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In this paper, we study the specific energy of titanium dioxide nanoparticles synthesis in a spark dis-
charge in the air by varying the parameters of a discharge circuit. The dependence shows a maximum at a
capacitor voltage of about 2 kV and a monotonic decrease with increasing voltage.
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1. INTRODUCTION

High-performance preparation of nanoparticles is of
interest in terms of applications in nanoelectronics, aer-
osol printing [1] for the manufacture of a variety of de-
vices - from transistors [2] to the solar cells [3] and dif-
ferent gas sensors [4, 5]. Nanoparticles synthesis in the
gas spark discharge by electrode erosion is a method to
obtain the smallest particles, down to atomic clusters [6].

A large number of researchs exists related to per-
formance and quality of the nanoparticle synthesis in
the spark discharge. In particular, researchers previ-
ously studied the effect of various parameters on the
size and the mass output rate of the nanoparticles syn-
thesis [7, 8], the agglomeration of particles and its re-
striction [9]. Various schemes of pulse current genera-
tors and various kinds of electrodes such as round rods
and less common pin-to-plate were tested [10]. The
measurements have being performed at different inte-
relectrode gaps from 0.5 up to 3 mm and at different
operating voltages of storage capacitor. The important
task for industrial production is to improve the energy
efficiency of nanomaterials synthesis. Until now, usual-
ly either mass yield of particles was studied or the spe-
cific energy consumption of the synthesis as a ratio of
the total primary energy storage capacitor to the weight
of the nanoparticles. In this paper, we address the im-
pact of the electric circuit parameters and determine
the specific energy consumption, taking into account
only the energy delivered directly to the discharge gap.
The results are also applicable to the electric discharge
machining of materials. The presented method of the
accurate measuring of the energy released in the dis-
charge gap is interesting, for example, to research a
minimum ignition energy in the study of a combustible
mixtures safety.

After the turn on of the discharge circuit, consisting
of the storage capacitor, the discharge gaps and lead
wires damped oscillations occur. But only the part of the
stored energy is delivered within the electrode gaps.
Because the capacitor and the lead conductors have
resistance, the energy is lost in them in the form of
Joule heat. The discharge circuit can also include
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switching elements such as power transistors [7], which
are also characterized with active losses. Only that por-
tion of the active energy, which is released in the inte-
relectrode gap, should be considered as useful energy,
since it is spent on the evaporation of the electrode ma-
terial followed by formation of nanoparticles. It is re-
leased in the anode and the cathode voltage drop region
near the electrodes and in the spark discharge arc,
where it spends on heating and expansion of the spark
channel, plasma formation, and energy radiation. Near-
electrode areas of the voltage drop and the discharge arc
have they equivalent resistance, the ratio of this re-
sistance and the resistance of the whole circuit deter-
mines the part of the storage capacitor energy released
in the gaps. We developed the technique allowing one to
measure accurately the energy release in the discharge
gap and thus to calculate the true specific energy con-
sumption of the nanoparticles synthesis, taking into
account only the energy supplied into the gap. This val-
ue is of great scientific interest than the value usually
measured using the total energy of the storage.

2. EXPERIMENTAL SETUP

The experimental setup was described in [11]. The
discharge circuit consists of the storage capacitor of 1.0
uF and the three discharge gaps connected in series. All
measurements were performed using titanium elec-
trodes in the form of rods 10 mm in diameter. The ca-
pacitor was charged by the high voltage power source to
a predetermined voltage below the self-breakdown volt-
age. Then a high-voltage triggering pulse with duration
of about 5 ms and voltage of 20 kV was applied to the
middle electrodes pair, which led to a consistent break-
down of all gaps and the discharge process begins. The
system allows to set the rate of the charging and break-
down cycle in the range of 1 to 10 Hz.

Method of measuring the energy amount released in
the discharge gaps was described in [12]. We used a
custom-made capacitive voltage divider with the divi-
sion coefficient of 1: 1050, and a current sensor in the
form of a Rogowski coil. The signal from the Rogowski
coil is proportional to the derivative of the current, so it
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was integrated to determine the current numerically.
The energy release in the part of the circuit with elec-
trode gaps is calculated according to the formula

B = [ IQURdr
0

where I(7) and U(z) are the current through the gaps
and the measured voltage, respectively, and the inte-
gral is taken over the discharge time. For accurate
measurements of the phase of the voltage and current
signals and for a noise reduction the measuring system
was shielded against electromagnetic interferences.

A chamber with discharge gaps is included in the
sealed gas circuit in which a compressor feeds a stream
of purified air at the rate of 80 I/min. Nanoparticles
formed in the electrode gap, are carried away by the air
stream and collected by the Thermovent HEPA filter,
the collecting efficiency of which is as great as of
99.99 %. Collection of nanoparticles lasted for 2 hours
for each measurement: the filter was weighed before
and after the collection procedure.

The characterization of the collected nanoparticles
was produced by using a transmission electron micro-
scope JEM-2100 (JEOL, Japan).

3. RESULTS AND DISCUSSION

Fig. 1 — Images of the titanium oxide nanoparticles obtained
by a transmission electron microscope (TEM). Inset shows an
electron diffraction pattern

Analysis of TEM images (Fig. 1) shows that the av-
erage primary particle size of 15 nm, they are combined
into agglomerates.

The dependence of the energy fraction supplied to
the discharge gap was measured for voltages from 2.5 to
6 kV at gaps from 0.5 to 0.8 mm, and then approximat-
ed by a polynomial of 2nd degree down to the voltage of
1 kV (Fig. 2a).

It can be seen that an increase in the initial capaci-
tor voltage causes the decrease of the proportion of the
energy released in the discharge gaps. This can be ex-
plained by the fact that with increasing the current a
plasma active resistance in the electrode gap decreases
by the formula ([13]):
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RO J.i[(‘r)z dr

where I(7) is a current through the gap.

Resistance of the leads and the internal resistance of
the capacitor remains constant, resulting in less energy
release in the discharge gaps and the more release in
the capacitor.
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Fig.2 — a) The dependence of the fraction of energy released in
the discharge gaps with respect to the initial capacitor volt-
age. The width of the gap between electrodes is of 0.5 mm. b)
Dependence of the specific energy consumption of the synthe-
sis on the storage capacitor voltage. Full energy of the storage
capacitor used. Gaps between electrodes are of 0.5, 0.7 and 0.8
mm. c¢) Specific energy consumption in relation to the energy
released in the discharge gap

Fig. 2b shows a plot of the specific energy consump-
tion for the different values of the charging voltage and
at two nearby values of the inter-electrode gap. The
energy consumption was calculated using the total en-
ergy of the capacitor. The energy consumption is slight-
ly smaller at the voltages of 1-2 kV and approximately
constant at the voltage greater than 2 kV.

Based on the relationship shown in Fig 2a, it is pos-
sible to calculate the specific energy of synthesis taking
into account only the energy supplied directly into the
electrode gap, this results in the change of the energy
consumption dependence (Figure 2c). At voltages be-
tween 1 and 2 kV the specific energy consumption in-
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creases. Then we see a decrease, with an increase of the
voltage from 2 to 5.5 kV the energy is halved. The rela-
tionship is not monotonic, but consists of two sections,
increasing and decreasing, it shows that two factors
affect the specific energy consumption. Reduction of
energy consumption at high voltage can be explained by
the fact that at high voltages we have more hot plasma
and ions bombard the electrodes more actively, result-
ing in the increase in the temperature and the erosion
level of an electrodes surface. Because operation at
higher voltages allows one to obtain a higher mass yield
of nanoparticles, in conjunction with our result that this
regime is more energy efficient one may conclude that
such regimes should be preferred in the generation of
nanoparticles in a spark discharge.

4. CONCLUSIONS

In this study, we have measured the specific energy
consumption of the titania nanoparticles on the dis-
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charge circuit parameters in the gas spark discharge.
We have taken into account the structure of the dis-
charge circuit, as besides the electrode gaps it contains
storage capacitor, and lead conductors, it can include
also various switches, such as transistors. For the cal-
culation of the specific energy consumption the energy
released directly in the discharge gaps was taken, in
contrast to other studies, which usually takes the total
initial energy of the storage capacitor. We have shown
that the energy consumption decreases with increasing
voltage. This method will allow to optimize the synthe-
sis of nanoparticles regimes and select circuit parame-
ters for the industrial production of nanoparticles in a
more energy-efficient mode.

AKNOWLEDGEMENTS

This work was supported by a grant from the Rus-
sian Scientific Fund (project No 15-19-00190).

7. T.V. Pfeiffer, J. Feng, A. Schmidt-Ott, Adv. Powder Tech-
nol. 25, 56 (2014).

8. J.Feng, G. Biskos, A.Schmidt-Ott, Sci. Rep. 5, 15788
(2015).

9. J. Feng, L. Huang, L. Ludvigsson, M.E. Messing,
A. Maisser, G. Biskos, A. Schmidt-Ott, J. Phys. Chem. C
120, 621 (2016).

10. K. Han, W. Kim, J. Yu, J. Lee, H. Lee, C.G. Woo, M. Choi,
J. Aerosol Sci. 52, 80 (2012).

11. A.A. Efimov, V.V.Ivanov, A.V. Bagazeev, LV. Beketov,
I.A. Volkov, S.V. Shcherbinin, Tech. Phys. Lett. 39, 1053
(2013).

12. D.A. Myl'nikov, V.V.Ivanov, A.A. Efimov, LV. Beketov,
Meas. Tech. 58, 1367 (2016).

13. G.A. Mesyats, Pulse Energy and Electronics (Moscow.:
Nauka: 2004).

03052-3


http://dx.doi.org/10.1155/2012/324380
http://dx.doi.org/10.1021/nl302891b
http://dx.doi.org/10.1002/pip.850
http://dx.doi.org/10.1016/j.snb.2012.10.027
http://dx.doi.org/10.1016/j.snb.2012.10.027
http://dx.doi.org/10.1080/02786826.2015.1080812
http://dx.doi.org/10.1016/j.apt.2013.12.005
http://dx.doi.org/10.1016/j.apt.2013.12.005
http://dx.doi.org/10.1038/srep15788
http://dx.doi.org/10.1021/acs.jpcc.5b06503
http://dx.doi.org/10.1021/acs.jpcc.5b06503
http://dx.doi.org/10.1016/j.jaerosci.2012.05.002
http://dx.doi.org/10.1134/S1063785013120067
http://dx.doi.org/10.1007/s11018-016-0900-x

