radicals and
can have useful chemical and biological applications,
for example, for disinfection and sterilization. One of
the vigorously progressing lines of research in this
field is synthesis of nanosized particles in liquids under
the action of electrical discharge [1, 2]. As known,
nanosized particles and structures hold great promise
for application in technology and industry [3-5].

The advantages of the electrical discharge (ED)
synthesis of nanoparticles are the possibility to control
final product parameters by varying ED parameters, as
well as a fairly high performance and the possibility to
scale-up the synthesis process, and simplicity of
reactor design and preparation of starting materials.
Electrical discharge in liquids allows synthesis of a

wide range of nanomaterials (metals and intermetal-
lics, nitrides, metal oxides and carbides, composite
materials).

Electrical discharge in liquids is accompanied by a
complex of physical and chemical phenomena,
including shock wave generation, cavitation processes,
formation of a vapor—gas bubble and its pulsation,
ionization and decomposition of liquid molecules in
the plasma channel and around it, intense UV and
sound radiation, and pulsed electric and magnetic
fields. These processes generate free radicals, singlet
oxygen, ozone, and hydrogen peroxide. Furthermore,
electrode erosion results in release into the liquid of
atoms and ions of the electrode materials. These
excited or ionized particles take part in diverse
physicochemical processes that affect the liquid and
objects placed in it. A great variety of compounds,
including metastable ones, can form in the plasma
channel. Nanoparticles are formed by chemical
reactions of atoms and ions released from electrodes
with the decomposition products of the surrounding
liquid.
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The present paper summarizes the results of
research on the formation of molecular nanoparticles
in ED plasma in liquids. A number of characteristic
approaches to the application of electrical discharge in
liquids for the synthesis of nanosized particles of com-
plex composition are considered. The properties of
copper oxide and tungsten and titanium carbide nano-
particles, semiconductor nanocrystals (ZnO, CulnSe;),
as well as doped zinc oxide nanoparticles, formed in
ED plasma in different liquids (water, ethanol, ammo-
nium nitrate solution), are discussed as examples.

Characteristic Features of the Initiation
and Propagation of Electrical Discharges
in Liquid Media
There is abundant experimental and theoretical
evidence to explain the physics of interelectrode
breakdown in liquids. The processes that accompany
the breakdown in liquids are considered in detail in [6].
According to [6], four mechanisms of discharge
initiation (ignition) can be recognized: bubble, micro-
explosive, ionization, and electrothermal.

The bubble mechanism is realized by breakdown of
gas bubbles that are present on the electrodes and in
the liquid before discharge ignition.

The mixroexplosive discharge initiation is accom-
panied by electron emission from the cathode to liquid
or by ionization of liquid molecules, which results in
local heating of the liquid by electric current. Then a
shock wave is formed, whose propagation is accom-
panied by explosive vapor formation behind its front,
ionization of gas—vapor bubbles, and initiation of
plasma channel.

The ionization mechanism is operative at very high
voltages. The initiation of plasma channel occurs due
to ionization of liquid molecules via autoionization or
shock ionization. In this case, the energy release, first-
order phase transition, and formation of shock waves
are secondary processes.

The electrothermal mechanism is realized if voltage
is applied for a long time or liquids with high specific
electrical conductivities are used. The applied voltage
induces boiling up of the liquid and formation of
vapor—gas cavities, leading to ionization of gas bubbles
inside the cavity. The discharge channel is extended
due to motion of the local heating region and boiling-
up of liquid toward the opposite electrode.

The discharge propagation stage, too, can occur by
different mechanisms [6, 7]: fast, slow, and electrothermal.
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The fast (supersonic) mechanism induced by ioniza-
tion, while the slow (subsonic) mechanism is induced
by breakdown of bubbles. The two mechanisms differ
from each other only by the intensity and sequence of
plasma channel development processes. Both types of
discharge affect the phase state of the liquid, and the
plasma channel is formed due to gas ionization. It
should be noted that, unlike the initiation stage, the
discharge maintenance stage is less dependent on the
polarity of the initiating electrode.

The electrical breakdown of liquid dielectrics
depends on many factors: electrode material, admix-
tures in the liquid, degassing of the liquid and
electrodes, time and rate of voltage rise, and voltage
frequency. The electrical type of the breakdown, which
develops within 10°-10" s, is realized in thoroughly
purified liquid dielectrics and is associated with
injection of electrons of the cathode [8]. Polar
admixtures or gas inclusions induce breakdowns of
another type (thermal and ionization), and, therewith,
the breakdown voltage drops abruptly [9]. As
suggested in [10], even in high electric fields electrons
are hydrated and are nearly as mobile as ions. In
liquids with ionic conductivity, discharge can be
induced only if the discharge gap is very short, and,
therewith, discharge is always accompanied by
vigorous gas and vapor evolution [11].

The development of discharge in time occurs via
consecutive streamer propagation in the inter-lectrode
gap [12]. The growth of a streamer from a multitude of
plasma channels with branches is likely to be a step
discrete process. However, this stepwise character is
no longer evident, when the process is considered in
whole, because streamer branches grown asynchronously.

Electrical discharge plasma in liquids is non-
equilibrium in the sense that electrons have a much
higher temperature than the ionic and molecular
components. As a result, a great number of collision
processes involving electrons are initiated, the main of
which are electron impact (EI) ionization and
excitation, EI dissociation and dissociative ionization,
and ion—atom exchange. The nomenclature of particles
involved or formed in elementary processes that take
place at the first stage of electrical discharge in water
includes molecules, atoms, ions, and radicals: H,O, H,,
0,, ‘OH, H, O, O, H", 0%, OH", H;0", etc. [13].
Hydroxyl radicals and hydrogen atoms react with
water molecules to form more stable but still chemi-
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cally active compounds, such as hydrogen peroxide
and ozone, as well as singlet oxygen 'O,, superoxide
ion O, and cluster H"H,0.

The electrical erosion of electrodes occurs because
of their heating under bombardment with charged
particles. Proponents of another theory argue in favor of
the Joule heat released at places where current lines
concentrate on the electrode—plasma interface. The
release of electrode material into ED plasma is con-
sidered in [14].

Analysis of the main physical regularities that
control electrical discharge in liquids opens up ways to
selecting the most optimal discharge modes for nano-
particle generation.

Development of a Method for Synthesis
of Nanoparticles in Electrical Discharge Plasma
in Liquids

Bredig and Swedberg [15] were the first to use
electrical ~discharge between metal electrodes
immersed in a liquid for preparing colloid solutions of
metals [15]. This method was used to obtain
organosols of metals, in particular, iron, nickel, cobalt,
and their alloys [16] which later found application in
chemical catalysis [17].

In the cited works, colloid solutions were prepared
by adding fine particles (metal filings) into the liquid
where electrical discharge was generated; as a result,
arch bridging occurred, accompanied by vigorous
dispersion of molten metal to form colloid particles.
Under such discharge generation conditions, the
degree of metal dispersion was no higher than a few
percent, and, therewith, suspensions existed very
shortly (about a few minutes), after which particle
aggregation and sedimentation took place.

Chiglione and co-workers [18, 19] obtained a
uniform suspension using a spark discharge between
two metal electrodes immersed in distilled water.
Electrical spark dispersion of conducting materials,
which allows preparation of their colloid solutions,
was used in the determination of major components by
atomic absorption spectroscopy [18, 19], as well as
microquantities of elements [20] in steels and alloys,
but in that time (1970-80s) this method did not find
application in the synthesis of nanosized particles.

First works on nanoparticle synthesis with the use
of discharge in liquids date back to 1990s. It was
shown that the discharge between two metal electrodes
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in liquid nitrogen [21], ammonia [22], and hydro-
carbons [23] results in formation of micro- and
nanoparticles of metals and their oxides and nitrides.
Therewith, such synthesis does not require com-
plicated vacuum systems, which one of its principal
advantages.

In 2000 Ishigami [24] synthesized multilayer
carbon nanotubes by means of arc discharge in a
liquid. In this work, arc discharge was generated
between two graphite electrodes immersed in liquid
nitrogen. However, the use of this method was limited
by fast evaporation of liquid nitrogen. The replacement
of liquid nitrogen by deionized water [25, 26] made it
possible to solve it problem and reduced the cost of
fabrication of carbon nanostructures. It was found that
water and liquid nitrogen fulfill the same functions,
specifically, hinder electrode erosion and condensation
of erosion products in a limited volume [27]. More-
over, the amount of water evaporated during discharge
was found to be much smaller than the consumption of
liquid nitrogen [28]. The arc discharge plasma in
deionized water was used to synthesize carbon nano-
onions and nanotubes similar to those synthesized in
liquid nitrogen. At the same time, the nanostructures
synthesized in water contain much less defects.
Moreover, the nano-onions obtained by this method
had a high purity and need not be additionally purified
from by-products.

If in the first syntheses be means of electrical
discharge in liquids nanoparticles were synthesized
from an electrode material, further research focused on
the possibility to involve components of the liquid
phase in nanoparticle formation.

In 2005 Parkansky et al. [29] reported a series of
experiments on the synthesis of nanoparticles in arc
discharge in ethanol using carbon, nickel, tungsten,
and steel electrodes [29]. The discharge was generated
between two electrodes of the same material. The
authors of [29] could synthesize nano- and micro-
particles containing both atoms of the electrode
material and carbon atoms (even when the electrodes
contained no carbon) formed by the decomposition of
ethanol in the discharge zone, as well as various
compounds comprising both carbon and metal atoms
(intermediate products). The formation of carbon-
containing particles suggests that both graphite
electrodes and organic liquid (for example, ethanol)
can be used as a source of carbon [29]. From the
practical viewpoint, the intermediate products are, too,
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of great interest. In particular, a way opened up to
synthesize tungsten carbide which is applied as a stable
and durable material, as well as -electrocatalyst
[30, 31]. Zheng et al. [32] found that a nanocrystalline
tungsten film exhibited catalytic activity in hydrogen
reduction reactions.

By the procedure in [29] tungsten carbide formation
should necessarily involve atoms generated by the
decomposition of the liquid in which the discharge is
created, and this obviously adversely affects the
efficiency of synthesis of carbide nanoparticles. For a
more efficient synthesis of carbide nanoparticles it
seems expedient to use pulsed ac spark discharge
generated in ethanol between two electrodes, one made
of graphite and the second of tungsten.

Of interest also is the phase composition of
tungsten carbide powders synthesized under different
discharge conditions. According to [33], spark
discharge allows more efficient formation of excited
atoms and ions from electrode material compared to
arc discharge. The use of ac discharge is associated
with the necessity to ensure uniform erosion of
electrodes made of different materials.

An important application of the ED method is the
synthesis of composite nanostructures, in particular,
carbon nanostructures decorated by metal particles or
carbon-coated metal nanoparticles. Owing to the
unique combination of properties of nanostructured
wafers and nanoparticles, such composite materials are
widely applied in nanoelectronics, as well as a
catalysts, chemical sensors, and sorbents for hydrogen
storage [4, 34]. Furthermore, magnetic nanoparticles
encapsulated in graphite shells are quite attractive for
medicine, because the carbon shell, on the one hand,
makes it possible to attach substances to be introduced
into the body and, on the other, ensures stability of
nanoparticles in organic and inorganic liquids and
biocompatibility of the introduced particles [3]. The
catalytic properties, too, can be much enhanced in
composite structures, for example, on deposition of
nanoparticles onto carbon nanotubes [4].

Abrams et al. [35] presented a scheme for fabrica-
tion of copper-tipped carbon nanotubes, involving the
use of mixtures of Fe and Cu particles as catalysts in
chemical vapor deposition (CVD synthesis) and
growth of nanotubes. Mal’tsev et al. [36] proposed a
technology for the synthesis of composite
nanoparticles by anode sputtering in an atmospheric
pressure electric arc reactor. Metal particles and carbon
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matrix are formed concurrently, and, therewith, a
certain fraction of metal particles are completely
encapsulated in carbon structures. Ye et al. [37]
reported the deposition of 5—10-nm palladium particles
onto multiwalled nanotubes in the reduction of Pd"
B-diketonate with hydrogen in the presence of carbon
dioxide. Naturally, additional steps on decoration of
nanotubes raise the total cost of the final product.

Bera et al. [38] prepared carbon nanotubes decorated
by palladium nanoparticles in an arc discharge
between two graphite electrodes immersed in a
palladium chloride solution. The possibility of syn-
thesis of Ni, Co, and Fe nanoparticles encapsulated in
graphite shell by means of arc discharge in aqueous
solutions of metal salts (NiSO,4, CoSO,, and FeSO,) is
demonstrated [39]. Analysis of the chemical composi-
tion of the synthesized nanopowder showed that it
contained S and O. Decorated carbon nanotubes
synthesized in arc discharge in a solution of cobalt
sulfate contained not only metal cobalt, but also cobalt
sulfide particles [40].

With the development of the electric arc method of
synthesis not only electrode materials and working
liquids changed, but also the design of discharge
generation systems. As a rule, discharge was ignited
between two cylindrical electrodes [29, 38], but
electrodes having the shape of planar discs with an
array of pins (arranged point-to-point) mounted on one
of which, or rotating electrodes (one or both) were also
reported [41, 42]. Sometimes the working liquid was
forced to move [43], which is good for nanoparticle
synthesis, because when the liquid is in motion,
nanoparticles are removed from the discharge zone,
where the temperature is elevated, and stop to grow
[43]. Ultrasonication of electrodes during nanoparticle
synthesis was used [41]. Certain experiments were
performed in so-called hybride reactors, where one
electrode was immersed in the liquid and the other was
located above the liquid. Discharges are ignited and
maintained in different voltage and current modes
(direct, pulsed, or alternating current, high- or ultrahigh-
frequency current, etc.), and, as a result, a great
diversity of plasma conditions are realized.

Experimental Setup for Electrical Discharge
Synthesis of Nanoparticles in Liquids

In our experiments on ED nanoparticle synthesis
we used a setup comprising four main elements:
discharge power source, electrodes, discharge reaction
chamber (a glass vessel), and water cooling system
(Fig. 1) [44].
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(a)

|8

Fig. 1. Schematic diagram of the setup for nanoparticle
synthesis under electrical discharge in liquids. (a): (/) Power
supply, (2) electrodes holders, (3) electrodes, (4) liquid,
(5) cooled water inlet, (6) cooled water outlet, (7) current
sensor, and (&) oscilloscope and (b): (7) electrodes; (2) cell
with ethanol; (3) discharge; and (4) treated powder.

To initiate an electrical discharge in a liquid, a
power source capable of generating dc and ac currents
in the spark or arc modes was used. It is designed for
operation from ac power supply with a frequency of 50 Hz
and a voltage of 220 V. The high-frequency spark
voltage, used to maintain electrical conductivity of the
discharge gap, was 3.5 kV. The electrodes, graphite or
metal (copper, tungsten, zinc, titanium, etc.) rods 6 mm
in diameter, were immersed in the liquid to a depth of 3 cm.
The optimal electrode—electrode distance was 0.3—0.5 mm.

The working liquid in the synthesis of tungsten and
titanium carbides was ethanol and in the synthesis of
zinc oxide, distilled water or aqueous ammonium
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nitrate. The samples for studies on the catalytic
properties of copper were prepared in an aqueous
solution of CuCl, or in ethanol.

In the experiments on ED treatment of powder
suspensions we used a different discharge chamber
(Fig. 1b). Discharge was ignited between two elec-
trodes, one of which was fixed on the bottom of a
cone-shaped vessel loaded with a powder to be treated
and the working liquid. The cone shape of the vessel
prevented drift of particles from the discharge zone.

The experience acquired during exploitation of the
above-described setups was used to develop a pilot laser
plasma reactor for fabrication of metal nanopowders and
their compounds with widely varied parameters by
means of pulsed electrical discharge combined with laser
ablation in liquid media. The reactor was equipped by
mechanisms for transporting the electrodes to the
synthesis zone and for periodically replacing the liquid in
the discharge zone. The principal technical character-
istics of the reactor and the process of nanoparticle
synthesis were as follows: ED source power up to 3 kW;
plasma-forming medium liquid or gas; average diameter
of the synthesized particles 5—40 nm; deviation from the
average diameter <30%; and performance up to 50 mg/min.

Determination of the Principal Parameters
of the Electrical Discharge Plasma in Liquids

One of the key conditions for successful function-
ing of ED systems for nanoparticle synthesis in liquids
are controlled plasma parameters. The -electrical
parameters of the discharge are to a large extent
responsible for electrode erosion, reaction selectivity,
and the presence, along with vapor, of solid or liquid
particles in the discharge cloud. Therefore, to know
plasma parameters, such as the temperature and
concentration of atoms and electrons, is quite important
for the optimization of synthesis conditions, especially
for the determination of conditions for nanostructure
formation (for example, oxides and carbides).

There are only a few reported works focused on the
parameters of the ED plasma in liquids in the context
of nanoparticle synthesis. In particular, Skibenko et al.
[13, 45] made an attempt to measure the density of the
ED plasma in water. Microwave probing revealed a
correlation between the plasma density rise rate and
the rate of EI ionization of particles, thus providing
evidence for an ionization breakdown mechanism
under that experimental conditions. The experimental
decay coefficients of the hydrogen—oxygen plasma in
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(2)

324.753 nm
= 327.395 nm
510.554 nm
515.324 nm
521.820 nm

~529.251 nm

Fig. 2. Typical emission spectra of the plasmas generated
by (a) arc and (b) spark discharges between copper
electrodes in water.

water were found to be much different from the theo-
retical values calculated in the framework of the
existing nonideal plasma models [46]. These findings
provide evidence for the necessity of further diagnostic
research on the ED plasma in liquids.

Important information on the parameters of ED
plasma can be gained using spectroscopic diagnostic
methods [47]. We previously showed [48] that the
electron temperature and the concentrations of atoms
and electrons can be determined from the plasma emis-
sion spectrum.

The spectroscopic studies were performed on the
setup in Fig. 1, hyphenated with a spectral instrument,
camera for detection of optical emission, photodiode,
and other units for measuring the intensity of light
signals and their storing and processing. The spectra
were registered on a DFS-452 diffraction spectrograph
(entrance slit 15 pm, 1200 lines/mm grating for the
first-order diffraction) equipped with two CCD arrays.
The distance between the arrays can be set for
radiation of different wavelengths to be measured
simultaneously. Plasma emission was focused with a
lens with the focal length of 15 cm. The registration
system was controlled from a computer through a USB
interface using SSD Tool software.

The emission spectra of the ED plasma in liquids
contained spectral lines from atoms and ions of the
electrode material and decomposition products of the
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Fig. 3. Electron temperatures in electrical discharge plasmas
in different media. (/) Arc and (2) spark.

liquid. As a rule, in the case of arc discharge narrower
lines were registered than in the case of spark
discharge (Fig. 2).

The parameters of the ED plasma in liquids were
much dependent on the peak power of energy
deposited into discharge. Notable is a substantial
difference in the spectra of the spark and arc discharge
plasmas in the region of the resonance lines of
electrode material atoms, in particular, Cul 324.753 nm
and Cul 327.395 nm. Under the conditions of arc
discharge in water, the resonance lines of copper atoms
are broadened and self-reversed. In the case of spark
discharge, absorption lines were observed in the
resonance region instead of emission lines.

From the intensity ratio of the copper lines

Cul 529.251 nm, Cul 521.820 nm, Cul 515.324 nm,
Cul 510.554 nm

we estimated the electronic temperature of the plasma:
in liquids (water, ethanol) they proved to be slightly
higher than in air (Fig. 3).

The electron density of the ED plasma (Table 1)
was determined from the H,, line width (Fig. 4).

The concentration of copper atoms in the arc
discharge plasma in water, estimated in terms of the
inhomogeneous source model, was ~1.1 x 10'® cm™ at
the total concentration of atoms and ions of ~6.8 x
10'"® cm™. The spark discharge plasma in water
contained about 1 x 10" cm™ of electrode material atoms.

The component composition of the ED plasma was
calculated under the condition of known electron
temperature and concentration and in the assumption
that the plasma consists of atoms and singly charged
ions of the electrode material and the oxygen and
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Table 1. Concentrations of electrons in electrical discharge
plasma in liquids

n,, 1071 cm™
Medium
arc spark
Water 32 58.2
Alcohol 4.5 30.8
Air 1.5 2.3

hydrogen atoms formed by water dissociation.
According to the calculations, the pressure in the spark
discharge plasma channel is about 1.5 x 10° Pa at
14000 K. The effective ionization degree in the dis-
charge channel in water is fairly low (0.2 and 8% for
the arc and spark discharges, respectively), but, owing
to a high plasma density, the concentration of charged
particles is fairly high.

High pressure and temperature in the discharge
channel are favorable for various chemical reactions
and formation of nanoparticles, including metastable
phases, which are hardly accomplished by other methods.

Synthesis Examples of Nanosized Structures
in Electrical Discharge Plasma

Metal Oxide Nanoparticles

The character of plasmachemical processes induced
by electrical discharge in liquids depends on the
reactivity of compounds contained in the electrodes
and liquid medium. The most probable reaction to
occur under the action of the ED plasma generated

Intensity, rel. units

650 660 670
A, nm

Fig. 4. Profiles of the H, line registered in spark discharges
in (/) water, (2) air, and (3) ethanol.
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between metal electrodes in water and aqueous solu-
tions is oxidation.

In [44, 49] we performed a detailed study of the
properties of copper oxide nanoparticles, in particular,
their catalytic activity in the oxidation of carbon
monoxide. Copper oxide nanoparticles were syn-
thesized by the ED method using two graphite
electrodes or the pair of a graphite and a copper
electrodes. The working liquid was an aqueous
solution of copper chloride. Under the conditions of
arc and spark discharges, the temperature and con-
centration of plasma particles in different regimes
varied over a fairly wide range. A spark discharge pulse
was almost two orders of magnitude shorter compared to
an arc discharge pulse. Therefore, the energy power of
spark discharge is higher and, as a rule, the rate of
particle formation in the spark regime is higher compared
to the arc regime. Thus, in the described experiment the
average consumptions of electrodes were 9.5 and
4.3 mg/min for spark and arc discharges, respectively.

The parameters of the discharge between the metal—
graphite electrode pair have a definitive effect on the
morphology of the synthesized nanoparticles. The
microscopic images of the samples obtained in the
spark discharge plasma show well-defined isolated
spherical nanoparticles 3-5 nm in diameter. The
diameter of the particles obtained in aqueous CuCl,
varied from 3 to 35 nm, and the diameter of the
particles synthesized in ethanol spanned the range
~5-8 nm (Fig. 5).

The nanoparticles synthesized in the ac arc
discharge plasma characteristically have a core—shell
structure. The core diameters in copper-containing
nanoparticles are no larger than 25 nm, and the
diameter of shelled particles reaches 50 nm. The metal
core of a nanoparticle encapsulated in a graphite shell
is formed by reduction of metal ions in solution while
the discharge is glowing. The nanoparticle shell is
formed from the carbon evaporated from the electrode
surface. The synthesis of core—shell nanoparticles in
arc discharge is the more efficient the longer electrode
erosion products dwell at a high temperature in the
chemical reaction zone.

The morphology and phase composition of copper
oxide particles depended on discharge conditions, in
particular, on the composition of the aqueous solution
in which the discharge was generated. Thus, the
nanopowder obtained in aqueous CuCl, comprised
Cu,0 (67.8%) and copper (31.4%). The sample
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Fig. 5. TEM images of the nanoparticles synthesized under spark discharge in (a) aqueous CuCl, and (b) ethanol.

synthesized in ethanol contained 69.8% of copper and
30.2% of Cu,0O. In the discharge generated in a copper
chloride solution, reactions with chlorine, leading to
copper hydroxychloride and oxychloride, are possible.
Copper carbide was not found [35].

The morphology, structure, and composition of
samples synthesized wunder different discharge
conditions allowed conclusions concerning possible
mechanisms of the formation of copper-containing
nanoparticles, induced by ED in liquids. The
temperature in the discharge zone varies roughly from
the boiling point of the electrode material to the
boiling point of the liquid at the gas mixture—liquid
interface. Thus, the temperature in the discharge zone
between copper and graphite electrodes varies from
4000 to 100°C. According to the results of spectro-
scopic studies, discharge occurs in a gas mixture
containing vapors of the working liquid and electrode
material. If at least one of the electrodes contains
carbon, the gas mixture will contain CO and H, formed
by the following reaction:

C +H,0 — CO +H,. (1)

In the case of the discharge between copper and
graphite electrodes, copper vapor forms as a result of
both erosion of the copper electrode and evaporation
and thermal decomposition of the working liquid
(aqueous CuCl,). Nanoparticles are formed from atoms
and gaseous complexes via consecutive particle
nucleation, growth, coalescence, and aggregation.
Nanoparticles stop to grow on contact with a colder
liquid surrounding the discharge zone. The copper
atoms formed by both electrode evaporation and ion
reduction most likely trigger this sequence of events.
The presence of water vapor in the mixture leads to the
formation of oxides which can further be reduced by
CO and H,:
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Cu,0 + CO — 2Cu + CO,, @)
Cu,0 + H, — 2Cu + H,0. 3)

However, as follows from X-ray diffraction (XRD)
data, copper oxide is reduced only partially and under
certain discharge conditions.

The nanoparticles synthesized in the discharge
between two copper electrodes in ethanol exhibited a
high catalytic activity in CO oxidation [56]. The
catalytic activity became apparent at 130°C, and at
250°C the CO conversion was 100%. The nanopar-
ticles preserved their catalytic activity multiple uses.

The composition of the nanoparticles formed under
electrical discharge between zinc electrodes in distilled
water was to a great extent determined by the oxygen
concentration in the discharge zone and only slightly
varied with current power and discharge pulse duration.
As the concentration of oxygen in the discharge zone
increased with enrichment of water with dissolved
oxygen, the content of structural defects in the synthe-
sized particles tended to decrease until the fraction of
zinc oxide in the final product reached almost 100%.

Nanostructured zinc oxide, with its large optical
band gap (3.37 eV) [50], is applied in UV low-barrier
lasers, field emitters, and other microelectronics. In
view of potential applications of nanosized zinc oxide
structures [51], of interest is to develop approaches to
their controlled synthesis for creating structures with
desired properties.

Over the past years a variety of zinc oxide nano-
structures, specifically nanoparticles, nanowires, nano-
ribbons, nanorods, and others, have been synthesized
[51]. At present ZnO nanoparticles are most commonly
synthesized by chemical vapor deposition [52], mole-
cular epitaxy [53], and vapor deposition with thermal
[54, 55], laser [56], or magnetron sputtering [57].
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Arc discharge in water was used to synthesize zinc
oxide nanowires and nanorods [50, 58]. Pokropivnyi
and Kasumov [58] also synthesized ZnO tubes,
needles, and tetraneedles ~1 um in length and up to
hundreds nanometers in diameter by means of arc
discharge in a vacuum and proposed mechanisms of
formation of such structures. Thus, the formation of
nanoneedles is preceded by rolling of ZnO sheets into
rolls and tubes on the precipitate surface, whereas
tetraneedles crystallize and grow from the gas phase
and are deposited as a white coating.

The ZnO powders synthesized in our experiments
in the spark discharge plasma comprised rod-like
grains 25 nm in diameter and 75 nm in length (cf.
40 nm and 130 nm, respectively, in the arc discharge
plasma) [59].

The possibility of synthesis of zinc oxide particles
doped with nitrogen and indium atoms in the discharge
between zinc and indium electrodes immersed into a
0.001 M aqueous solution of ammonium nitrate was
demonstrated in [60]. Doped ZnO nanocrystals showed
a slight shift of diffraction peaks because of insertion
of admixture atoms. Doped ZnO nanoparticles present
interest for practice as nanocrystals with hole
conductivity, which can be used in semiconductor UV
light-emitting diodes.

Metal Carbide Nanoparticles

Titanium and tungsten carbide nanoparticles were
synthesized by electric discharge between two metal
electrodes in ethanol [61, 62]. The sources of carbon
for carbide formation were the products of
plasmachemical reactions involving ethanol, which
occur in plasma and at the interface between the
plasma plume and surrounding liquid. An important
factor affecting the yield of the final products is the
reaction time between electrode erosion products and
medium components. In its turn, the reaction time
depends on the residence time of the erosion products
between the high-temperature stability limit of the
compound and the low-temperature limit, when the
reaction rate becomes low.

The temperature in the discharge zone between
tungsten electrodes can reach ~5500°C (the melting
and boiling points of tungsten are 3422 and 5555°C,
respectively). The gas mixture in the discharge zone
contains not only vaporized electrode material, but also
thermal decomposition products of ethanol [63]:

C2H5OH g C2H4 + H2Os (4)

BURAKOV et al.

CQHSOH — CH3CHO + H2. (5)

However, taking into account of the temperature
gradient in the near-electrode region, one should
expect formation of other ethanol thermolysis products
(up to atomic C, H, and O), which are unevenly
distributed in the discharge zone. The emission spectra
of the discharge plasma in ethanol show, along with
lines of electrode material atoms, the line of hydrogen
(H,) and the Swan band system assignable to the C,
molecule [65]. The hydrocarbons and carbon that are
formed react with electrode material atoms to give
carbides (W,C, WC, TiC, TiC,) [66, 67].

The phase composition of the metal carbides
forming in the ED plasma in ethanol depends on the
discharge characteristics. Thus, the powders formed in
the spark discharge plasma between tungsten
electrodes in ethanol, contain WC,_,, W,C, and C
phases (XRD data). In the products obtained in the arc
discharge mode, decreased relative contents of carbon
and a less carbon-saturated tungsten carbide W,C and
increased WC,_, contents are observed.

To obtain a product containing more carbon than
W,C resulting from the synthesis with two tungsten
electrodes, in [62] we replaced one tungsten electrode
by a graphite one. In the synthesis under discharge
between tungsten and graphite electrode in ethanol,
carbide formation involves carbon atoms formed by
the decomposition of ethanol and vaporization of the
graphite electrode.

The typical images of the tungsten carbide nano-
particles synthesized in ac spark and arc discharges are
presented in Fig. 6. The particle size in a freshly
prepared solution, averaged over 400 particles is 7 nm.
The phase compositions of the synthesized powders
are listed in Table 2.

The nanoparticles synthesized in electrical discharge
between two titanium electrodes had a spherical shape
and were 3—10 nm in diameter. Particle agglomerates
were observed. According to semiquantitative estimates,
the synthesized powder contained 88.7% of TiC (cubic
face centered struc-ture), 4.7% of TiC, (simple cubic
structure), and 6.6% of carbon (simple hexagonal
structure). Thermal treatment decreases the content of
carbon in the titanium carbide powder or removes it
completely. Free carbon particles can be removed by
additionally annealing titanium carbide nanoparticles at
670°C [61].

Note that the only products formed under electrical
discharge between titanium and tungsten electrodes in
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Fig. 6. TEM images of the tungsten carbide nanoparticles synthesized in ac (a) spark and (b) arc discharges. The insert shows the

particle size distribution.

ethanol were metal carbide nanoparticles, and no oxide
phases were detected.

Titanium and tungsten carbide nanoparticles can be
used in durable coatings for metal surfaces of cutting
tools. Tungsten carbide nanoparticles synthesized
under different discharge conditions can serve as
catalysts for hydrogen generation reactions in fuel cells
with proton-exchange membranes. The nonstoichio-
metric tungsten carbide WC,_, is the most efficient
among such catalysts. Agglomerates of nanoparticles
in graphite shells showed a higher catalytic activity
than isolated nanoparticles. High contents of W,C in
nanopowders adversely affect their catalytic activity.
Thus, the fields of application of nanostructured
tungsten carbide depend on its phase composition [68].

Gadolinium Silicide and Silicon Nanocrystals

The great interest in silicon nanoparticles is
associated with their diverse applications. In particular,
silicon particles are used in optoelectronics in photo-
cells with enhanced performance and in visible light-
emitting devices, in metallurgy as dopants in certain
alloys, and biology and medicine as optical probes in
cancer diagnostics and therapy.

In [69, 70], silicon nanoparticles were synthesized
under electrical discharge between silicon electrodes in
distilled water and ethanol. The optical band gaps,
estimated by absorption spectroscopy, were 1.7 and
1.56 eV for the silicon nanoparticles synthesized in
water and ethanol, respectively, which is much higher

Table 2. Results of X-ray diffraction analysis of the tungsten carbide nanoparticles synthesized under different discharge

modes
) Rgun,” Composition and fraction (vol %) of products
Electrodes Types of discharge o,
mg/min W,C WC,., C W
W:C ac spark 2.5 5.8 32.8 61.4 -
W:C ac arc 0.2 7.1 78.1 14.7 -
W(cathode) : C(anode) dc spark 1.2 57.0 30.7 8.9 33
W (anode) : C(cathode) dc spark 2.1 5.6 32.5 61.8 -
W(cathode) : C(anode) dc arc 0.1 6.2 90.1 3.7 -
W (anode) : C(cathode) dc arc 0.2 6.6 71.5 21.9 -
*Rate of particle formation.
RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 85 No. 5 2015
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Fig. 7. Fourier transform reflection IR spectrum (a) of the silicon nanoparticles synthesized under electrical discharge in (/) water
and (2) ethanol and (b) TEM image of the silicon nanoparticles synthesized in water.

compared to that of a bulk silicon (1.12 eV [71]) and
may be associated with quantum size effects.

The microstructure of the nanoparticles (presence
or absence of crystal lattice) was studied by Raman
spectroscopy. The spectra showed a shift of the
characteristic band of crystalline silicon from its
position for a bulk material (520 cm™). No bands
assignable to amorphous silicon were observed, which
gave evidence showing that the nanoparticles con-
tained the crystal phase of silicon.

The broad absorption band at 10501200 cm ™' in
the Fourier transform IR spectrum (Fig. 7a) corres-
ponds to characteristic Si—O stretching vibrations [72].
The band near 460 cm ™' and a weak band near 800 cm ',
too, correspond to Si—O stretching vibrations [73, 74].
The fact that the sample contains silicon oxide is
confirmed by XRD data. The nanoparticles syn-
thesized in water consist of silicon with a cubic
structure (85%) and SiO, with a monoclinic structure
(15%). According to [72], the oxide shell is mainly
responsible for the fact that the particles emit light in
the visible range. The composition of the nanoparticles
synthesized in ethanol is as follows: silicon (95%) and
SisC; (5%).

The luminescence spectra of the silicon nano-
particles synthesized in the discharge plasma in water
contained a broad blue band with two characteristic
maxima (near 417 and 439 nm), which agrees with
data in [73, 75]. The luminescence spectra of colloid
solutions of the nanoparticles synthesized in ethanol

characteristically showed a broad band with its
maximum near 460 nm.

The silicon nanoparticles synthesized in the
discharge plasma in distilled water are spherical, and the
average particle size is 5.5£0.2 nm (Fig. 7b).

A combination of a silicon and a metal electrodes
allows synthesis of silicide nanostructures under dis-
charge in ethanol [76]. Spherical 15-nm GdsSi4 nano-
particles (with minor admixtures of GdSi and Gd;Si;)
were synthesized. Magnetic measurements showed that
the nanoparticles have no hysteresis at a low tempera-
ture (6 K), which is characteristic of superparamag-
netic nanoparticles.

Modification of Powders in Discharge Plasma
in Liquids
A separate application of ED methods is to activate

physicochemical processes, in particular, reactivity
enhancement of metal and metal compound powders.

Electrical discharge treatment of powders can much
affect the kinetics of reaction between particles,
decrease the energy of formation of new phases and
compounds, increase the surface and bulk diffusion of
reacting components, as well as affect the morpholo-
gical and dimensional characteristics, and, eventually,
physical and mechanical properties of final products.

Efficient activation of powders under low-tempera-
ture nonequilibrium electrical discharge [77] and high-
voltage electrical discharge in liquids was demonstrated
[78].
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Sizonenko et al. [79, 80] showed that high-voltage
electrical discharge in suspensions of Fe-Ti—B4C and
Fe-Ti—-C micropowders in a hydrocarbon liquid
strongly affects not only the size of particles by
splitting them, but also the phase composition of the
micropowders. Using a hydrocarbon liquid as the
working medium makes it possible to disperse particles
without their oxidation, and the carbon that forms can
take an active part in solid-phase reactions with powder
components to give carbide phases.

In [81] we presented the results of experiments on
the modification of tungsten and copper micropowders
by spark discharge in ethanol. Electrical discharges were
initiated between two graphite electrodes fabricated as
rods 6 mm in diameter. The electrode gap was 1.5 cm.
The lower electrode was mounted at the bottom of a
cone-shaped vessel which was loaded with a powder to
be treated and ethanol. The maximum discharge
current was 60 A at a discharge pulse time of 30 pus.

To reveal factors influencing the dispersity and
phase composition of the final products of ED
treatment of metal powders, the results of experiments
with mechanically preactivated and nonactivated powders
were compared.

The activation of powders by electrical spark
discharge occurred under the action of discharge
streamers on metal particles of the powder. Therewith,
vigorous mixing of the particles took place, because
part of them, being raised from the electrode surface
by the shock wave generated by collapsing cavitation
bubbles, floated up into the liquid volume confined by
chamber walls, forming whirlstreams. The appearance
of particles suspended in the liquid provides evidence
showing that the starting particles have underwent
strong fragmentation under ED treatment. One of the
possible mechanisms suggests particle heating,
melting, and fragmentation in the discharge streamer
channels. The reduced particle size is confirmed by the
broadening of diffraction peaks after ED treatment.

Along with dispersing the powder, ED treatment in
ethanol affects the morphology, phase composition,
and crystal structure of tungsten particles. The
formation of a new phase (nonstoichiometric tungsten
carbide W5C) and graphite were registered. The most
efficient carbide formation was observed with particles
that were no mechanically preactivated (the fraction of
particles suspended in the liquid). With the me-
chanically pretreated power, a more efficient carbon
shell formation on the particle surface took place.
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Unlike tungsten, copper is readily oxidized and
does not form carbides. Therefore, in our experiments,
the main products of ED treatment of copper micro-
powder were copper oxides. The new phases are
suggested to have a great impact on the structure and
properties of materials formed by consolidation of
activated powders, in particular, improve their
mechanical characteristics.

It should be emphasized that using the ED plasma
in multicomponent reactive media one can synthesize
nanoparticles of complex phase and chemical com-
positions. Thus, in our works [82, 83] on ED modi-
fication of a mixture of copper, indium, and selenium
powders formation of certain copper chalcogenides
was detected.

Semiconductor nanomaterials, in particular,
CulnSe, (CIS) and its solid solutions Cu(In,Ga)Se,
(CIGS), are considered as the most promising
candidates for application in photovoltaic devices in
view of the high absorptivity, good photostability, low
toxicity, and a fairly low cost [84, 85]. Since the
synthesis of CIS structures for solar cells is fairly
complicated and requires controlled joint evaporation
of several elements with the use of toxic reagents
(H,Se), over the past years attention has been paid to
alternative approaches, in particular, those involving
formation of CIS nanocrystal suspensions which can
be readily precipitated by centrifuging or jet printing.

As the properties, including optical properties of
CulnSe; nanoparticles are critically dependent on their
stoichiometric composition, structure defects, the state
of the surface, and the size and shape of the particles,
special attention should be paid to the choice of a
preparation method.

In [82, 83], CulnSe; nanocrystals were obtained by
treatment of a stoichiometric mixture of copper,
indium, and selenium micropowders in a discharge
chamber (Fig. 1b). A pulsed spark discharge was
initiated between molybdenum electrodes in ethanol.
Because the high melting point of molybdenum and its
fairly low activity, the treated mixture contained
almost no electrode erosion products. The power
supply unit generated pulsed discharge with a peak
current of 60 A, pulse time of 30 us, and frequency of
100 Hz. The optimal electrode gap of about ~1 cm was
maintained constant to ensure a stable discharge.

To prevent formation of intermediate phases
(CuSe; and InySe3), the CIS nanopowders obtained by
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Fig. 8. Typical (a) Raman and (b) absorption spectra of the CulnSe, nanoparticles synthesized from a stoichiometric mixture of the

starting powders under (/) arc and (2) spark discharges.

ED treatment were annealed in a vacuum for 1.5 h at
700°C.

According to TEM data, the synthesized CulnSe, nano-
particles were spherical and 20—30 nm in diameter.

The Raman spectrum of annealed nanoparticles
(Fig. 8a) contains a band at 172 cm ', assignable to the
optical phonon mode of A1 symmetry. This is the most
intense band, and it is usually observed in the Raman
spectra of compounds with the chalcopyrite structure
[86]. The A1 mode is associated with the motion of Se
atoms in CIS, and it differentiated the a-CIS phase
with the chalcopyrite structure from the B-CIS phase
(182 cm™') with the sphalerite structure. The weak
bands at 208 and 258 cm™' can be assigned to InsSes
and Cu,Se, respectively.

The absorption spectrum of CulnSe, nanoparticles
contains, as a rule, a broad shoulder with a long-
wavelength tail, whose absorption edge is shifted blue
compared to a bulk material whose absorption band
edge is near 1200 nm [87].

The absorption spectral patterns of the CulnSe,
nanoparticles synthesized by arc or spark discharge
treatment of a stoichiometric mixture of powders are
much dependent on synthesis conditions (Fig. 8b).
This fact provides evidence to show that synthesis
conditions affect the size and, possibly, composition
and surface state of nanocrystals, which are respon-
sible for the optical properties of nanoparticles.

The blue shift of the absorption band edge of
CulnSe, nanocrystals compared to the respective band
for a bulk material is probably explained by the
quantum size effects which are observed under the
condition that the average diameter of CulnSe,
nanoparticles is smaller than the Bohr exciton radius of
CulnSe, (10.6 nm) [88]. The appearance of a long-
wavelength tail is most likely to be associated with a
wide particle size distribution and/or with the presence
of the intra-bandgap energy levels. The estimated band
gap (1.2 eV) is slightly larger than that for a bulk CIS
material (1.04 eV) [89] .

CONCLUSIONS

Pulsed electrical discharge between electrodes
immersed in a nonconducting or a weakly conducting
liquid provides a simple and an efficient technique for
synthesis of nanoparticles of different compositions.
The parameters of the synthesized nanoparticles can be
controlled by varying the discharge mode and liquid
composition, in particular, by combining electrodes
fabricated from different materials and different
working solutions. This technique holds promise for
synthesis of molecular nanostructures, such as ternary
copper chalcogenides (CulnSe;), as well as metal
oxides, carbides, and silicides.

The properties of the synthesized nanoparticles
depend on the properties of the ED plasma, in
particular, on the temperature and density of plasma
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components. Understanding the regularities in the
evolution of the ED plasma in liquids allows
optimization of nanoparticle synthesis conditions.

Plasma-activated synthesis of nanosized structures
in optically transparent liquid media is a fairly young
but rapidly progressing field of research aimed at
developing a broad spectrum of practical applications,
in particular, improving the physical and chemical
properties of composite materials. New applications in
medicine, electronics, catalysis, optics, and biophoto-
nics are expected.
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