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SYNTHESIS OF NANOPARTICLES USING A PULSED
ELECTRICAL DISCHARGE IN A LIQUID

V. S. Burakov, N. A. Savastenko,* N. V. Tarasenko, UDC 533.9;535.343.9
and E. A. Nevar

We used a pulsed electrical discharge in a liquid to obtain Cu-, WC-, and ZnO-containing nanoparticles. The
effect of the discharge current and pulse duration on the morphology and phase composition of the synthe-
sized material was studied by spectrophotometry, transmission electron microscopy, and x-ray diffraction
analysis. We discuss possible mechanisms for nanoparticle formation in a discharge submerged in a liquid.
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Introduction. Development of high-efficiency methods for nanoparticle synthesis has become increasingly im-
portant for improving various industrial processes or procedures used, for example, in powder metallurgy or in medi-
cine for precise drug delivery, and also in production of catalysts, dyes, lubricants, etc. Finely dispersed powders of
some materials, in particular tungsten carbide, are used in production of cutting and wear-resistant materials [1, 2]. In
this case, coatings obtained using powdered materials are generally porous. It is assumed that the presence of
nanosized particles in the starting powders substantially reduces the pore size, and that this leads to a significant in-
crease in the hardness of the coatings obtained [3, 4].

Of special interest for medicine are magnetic nanoparticles encapsulated in graphite (amorphous carbon) shells.
A graphitic or amorphous carbon shell for nanoparticles on the one hand makes it possible to add substances to the
nanoparticle that are to be introduced into the body, and on the other hand provides stability for the nanoparticles in
many organic and inorganic liquids as well as biocompatibility for the introduced particles [5]. Encapsulated nanopar-
ticles can also have higher catalytic activity [6, 7]. On the whole, successful application of nanoparticles as catalysts
is due to their high surface-to-volume ratio [8]. However, a major change in the physicochemical properties of mate-
rials as the characteristic dimensions decrease down to a few or tens of nanometers leads not only to an increase in
the total activity of the nanocatalysts but also (which is very important) to a decrease in the temperature range in
which high activity of the catalysts is ensured, and a change in their selectivity [9].

Often the composition of dyes includes finely dispersed particles suspended in a liquid vehicle. After drying,
a surface colored by such dyes turns out to be coated with particle conglomerates. In some cases, it is desirable for
these particles to have certain magnetic properties, in particular ensuring absorption of electromagnetic waves by the
dyed surfaces which would make the dyed objects invisible to radar. Nanoparticle are considered promising for use as
lubricants [10]. Considerable interest in synthesis of nanoparticles arises in connection with the possibility of using
them in microelectronics [11-13]. For successful commercial application of nanoparticles, efficient and low-cost meth-
ods for synthesizing them are needed.

In the year 2000, data were published on synthesis of carbon nanotubes in a discharge between two graphite
electrodes submerged in liquid nitrogen [14]. At the moment, synthesis of nanoparticles using a pulsed electrical dis-
charge submerged in a liquid is considered as an inexpensive method [14—17]. Since the first publication, many papers
have appeared that have been devoted to modification of the method for nanoparticle synthesis in a submerged dis-
charge. It has been suggested that water be used instead of liquid nitrogen as the working liquid [15, 18, 19]. In some
cases, nitrogen was passed through the water during the discharge [15]. Arc discharge between nickel, tungsten, steel,
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Fig. 1. Block diagram of experimental setup for synthesis of nanoparticles: 1)
discharge generator; 2) electrode holders; 3) electrodes; 4) working liquid; 5)
and 6) inlet and outlet for liquid in the water cooling system; 7) and 8) resistor
and oscillograph for recording the oscilloscope trace of the discharge current.

and graphite electrodes submerged in ethanol has been used for the synthesis. The composition of the particles has
been varied from metallic to carbon, including all possible intermediate states [20]. In [21], carbon nanotubes decorated
with palladium nanoparticles could be obtained in an arc discharge between two graphite electrodes submerged in a
palladium chloride solution. Many publications have been devoted to synthesis of encapsulated nanoparticles (see, for
example, [22-27]). Recently it has been demonstrated that it is possible to synthesize metallic Ni, Co, and Fe particles
encapsulated in graphite shells, using an arc discharge in aqueous solutions of the following salts of the metals:
NiSQy4, CoSOQy4, and FeSO4 [23]. In contrast to the results in [21], the S and O content in the synthesized nanopowder
were measured in analysis of the chemical composition.

Despite the large number of papers, there has been no systematic study of the effect of the discharge parame-
ters on the properties of the synthesized material, as is needed to establish the mechanisms for nanoparticle formation
during the discharge.

In this work, we have studied the effect of the magnitude of the current and the duration of the discharge on
the constituent composition and morphology of nanoparticles synthesized by the pulsed electrical discharge method
using copper, tungsten, zinc, and graphite electrodes submerged in a liquid. The absorption spectra were recorded for
all the samples. Transmission electron microscopy (TEM) and x-ray diffraction (XRD) were also used to study the
nanoparticles.

The Experiment. Figure 1 shows a block diagram of the setup for synthesis of nanoparticles by the sub-
merged discharge method. The setup consists of four basic elements: a discharge generator, electrodes, a glass vessel
in which the synthesis is carried out, and a water cooling system. The discharge was created between two electrodes
submerged in the liquid to a depth of 3 cm. The synthesis was carried out in 100 mL of liquid. The electrodes were
graphite, tungsten, and zinc rods of diameter 6 mm. The cross section of the copper electrode was 2 X 4 mm. As the
working liquid, we used an aqueous solution of CuCl, with concentration 0.001 M, ethyl alcohol, and distilled water.
The optimal distance between electrodes was 0.3 mm. The discharge generator could create ac or dc discharges in
"spark” and "arc" modes. A diode bridge was used to obtain dc discharges.

The maximum current for the spark discharge was 60 A, and the duration of the discharge pulse at half-height
was 30 usec. The maximum current and pulse duration of the arc discharge were 10 A and 4 msec. The synthesis was
carried out with a voltage of 220 V and 260 V supplied to the electrodes for the ac and dc discharges. The samples
were obtained as colloidal solutions of nanoparticles, and as a nanopowder after evaporation of the liquid.

The absorption spectra were recorded using a Cary 500 Scan spectrophotometer in the spectral range 200-800
nm at room temperature, using quartz 50 mm or 100 mm cuvets. To prepare samples for the spectral studies, the syn-
thesis was carried out for 1 min (discharge between copper and graphite electrodes), 30 sec (discharge between tung-
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TABLE 1. Nanoparticle Synthesis Conditions and Efficiency

Sample Electr(?de Type, maximurp current, Working liquid Cglor . esfi/“lrgzisclj
No. material duration of discharge of synthesized colloid N
mg/min
Cu C ac spark, 60 A, 30 usec | Aqueous solution of CuClz | Yellow 59
2 Cu C ac arc, 10 A, 4 msec Aqueous solution of CuClp Yellow 2.5
3 Cu (cathode) | dc spark, Aqueous solution of CuCly | Brown with 2.1
C (anode) 60 A, 30 usec Yellowish tinge
4 Cu (anode) dc spark, Aqueous solution of CuCly | Yellow-green (olive) 6.9
C (cathode) | 60 A, 30 usec
5 Cu (cathode) | dc arc, Aqueous solution of CuCly | Dark-gray (anthracite) 1.9
C (anode) 10 A, 4 msec
6 Cu (anode) dc arc, Aqueous solution of CuCly | Yellow-green (olive) 33
C (cathode) | 10 A, 4 msec
7 W C ac spark, CoHsOH Black 2.5
60 A, 30 usec
8 W C ac arc, C2H50H Black 0.2
10 A, 4 msec
9 W (cathode) | dc spark, C2H50H Black 1.2
C (anode) 60 A, 30 usec
10 W (anode) dc spark, CoHsOH Black 2.1
C (cathode) | 60 A, 30 usec
11 W (cathode) | dc arc, C>Hs0OH Black 0.1
C (anode) 10 A, 4 msec
12 W (anode) dc arc, CoHs0OH Black 0.2
C (cathode) | 10 A, 4 msec
13 Zn Zn ac spark, H>O Gray with blue tinge 40.8
60 A, 30 usec
14 Zn Zn ac arc, H20 Gray with blue tinge 31.8
10 A, 4 msec

sten and graphite electrodes), and 10 sec (discharge between zinc electrodes). A small amount of liquid (5 puL) was
deposited via pipet onto a copper mesh for the transmission electron microscope studies. The copper meshes were
coated first with a glue composition based on butylacetate (CgH{2,0O,) and then (after deposition of the sample) by an
amorphous carbon film to fix the sample on the glue substrate. The shape and sizes of the synthesized nanoparticles
were determined from micrographs obtained on a LEO 906E microscope with operating voltage 120 kV. The nanopar-
ticles obtained were studied by x-ray diffraction in the 20 = 15-100° region.

The phase composition of the powder was determined by x-ray diffraction on a D8-Advance diffractometer (in
CuKo radiation) using the Diffrac Plus EVA software in the PDF-2 card file. To obtain samples for the x-ray diffrac-
tion studies, the synthesis was carried out for 10 min. The solution was allowed to stand for some time until a visible
precipitate settled on the bottom. This time was about 1 min for samples obtained in a discharge between copper and
graphite electrodes, and 3 min for samples obtained in a discharge between zinc electrodes. For samples synthesized
in a discharge between tungsten and graphite electrodes, the preliminary sedimentation time was 15 min. Then the col-
loid was poured into another container, except for the lower 5-8 mL with a large precipitate on the bottom. The col-
loids synthesized in a discharge between metallic and graphite electrodes were evaporated at room temperature for a
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few days to obtain a powder. The evaporation time for the colloids obtained in a discharge between zinc electrodes
was a few hours at a temperature of 80°C.

Discussion of Results. We used the submerged discharge method to synthesize Cu-, WC-, and ZnO-containing
nanoparticles. 14 samples total were obtained. The experimental conditions for the synthesis are indicated in Table 1.

The discharge was created between the following pairs of electrodes: Cu—C (graphite), W—C (graphite), and
Zn—Zn. As the working liquid, we used: an aqueous solution of CuCl, for synthesis of copper-containing nanoparticles
encapsulated in a carbon shell; ethyl alcohol for synthesis of tungsten carbide nanoparticles; water for synthesis of zinc
oxide nanoparticles.

The choice of material for the electrodes and surrounding liquid was determined by the need to synthesize
nanoparticles of a specific chemical composition. Thus we know [24] that metal-containing nanoparticles encapsulated
in graphite shells are formed in a discharge between two graphite electrodes submerged in an aqueous solution of the
salts of the corresponding metals. The metallic core of the nanoparticle is formed when the metal ions in solution are
reduced during the discharge. The shell of the nanoparticle is formed from atoms vaporized from the surface of the
electrodes. In this case, the amount of synthesized material is limited by the salt concentration in solution. In order to
eliminate this restriction, we used a discharge between graphite and copper electrodes submerged in an aqueous solu-
tion of copper salt (CuCl,). Thus in formation of the metallic core of the particle, not only copper atoms formed as a
result of reduction from solution are involved but also atoms entering the discharge zone as a result of erosion of the
copper electrode.

For synthesis of tungsten carbide nanoparticles, we used a discharge between tungsten and graphite electrodes
placed in ethyl alcohol. The carbon atoms formed on decomposition of the alcohol during the discharge also can par-
ticipate in formation of the tungsten carbide, thus increasing the efficiency of the nanoparticle synthesis.

As follows from Table 1, the maximum efficiency of the nanopowder synthesis is 6.9 mg/min for a discharge
between copper and graphite electrodes, 2.5 mg/min between tungsten and graphite electrodes, and 40.8 mg/min be-
tween zinc electrodes. On the whole, the efficiency of nanopowder synthesis is higher in spark discharges than in arc
discharges. This rule is followed in the case when metallic (Cu, W) and graphite electrodes are used in both ac and
dc discharges for the same polarity of the electrodes. And in both dc spark and arc discharges between metallic and
graphite electrodes, the efficiency of the synthesis is higher in cases when a metallic electrode is used as the anode.

The synthesized samples were obtained as colloidal solutions of nanoparticles. In some cases, on the surface
of the liquid we observed a floating film, probably consisting of the finest particles. Appreciable settling of the pre-
cipitate began 1-15 min after synthesis was finished. Analysis of the data in [20] allows us to hypothesize that the
precipitate consists mainly of particles of sizes in the micrometer range. Sometimes on the bottom of the vessel in
which the synthesis is carried out, immediately after synthesis is finished we observe large particles most likely formed
as a result of decomposition of the electrodes.

Discharge generation in a liquid was accompanied by the process of formation of gas bubbles, consisting of
vaporized material from the electrodes and the surrounding liquid. Even 20-30 sec after the start of synthesis, the
color of the liquid changed appreciably. The transparency of the liquid gradually decreases. The color of the colloidal
solution varied from yellow-green to dark gray when the discharge was generated between graphite and copper elec-
trodes. The yellow-green color of the copper-containing colloidal solutions can arise due to oxidation of the copper
[28]. The presence of copper oxides in some of the synthesized colloids was confirmed by x-ray diffraction data (see
below), which also suggest that the gray color of the colloid may be explained by the presence of carbon.

The colloidal solutions synthesized in a discharge between tungsten and graphite electrodes were black. The
color of the colloids synthesized between metallic and graphite electrodes did not change over time. After evaporation,
the color of the powder obtained corresponded to the color of the original colloid. Discharge generation between zinc
electrodes led to formation of a black colloid. When the colloid was allowed to stand in air in an open container, it
gradually turned milky white.

Figure 2 shows typical absorption spectra for the colloids synthesized in a discharge between copper and
graphite electrodes in an aqueous CuCl, solution, between tungsten and graphite electrodes in ethanol, and between
zinc electrodes in water. The colloidal solutions of nanoparticles have pronounced absorption bands or absorb light in
a broad spectral region (UV and visible) [29]. The physical reason for absorption of the light are collective coherent
oscillations of the electrons, induced on interaction with the electromagnetic field. This phenomenon, known as surface
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Fig. 2. Absorption spectra of colloidal solutions obtained by using a sub-
merged discharge between copper and graphite electrodes in an aqueous solu-

tion of CuCl, (a), between tungsten and graphite electrodes in ethanol (b), and
between zinc electrodes in water (c): 1) spark discharge, 2) arc discharge.

plasmon excitation, is typical for nanoparticles of certain sizes. It is not observed either for individual atoms or for
massive material. The position and width of the plasmon resonances depend on the particle sizes, and so recording the
absorption spectra of colloidal solutions of nanoparticles is a widely used method for studying nanoparticles in solu-
tions [30].

The optical density of all the synthesized solutions increases as the wavelength decreases (Fig. 2). From com-
parison of the spectra for colloidal solutions of copper-containing nanoparticles synthesized in ac spark and arc dis-
charges (Fig. 2a, curves 1 and 2), we see that an optically denser solution is synthesized in a spark discharge. The
differences in optical density may be connected especially with the different concentrations of nanoparticles in the
samples. The efficiency of nanoparticle synthesis in an ac spark discharge is more than twice the efficiency in an ac
arc discharge (see Table 1). We also cannot rule out an effect from the constituent composition of the nanoparticles
synthesized in spark and arc discharges (see x-ray diffraction data below). In the spectra of samples 1 and 2, there is
no absorption peak in the 560-570 nm wavelength region which appears as a result of collective oscillations of elec-
trons in metallic copper particles [31]. The absence of this plasmon peak may be connected, for example, with oxida-
tion of copper particles [32]. This hypothesis with regard to sample 1 was confirmed by the x-ray diffraction data. In
the case of sample 2, the absence of plasmon peaks typical of copper is connected with formation of other copper
compounds (not oxides). In the spectrum of sample 2, there is a very weak absorption peak with center at A = 289
nm. This plasmon peak may be connected with the presence of copper nanoparticles of sizes under 4 nm [32, 33]. Al-
though, as shown below, the electron microscope studies confirm the presence of fine particles in the sample, accord-
ing to x-ray diffraction data there is no copper in sample 1. Most likely secondary products formed during the
discharge in the liquid are responsible for absorption in the 289 nm region. Despite observation of copper oxide in the
composition of some samples (see x-ray diffraction data), plasmon resonances are not recorded in the 600 nm region
associated with the presence of CuyO particles [31] in any of the spectra of colloids synthesized in a discharge be-
tween copper and graphite electrodes. The absence of this peak may be a consequence of other forms of nanoparticles
and their size distributions than in [31].
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Fig. 3 Typical micrographs of samples synthesized using a submerged dis-
charge between copper and graphite electrodes in spark (a) and arc (b) dis-
charges, and also between tungsten and graphite electrodes in ac spark (c) and
arc (d) discharges. Insert: large spherical particles and particles with diffuse
edges, also observed in micrographs of sample 1.

Fig. 4. Micrographs of samples synthesized using a submerged discharge be-
tween zinc electrodes in spark (a, c) and arc (b, d) discharges.

As for samples obtained in a discharge between a pair of Cu—C electrodes, the colloid synthesized in an ac
spark discharge between W-C electrodes (Fig. 2b, curve 1) has higher optical density than the colloid synthesized in
an arc discharge (curve 2). This corresponds to data on the efficiency of nanopowder synthesis (Table 1). Colloid so-
lutions absorb light in the 200-350 nm range. The absorption spectra of the colloids have a weak peak at A = 220
nm, which is complicated to identify due to the lack of data in the literature.

The colloid synthesized in a spark discharge between two Zn electrodes (Fig. 2c, curve 1) also has higher op-
tical density than the colloid synthesized in an arc discharge (curve 2). In the spectra of both samples, we observe a
plateau in the wavelength range 200-375 nm.

TEM was used to study the morphology of the synthesized nanomaterials. Typical micrographs of the samples
synthesized in ac spark and arc discharges between metallic (Cu, W) and graphite electrodes are shown in Fig. 3.
From comparison of the micrographs for samples obtained in spark and arc discharges, we clearly see that in synthesis
in a discharge between a metal-graphite electrode pair, the determining effect on the morphology of the nanoparticles
comes from the discharge parameters. In samples synthesized in spark discharges between both a Cu—-C and a W-C
electrode pair, we observe fine spherical particles (2—7 nm). We should note that on the micrograph of sample 1 (Fig.
3a), synthesized in a spark discharge, larger spherical particles (20 nm or more) are noted as well as formations with
diffuse edges (Fig. 3a, insert), also typical of sample 2, synthesized in an arc discharge (Fig. 3b).

For nanoparticles synthesized in ac arc discharges, a core—shell structure is typical (darker regions on the
TEM images in Fig. 3b and d: cores surrounded by light gray regions, probably carbon shells). On the micrographs it
is quite obvious that it is not individual particles that act as the cores but rather agglomerates of particles. For copper-
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TABLE 2 Phase Composition>k of Synthesized Nanopowder

Sample No. Phase (concentration, vol.%)
1 Cuz(OH)3Cl1 (16.5) Cu20Cl2 (29.7) C 40.3) Cu (-) Cu20 (13.5)
2 Cuz(OH)3Cl1 (30.0) Cuz0Cl2 (5.4) C (64.6) Cu (-) Cu20 (-)
3 Cuz(OH)3Cl1 (23.9) Cu20Cly (-) C (37.0) Cu (-) Cu20 (39.1)
4 Cu2(OH)3Cl (1.4) Cu20Cl2 (-) C (82.5) Cu (8.3) Cu20 (8.3)
5 Cu2(OH)3C1 (33.6) Cu20Cly (32.5) C (339 Cu (-) Cu20 (-)
6 Cu2(OH)3C1 (15.1) Cu20Cl2 (-) C Cu (74) Cu20 (77.5)
7 W2C (5.8) WCix (32.8) C (61.4) W =) WOy (-)
8 W2C (5.8) WCi_x (78.1) C (14.7) W (-) WOy (-)
9 W2C (57.0) WCi-x (30.7) C (8.9 W (3.3) WOy (-)
10 W2C (5.6) WCi_x (32.5) C (61.8) W (-) WOy (-)
11 W2C (6.2) WCi-x (90.1) C (3.7 W (-) WiOy (-)
12 W2C (6.6) WCi-x (71.7) C (219 W( -) WOy (-)
13 - - - Zn (35.0) ZnO (65.0)
14 - - - Zn (31.2) ZnO (68.2)

*X—ray diffraction data.

containing nanoparticles, the sizes of the cores are no greater than 25 nm, while the particle size in the shell is <50
nm (Fig. 3b). WC-containing nanoparticles build up large agglomerates, where core-forming particles form chains a
few hundred nanometers long. Despite the fact that the size of the individual nanoparticles in the agglomerates is
rather complicated to estimate, comparison of the micrographs shown in Fig. 3a, ¢ and b, d makes it possible to hy-
pothesize that the sizes of single particles making up the core of the structures synthesized in arcs are comparable with
the sizes of unagglomerated nanoparticles formed in spark discharges. Core—shell type structures are also observed in
dc arc discharges between tungsten and graphite electrodes, and also between copper and graphite electrodes, if a cop-
per electrode is used as the cathode. In the latter case, core—shell structures are observed more rarely than in an ac
discharge.

In a dc arc discharge between a copper anode and a graphite cathode, core-shell structures are not observed.
As shown by x-ray diffraction, graphite is generally not found in the material synthesized under the given conditions.
At the same time, independent of the type of discharge, the material synthesized between tungsten and graphite elec-
trodes always contains graphite.

Based on the above, we can conclude that on the whole, arc discharge conditions are more favorable for the
formation of core-shell particles than spark discharge conditions. However, the process of forming such structures is
accompanied by a chain of chemical reactions, the result of which may be a deficiency of the material needed for
shell formation.

The morphology of the nanoparticles is determined not only by the discharge parameters but also by their
chemical composition. While the nanoparticles containing copper and tungsten carbide have mainly a spherical shape,
the ZnO-containing nanoparticles are needle-shaped or ellipsoidal (Fig. 4). Figure 4 shows typical micrographs of sam-
ples obtained in spark and arc discharges between two zinc electrodes submerged in water. We see that the studied
material consists mainly of needle-shaped formations. The lengths of the individual "needles" reaches 150-200 nm for
a width of 10-15 nm. We also observe ellipsoidal nanoparticles. The sizes of the individual particles are difficult to
exactly determine due to agglomeration. According to our estimates, the linear dimensions of the individual ellipsoidal
nanoparticles can be estimated as falling within the range 8—15 nm (width) and 40-50 nm (length).

We should point out that formation of both needle-shaped and ellipsoidal structures occurs in both a spark
and an arc discharge. Most likely the morphology of nanostructures obtained by the method of a discharge between
two identical metallic electrodes submerged in a liquid does not depend on the discharge parameters.

The x-ray diffraction results for the synthesized material are shown in Table 2. X-ray phase analysis (i.e.,
identification of the qualitative composition and semiquantitative determination of the components in the sample) was
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carried out based on analysis of the dependence of the scattered x-ray intensity on the scattering angle. The presence
of sharp peaks on the x-ray diffraction patterns is usually connected with a crystal structure in the samples. Amor-
phous structure is apparent in broad peaks in the regions typical of the studied material [34, 35]. Pronounced peaks
were detected on the x-ray diffraction patterns of samples 1-6. The diffraction peaks corresponding to 20 = 43.2 and
50.3° suggest the presence of metallic copper with a face-centered cubic lattice. The three diffraction peaks with 20 =
36.5, 42.3, and 61.4° may be assigned to copper oxide Cu,O with a primitive cubic lattice. The two peaks near 20 =
24.0 and 26.5° indicate that hexagonal carbon is present in the samples. According to [31], amorphous carbon appears
as strongly broadened peaks in the regions 20 = 20-30° and 20 = 40-50°. Analysis of the diffraction patterns shows
that no amorphous carbon is present in the synthesized samples. Furthermore, x-ray diffraction revealed formation of
two more copper and chlorine compounds: Cuy(OH3)Cl (monoclinic lattice, 20 = 16.5, 19.0, 31.0, 32.3, 32.7, 33.0,
38.7, 39.8, 40.1, 50.3, 50.5, 53.80), Cu,0Cl, (orthorhombic lattice, 260 = 17.8 and 36.00). Peaks corresponding to
CuCl, were not detected on the diffraction patterns of the synthesized samples.

The samples obtained in a discharge between tungsten and graphite electrodes are a mixture of W,C (hexago-
nal lattice, diffraction peaks correspond to 26 = 34.7, 38.2, 39.8, 52.3, 62.1, 69.9, 75.00), WCi_, (face-centered cubic
lattice, 26 = 36.8, 42.8, 62.0, 74.1, 78.1%), C (hexagonal lattice, 20 = 26.5°), and a small amount of W (body-centered
cubic lattice, 20 = 40.3°). No amorphous graphite or tungsten oxides (W;0Oy) were observed.

On the diffraction patterns of samples synthesized in a discharge between zinc electrodes, we observe only
peaks corresponding to ZnO (hexagonal lattice, 20 = 32.1, 34.6, 36.7, 47.9, 57.2, 63.1, 67.1, 68.6, 69.80) and Zn (hex-
agonal lattice, 20 = 36.3, 39.0, 43.2, 54.2, 70.0, 70.8, 82.0, 86.5°).

As we see from Table 2, the percent ratio of the different components in the samples synthesized in dis-
charges between metallic (Cu, W) and graphite electrodes depends to a significant extent on the discharge parameters:
maximum discharge current, discharge pulse duration, and also (in the case of generation of dc discharges) the polarity
of the electrodes. Copper nanoparticles are found only in samples obtained in dc discharges with a copper anode.
Mainly copper enters into the composition of the synthesized nanopowder in the form of the oxide (Cu,0), the hy-
droxychloride (Cuy(OH3)Cl), and the oxychloride (CuyOCl,). The difference between our data and the results of [21],
which reported the absence of chlorine in the composition of material synthesized in a discharge submerged in a PdCl,
solution, is due most likely to the different chemical properties of Cu and Pd, in particular their ability to form a
chemical compound with chlorine. Metallic tungsten is found only in the nanopowder synthesized in a dc spark with
a tungsten cathode. Depending on the discharge regime, tungsten carbides (W,C and WC;_,) make up =40-90 vol.%
of the synthesized nanopowder.

The copper oxide content in samples obtained using a pair of Cu—C electrodes varies over a broad range (0—
80 vol.%). When the nanopowder is synthesized in a discharge between a pair of W—-C electrodes, no tungsten oxides
are observed. The carbon content in samples synthesized in discharges both between Cu—C electrodes and between W—
C electrodes also varies considerably (0-80 vol.%). However, despite the fact that variation in the carbon content was
observed within the same limits for samples synthesized using both Cu—C and W-C electrodes, no general trend was
revealed in the effect of the discharge parameters on the carbon concentration.

Obviously the constituent composition of the nanopowder is determined to a quite considerable extent by the
reactivity of the chemical elements entering into the composition of the electrodes and the surrounding liquid. (For ex-
ample, in contrast to tungsten, copper is readily oxidized but does not form carbides.) So study of the effect of the
discharge parameters on the constituent composition of the synthesized nanoparticles is advisable only for identical
pairs of electrodes.

Taking the above into account, we can conclude that for synthesis of copper oxide Cu,O and tungsten carbide
WC_, particles used as catalysts [36, 37], the most suitable type of discharge is a dc arc with a copper anode and a
graphite cathode, and a dc arc with tungsten cathode and graphite anode.

The constituent composition of samples synthesized in discharges between two identical metallic electrodes re-
mains practically unchanged as the magnitude of the current and the pulse duration of the discharge are varied. The
ratio ZnO:Zn in all the synthesized samples was =2:1.

Although up to now no direct experimental evidence has been obtained indicating a specific mechanism for
the formation of nanoparticles in a discharge submerged in a liquid, we can hypothesize that the following processes
occur during the discharge.
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During the discharge, the electrodes are heated, melted, and vaporized. Near the elecrodes, the liquid is also va-
porized as a result of exposure to high temperature. According to estimates in [19], the temperature in the discharge
zone varies approximately from the boiling point of the electrode material near the electrodes to the boiling point of the
liquid at the gas mixture-liquid boundary. Thus in the discharge zone between copper and graphite electrodes in water,
the range of variation in the temperatures should be 4000 to 100°C (the melting points and boiling points of graphite
and copper are 3527°C, 4027°C and 1085°C, 2562°C respectively). The discharge occurs in a gas mixture consisting of
the vapor of the working liquid and the electrode materials, with a high temperature gradient. If even one of the elec-
trodes contains carbon, then the gas mixture can contain CO and H,, formed as a result of the reaction [19]:

C+H,0—- CO+H, (D)

In some cases, reaction (1) can lead to complete disappearance of water vapor from the discharge zone [19].
In the case of a discharge between copper and graphite electrodes, the copper vapor can enter the discharge zone both
as a result of erosion of the electrode and as a result of vaporization and thermal decomposition of the working liquid
(aqueous solution of CuCly). In the latter case, chlorine should also be separated. Nanoparticles are formed in the gas
mixture as a result of the sequential change from nucleation to growth to coalescence to aggregation. The growth of
nanoparticles stops as a result of interaction with the colder liquid surrounding the discharge zone. The presence of
water vapor in the mixture leads to the appearance of oxides, which then can be reduced as a result of reactions with
CO and Hjy:

Cu,0 +CO — 2Cu + CO, ()

Cu,0 +H, — 2Cu + H,0 3)

However, as follows from x-ray diffraction data, reduction of copper oxide occurs only partially in some types
of discharge. The determining steps are reactions with chlorine, leading to formation of copper hydroxychloride
(Cup(OH)3Cl) and copper oxychloride (Cu;OCly). No copper carbide is observed, since copper does not react with
carbon even at high temperatures [38].

In the case of a discharge between tungsten and graphite electrodes, the temperature in the discharge zone
varies from =5500°C to 80°C (the melting point and boiling point of tungsten are 3422°C and 5555°C, the boiling
point of alcohol is 78°C). In the gas mixture formed near the electrodes, during the discharge we find not only vapor-
ized electrode material but also thermal decomposition products of ethanol.

With thermal decomposition of ethanol occurring with dissociation of C—C or C-O bonds, both stable prod-
ucts such as H,O, C,H4, CH4, CH3COH, CH;O, etc. and radicals (including CH3) can be formed, which then react
with the ethanol and its decomposition products, participating in chain reactions [39—41].

According to data in [39], at temperatures below 2500°C and a pressure <10 atm, the most likely thermal de-
composition products of ethanol are Co,Hy and H,O, formed according to the following scheme:

Since near the electrodes a region is formed with a temperature gradient, we should expect the existence of other de-
composition products of ethanol (all the way down to atomic C, H, and O), nonuniformly distributed in the discharge
zone. The hydrocarbons and carbon formed react with tungsten, forming carbides (W,C and WC) [42, 43].

In the traditional method for obtaining carbides, a mixture of tungsten (or its oxide) and carbon is calcined at
a temperature of 1400°C-1800°C for a few hours [43, 45]. The reaction is solid-state and is limited by the diffusion
rate. The reaction time can be significantly shortened by using hydrocarbons as the carbon source [44, 45]. In this
case, the reaction occurs in the gas-solid system, which provides the best contact between reagents and consequently a
decrease in the reaction time down to 2 h and a decrease in temperature down to 850°C [44]. Under the conditions
for a discharge in a liquid, carbides are formed during a few milliseconds as a result of gas-phase reactions. For ex-
ample, we know that tungsten dimers react with C,Hy even at room temperature, and so reactions of carbide formation
can occur over the entire discharge zone [46].
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The temperature in the discharge zone between zinc electrodes is no higher than 900°C (the boiling point of
zinc is 907°C). A freshly prepared colloidal solution was black, which gradually turned to milky white. Since we
know that zinc does not react with water, we should hypothesize that zinc nanoparticles were formed in the discharge
which, by reacting with oxygen dissolved in the liquid, form zinc oxide (white powder):

2Zn+ 0, — 2Zn0 (@)

Reaction (5) can also occur after vaporization of the working liquid between unoxidized zinc nanoparticles and oxygen
from the air. The proposed mechanism for the formation of ZnO nanostructures allows us to explain not only the
change in color of the colloid during evaporation, but also the x-ray diffraction data. A change in the discharge pa-
rameters does not have an effect on the ZnO:Zn ratio in the synthesized material, since ZnO is formed after the dis-
charge is finished and is determined by heterogeneous reactions with oxygen contained in the working liquid or in the
surrounding atmosphere.

Conclusion. Analysis of the results obtained showed that using a pulsed electrical discharge in a liquid pro-
vides broad opportunities for synthesis of nanostructures with specified physicochemical properties. We used the
method of a pulsed electrical discharge in a liquid to synthesize Cu- and WC-containing nanoparticles of spherical
shape and minimum diameter 2 nm, and also needle-shaped structures of length up to 200 nm and width up to 15 nm
and ellipsoidal structures of length up to 50 nm and width up to 15 nm, containing ZnO.

The morphology and constituent composition of the synthesized nanoparticles can be modified by changing
the magnitude of the current and the pulse duration of the discharge, if for the synthesis we use a discharge between
one metallic and one graphite electrode. In discharges with maximum current 10 A and duration 4 msec, conditions
are created that promote formation of core-shell type nanoparticles. The morphology and constituent composition of
nanoparticles synthesized between two zinc electrodes do not change as the current is varied from 60 A to 10 A and
the pulse duration is varied from 30 msec to 4 msec.

This work was done within a project of the Belorussian Republic Foundation for Basic Research (project
FO6MS-023, "Synthesis of nanosized structures of metals and their compounds by the method of electrical erosion in
liquid media"), the Nanomaterials and Nanotechnology Task of the State Comprehensive Program for Scientific Re-
search, and also with the financial support of the state program on "New high-efficiency technologies and equipment
for synthesis and processing of materials using concentrated energy fluxes, nuclear and radiation treatment" of the
State Program for Preliminary Basic Research.
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