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Abstract Nickel nanopowders are obtained by the spark discharge method, which is based on the evaporation of the

electrode surface under the action of the discharge current, followed by vapor condensation and the formation of

nanoparticles. Nickel electrodes with a purity of 99.99% are used to synthesize the nickel nanoparticles in the setup.
Nitrogen is used as the carrier gas with a purity of 99.998%. XRD, TEM, and EDX analyses of the nanopowders are
performed. Moreover, HRTEM images with measured interplanar spacings are obtained. In the nickel nanopowder
samples, a phase of approximately 90 wt% with an expanded crystal lattice of 6.5% on average is found. The results

indicate an unusual process of nickel nanoparticle formation when the spark discharge method is employed.
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1. Introduction

The spark discharge method is one of the most versa-
tile and effective methods with enough yield for produc-
ing nanopowders. The method is based on the evapora-
tion of metal electrodes under the action of a spark dis-
charge, followed by condensation of nanoparticles from
the evaporated material. One of the advantages is the
possibility of obtaining ultrafine nanoparticles with an
average diameter of 1-10 nm, depending on the energy
introduced into the spark discharge. This feature opens
up the possibility of investigating the effect of nanoparti-
cle size on the structural characteristics of the resulting
materials. Ni is one of the materials showing changes in
crystalline properties depending on the particle size. In
the previous studies, it has been shown that the lattice
parameter change depended on the particle sizes [1-4].
However, the results of several papers have shown the
expansion of the crystal lattice of Ni [1-3], but on the
contrary, the other paper has demonstrated compression

of it [4]. In this paper, we have demonstrated the results
of obtaining Ni nanoparticles by the spark discharge
method, and also conducted studies of the obtained samples.

2. Experimental

Nickel nanopowders were obtained using the setup,
based on the spark discharge method [5]. The schematic
diagram is shown in Fig. 1. The material of all installed
electrodes is Ni with a purity of 99.99%. All samples
were obtained in a pure N, atmosphere. Upon complet-
ing the operation for 1hr, the collection and conservation
of each powder samples were carried out to prevent their
oxidation in air. Hexane was used as a conserver.

A high-voltage source VIP-50 (HV) charged a high-
voltage capacitor with a capacitance equal to 100 nF and
voltages of 10-17kV. The gap between the electrodes
were varied from 8 to 15 mm. A short high-voltage pulse
was applied by the ignition discharge generator (IDG)
which ensured ignition of the capacitor discharge through
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Fig. 1. The scheme of experimental setup.

all electrodes at a fixed frequency from 30 to 80 Hz. The
frequency was set as to provide a maximum power of
HV at fixed voltage. Under the action of erosion by an
electric discharge, a cloud of evaporated materials was
formed between the electrodes. The nitrogen carrier gas
with 40 L/min flow rate supplied by compressor took
away the evaporated electrode material from the dis-
charge chamber in which evaporation cloud was subse-
quently cooled and condensed into nanoparticles. In a
cyclone separator (CS), the separation of the fine frac-
tion of nanoparticles from the coarse one has been done.
After that, the nanoparticles were accumulated on the fil-
ter where the obtained samples were collected.

The purification system included a mechanical particle
filter and an oxygen absorber. Oxygen absorption was
provided by heating the titanium sponge up to 700°C.
Oxygen control in the chamber of the setup was carried
out using an electrochemical oxygen partial pressure sen-
sor (RU 2 395 832 C1).

The powders were analyzed by the methods of XRD,
EDX, TEM and HRTEM. X-ray phase analysis was car-
ried out on the D8 Discover X-ray Diffractometer (Bruker
AXS) in copper radiation with a wavelength of 0.154
nm. The diffraction patterns were recorded on copper
radiation (Cu Ko, A=1.542 A) with a graphite monochro-
mater on a diffracted beam. Processing was performed
using the TOPAS 3 program. Electron microscopy was
performed on a transmission electron microscope JEOL
JEM 2100 at an accelerating voltage of 200 kV.
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3. Results and discussion

3.1 XDR analysis

The XDR analyses results of obtained samples showed
that 8-10% of the nickel nanoparticles mass with coher-
ent scattering region (CSR) (19+2nm) have a cubic
structure with a=(0.3529 £ 0.0007 nm), which corre-
sponds to the literature data for a bulk material (PDF No.
004-0850, a=0.35238 nm). The main crystalline phase
(about 90 wt.%) is nickel with a cubic structure with
CSR (1.5-2nm) and a large lattice period a ~ 0.379 nm
(Table 1). One of the possible reasons of this phenome-
non may be connected with rapid cooling of nanoparti-
cles during their production.

When evaluating the average crystallite size (CSR), the
correction coefficient K (in the Scherer formula) equal to
0.89 was used.

Discharge energy was calculated by following equa-
tion (1).

E==— (1

where C is capacitance of the discharge circuit; U is dis-
charge voltage. The energy introduced into a spark was
much less than the stored energy and was about 10%,
based on our estimates. The rest of the energy was dissi-
pated on the resistance of current lines, gas ionization
and electrodes heating.

XRD showed that the phase does not contain nickel

Table 1. Content of the main crystalline phase depending on the experimental setup parameters

Sample Frequency (Hz) CSR (nm) Discharge Energy (J) Main crystalline phase (%)  lattice period (nm)
Nill1219 70 1.5 32 88 0.370
Nil10220 73 1.8 5 87 0.371
Ni090120 64 1.8 7.8 81 0.363
Ni060220 53 1.5 11.3 91 0.379
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oxide. Based on this, we are able to conclude that the
obtained samples during the analysis were metallic.

3.2 TEM, HRTEM and EDX analysis

A small amount of the nanopowder was dispersed in
ethanol and then ultrasonically deposited on copper grids
containing a carbon film. The samples were placed in a
vacuum desiccator to dry at ambient temperature. TEM
images and size distribution of Ni nanoparticles was
shows in Fig. 2. Most of the large individual Ni particles
are predominantly spherical with smooth surfaces and

uniform size. Most of the small particles are connected to
each other and form chains. These chains are formed as a
result of agglomeration of nanoparticles due to surface
tension forces and attraction of nanoparticles and due to
magnetic forces. Agglomerates are mesoporous spatial
3D nanostructures that consist of aggregates of nanoparti-
cles. In turn, the aggregates are composed of crystalline,
non-porous nanoparticles.

The size distribution is plotted from the TEM images.
As can be seen, the largest fraction is particles less than

5 nm. However, there are some large nanoparticles, more
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Fig. 2. TEM images of Ni nanopowder and size distribution.
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Fig. 3. Energy-dispersive X-ray spectroscopy of Ni nanopowder sample.
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Fig. 4. HRTEM image of Ni nanopowder sample, insert is FFT of selected area.

than 50 nm. The total number of particles was about
1000. The size distribution results showed that the aver-
age nanoparticle diameter was 4.9 nm and the geometric
standard deviation (GSD) was 1.26.

The EDX analyses shown in Fig. 3 were performed on
three sample sites showing the absence of possible impu-
rities from elements (N, Ar) in the samples. The samples
contained oxygen of 7.54 wt%. (2.17% atomic). From
these results, it can be concluded that the nickel nanopar-
ticles are pure. The presence of oxygen can be explained
by:

* Oxygen could be adsorbed on the nanoparticle sur-

face during storage.

* Adsorption of oxygen at preparation for microscopy.

The HRTEM image of 111 crystal plane is shown in
Figure 4. The interplanar distance was 0.23 nm. Image
processing and analysis was performed using the Gatan
Digital Micrograph version 3.9.3. An analysis of the
images showed the presence of pure nickel in the sample
with a lattice parameter of 0.358 nm, which corresponds
to ordinary nickel. In addition, the crystallites contain
nickel oxide with lattice parameter of 0.419 nm and
nickel with a=b=0.458 nm, ¢ = 1.299 nm.

Points (reflexes) in the pictures of the fast Fourier

transform (FFT) are blurry. This indicates an uneven
interplanar distance.

4. Conclusion

Ni nanoparticles synthesized by the spark discharge
method have been carried out. XRD results demonstrate
the possibility of obtaining metal nanoparticles by spark
discharge apparatus. The X-ray diffraction patterns
revealed an increase in the lattice period of Ni nanoparti-
cles. This is probably due to the nonequilibrium condi-
tions of the small nanoparticles formation. TEM indicates
an irregular crystal lattice period. This may be due to
partial oxidation of the sample.
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