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Abstract The morphology, crystal structure and size of aerosol nanoparticles generated by erosion of electrodes made of

different materials (titanium, copper and aluminum) in a multi-spark discharge generator were investigated. The aerosol

nanoparticle synthesis was carried out in air atmosphere at a capacitor stored energy of 6 J, a repetition rate of discharge of

0.5 Hz and a gas flow velocity of 5.4 m/s. The aerosol nanoparticles were generated in the form of oxides and had various

morphologies: agglomerates of primary particles of TiO2 and Al2O3 or aggregates of primary particles of Cu2O. The average

size of the primary nanoparticles ranged between 6.3 and 7.4 nm for the three substances studied. The average size of the

agglomerates and aggregates varied in a wide interval from 24.6 nm for Cu2O to 46.1 nm for Al2O3.
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1. Introduction

Properties of nano-sized particles suspended in gaseous

medium, or aerosol nanoparticles, are an important subject

of research due to their wide application in various

technologies of new materials and devices.1) Properties of

nanoparticles determine functional characteristics of many

modern products and devices, such as electrodes for

lithium-ion batteries2) and supercapacitors,3) luminophores,4)

drugs,5) printed electronics products6) and various functional

coatings.7) The rapid development of technological appli-

cations of aerosol nanoparticles stimulates targeted research

of methods for their synthesis and characterization. Each

of the known gas-phase methods of synthesis of nano-

particles, for example, the electrical explosion of con-

ductors,8) synthesis in a flame,9) plasma,10) laser,11) spark

discharge12) and thermal evaporation13) has inherent limi-

tations for the kind of evaporated source material, size of

the resulting nanoparticles and energy efficiency.

Recently, due to the need for expanding opportunities

for the production of nanoparticles and obtaining a stable

flow of aerosols,14) a method of nanoparticle synthesis in

pulsed spark discharge, where the nanoparticles are gen-

erated by electrical erosion of the electrode material, has

been developed.15,16) The distinctive features of this method

are: a) the possibility of the synthesis of very small

primary nanoparticles with a diameter of less than 10 nm

from metals,12,17) oxides,18) semiconductors19) and carbon

materials20); b) high chemical purity of the synthesized

nanoparticles with a low content of impurities15); c) the

relative simplicity of the implementation of the method.12)

Moreover, the synthesis of nanoparticles in a spark dis-

charge allows to control the size of the particles by

changing the energy stored in the capacitor, repetition

frequency of discharges and gas flow rate.15) Until re-

cently, the synthesis of nanoparticles by this method was

limited to the use of spark discharge in the mode of self-

breakdown of electrode gap.12) Such mode was unstable

for generation of particles with the required size distri-

bution, energetically inefficient and low-productive.12,21,22)

In the development of this method a controlled breakdown

of the multiple electrode gaps, connected in series in a

single discharge circuit, was implemented to ensure the

stability of the dimensional parameters of the obtained

nanoparticles.23) Previously, physics of a pulsed breakdown

of gas and vacuum gaps was developed in order to create

large pulsed power generators, electron accelerators and

microwave generators.24) The present study of the syn-
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thesis of nanoparticles in a spark discharge is based on

the similar physics. In particular we demonstrate imple-

mentation of a controlled cascade breakdown of discharge

gaps utilizing the effect of electric field distortion by

applying a trigger discharge pulse to the central control

electrode.24) Such switching circuit is characterized by a

wide range of operating voltages for a fixed gap between

the electrodes in contrast to the self-breakdown mode

and it improves the time stability of the mass production

of nanoparticles and their particle size distribution.23) 

Despite advances in the understanding of the basic

mechanisms of the formation of nanoparticles in gases,25,26)

prediction of particle size, the rate of formation and the

degree of aggregation based on the first principles is

difficult and not always a feasible task for the synthesis

in a spark discharge. Therefore comprehensive experi-

mental investigation of dimensional and structural charac-

teristics of the nanoparticles generated by the erosion of

the electrodes of different materials is required. 

The aim of this study is to find the relationship bet-

ween the properties of aerosol nanoparticles synthesized

by electrical erosion of the electrodes in a spark discharge

and properties of the electrode materials. This paper

investigates the morphology, the crystal structure, the size

of the primary particles and agglomerates/aggregates of

aerosol nanoparticles generated by erosion of different

metal electrodes: Ti, Cu and Al. These materials were

chosen because of the wide range of applications and

useful properties of their nanosized oxides: TiO2 nanopar-

ticles have unusual chemical and photocatalytic prop-

erties,27) semiconducting Cu2O nanoparticles are a prom-

ising material for solar energy,28) widely used in elec-

tronics29) and catalysis30); Al2O3 nanoparticles have special

properties such as heat resistance and high hardness of

these nanoparticles are widely used for the production of

various ceramic materials.31) Investigation of the relation-

ship between the properties of nanoparticles obtained in a

spark discharge and the electrode material is an important

fundamental issue for understanding and predicting the

properties of nanoparticles and their potential applications.

It is known that the crystal structure of the TiO2 nano-

particles depends on their size,32) and the particles of the

anatase phase have higher photocatalytic activity than,

for example, particles of the rutile phase.33) Average

particle size and morphology of the nanoparticles synthe-

sized according to the electrode materials is also an urgent

task. For example, single monodisperse nanoparticles are

used primarily in sensors34) and optoelectronic devices,35)

while for the production of nanocomposites, reinforcing

additives and paints nanoparticles in the form of agglom-

erates are preferred,36) and aggregates of particles are

better suited for the creation of a number of catalysts.37) 

The novelty of the current study is the synthesis of

nanoparticles of oxides of aluminum, titanium and copper

using a multi-spark discharge generator with a controlled

trigger discharge mode. In addition, we demonstrate the

difference of properties of the nanoparticles obtained in

the multi-spark discharge generator compared to a con-

ventional spark generator operating in self-breakdown

mode.

2. Experimental Procedure

Schematic diagram of multi-spark discharge generator

for production nanoparticles is presented in Fig. 1. 

The source electrodes were metal cylinders with a

nominal diameter of 10 mm made of Ti, Cu and Al (Fig.

1). Pulse energy release in the discharge gaps in the near-

electrode zones led to the erosion of the electrode

material with the subsequent formation of nanoparticles.

The electrode gaps were purged by a purified stream of

dry air (Fig. 1). Sampling of the aerosol for measurements

of the nanoparticles was carried out using tubes connected

to the aerosol spectrometer and the electrostatic sampler

for collection nanoparticles (Fig. 1). Characterization of

the collected nanoparticles was performed using transmis-

sion electron microscope (TEM) JEM-2100 (JEOL Ltd.),

lattice parameters and structure of the particles was studied

by the selected area electron diffraction (SAED) and

nanodiffraction (NBD).

For the experiments we used a multi-spark discharge

Fig. 1. A schematic diagram of the multi-spark discharge generator

for producing aerosol nanoparticles.
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generator of aerosol nanoparticles23) in the mode with fixed

operating parameters: at capacitor stored energy of 6 J, a

repetition rate of discharges of 0.5 Hz and an air flow

velocity of 5.4 m/s (or 160 l/min). This mode of synthesis

was optimized to obtain weakly agglomerated aerosol

nanoparticles at high number concentration. The optimi-

zation results are presented in Table 1. Measurements of

size and total number concentration of the nanoparticles

in the aerosol flow was performed with the aerosol

spectrometer SMPS 3936 (TSI Inc.). The uncertainty of

measurements of size and concentration of aerosol nano-

particles did not exceed 11 % and 17 %, respectively.

Table 1 shows that the aerosol nanoparticles have a

minimum size and total number concentration of 32 nm

and 2.8·106 cm−3, respectively, at the maximum air flow

velocity v = 5.4 m/s, the minimum energy stored in a

capacitor W = 2 J and the repetition rate of discharges

f = 0.5 Hz. However, for further experiments the mode

with W = 6 J, v = 5.4 m/s and f = 0.5 Hz was selected,

because in these conditions the aerosol nanoparticles are

synthesized at a high number concentration without sig-

nificant changes in particle size.

It should be noted that distinctive features of this

multi-spark discharge generator from the generators of

other authors12,18) is the presence of three series-con-

nected spark gaps (I, II and III) and implementation of

the controlled discharge via the control pulses unit (Fig.

1). It allows the breakdown of gas gaps at fixed charge

voltage of capacitors and repetition rate of discharges

without Tesla transformer.20) The comparison of the main

parameters of the multi-spark and conventional discharge

generators are presented in Table 2.

Table 2 shows that the main feature of the multi-spark

discharge generator is the use of a trigger pulse to con-

trol the discharge. This feature allows to obtain the

electrical breakdown of the gap in a wider voltage range

from 1/3 to 2/3 of the self-breakdown voltage.40) There-

fore it allows to operate at a constant production rate of

aerosol nanoparticles with stable particle size distribution,

because the breakdown voltage is less dependent on the

distance between electrodes than in the case of self-

breakdown mode.23) Another distinctive feature of the

multi-spark discharge generator is the use of high air

flow rate (0-160 l/min) and low repetition rate of dis-

charge (0.5-10 Hz), which leads to generation of smaller

nanoparticles.12) Theoretically, based on the established

dependencies the introduction of three pairs of discharge

gaps and using the higher values of energy stored in a

capacitor, up to 50,000 J, can increase the mass pro-

ductivity of nanoparticles by 3-20 times compared to

conventional generator.16,38) 

3. Result and Discussion

Fig. 2 shows the aerosol nanoparticles synthesized from

different electrode materials Ti, Cu and Al. They are

either agglomerates of primary spherical particles as in

the case of Ti and Al (Fig. 2a and c, respectively), or

Table 1. The result of optimization of the mode of synthesis of nanoparticles by the multi-spark discharge generator at the capacitance of

the capacitor (C) and the distance between the titanium electrodes (lgap) of 1.0 μF and 0.5 mm, respectively.

Air flow velocity

v (m/s)

Energy stored on a 

capacitor W (J)

Repetition rate of 

discharges f (Hz)

Average size by SMPS 

(nm)

Total number 

concentration 106 (cm−3)

1.4

2

0.5

56 3.9

3.4 37 3.1

5.4

32 2.8

6 34 4.1

18 48 9.1

Table 2. The parameters of the multi-spark and conventional discharge generators.
12,23,38,39)

Parameter Multi-spark discharge generator Conventional spark discharge generator

Trigger mode of discharge by applying a trigger pulse
24)

without a trigger pulse

Operating voltage range from 1/3 to 2/3 of the self-breakdown voltage only self-breakdown voltage

Number of discharge gaps 3 1

Electrode spacing lgap (mm) 0.5-6 0.5-2.5

Discharge voltage U (kV) 0.5-10 0.5-12

Capacitance C (nF) 100-1000 2-126

Energy stored on a capacitor W (mJ) 13-50,000 3-9,000

Repetition rate of discharges f (Hz) 0.5-10 10-300

Gas flow rate Q (l/min) 0-160 0-20
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aggregates of primary crystallites particles as in the case

of Cu (Fig. 2b). The term primary particles here denote

the smallest particles that can be discretely identified

using a TEM. The term agglomerate means the com-

bination of particles with weak interparticle interactions

due to van der Waals forces or electrostatic forces, and

the term aggregate means an assembly of particles with

strong interparticle interactions through covalent, ionic or

metallic bonds as defined in ISO 14887:2000.41) 

The average sizes of primary particles and agglom-

erates or aggregates, calculated from TEM-image analysis

under the assumption of spherical objects, are presented

in Table 3. The inaccuracies of determination of average

size of nanoparticles from TEM and SMPS data do not

exceed 4 and 7 %, respectively. Numerical size distribution

of primary particles and agglomerates/aggregates are well

approximated by functions of log-normal distribution,

which is typical for gas-phase methods of nanoparticle

synthesis.42) 

The results of image analysis of electron diffraction

from agglomerates/aggregates and nanodiffraction from

primary particles indicates the presence of the following

crystalline modifications of nanoparticles obtained by

erosion of the Ti, Cu and Al electrodes: TiO2 anatase of

the tetragonal system, Cu2O and γ-Al2O3 with cubic

lattices (Table 3). The generation of oxide nanoparticles

from the respective electrode metals is justified as it occurs

in oxygen-containing atmosphere. 

The average size of primary particles was determined

by analysis of about a thousand of primary particles to

ensure the representativeness of the sample. The uncer-

tainty of the measurement results of the average size of

the primary nanoparticles did not exceed 4 %. The average

sizes of primary particles according to the results of

TEM-image analysis were: 7.4, 7.6 and 6.3 nm for Ti, Cu

and Al electrodes, respectively (Table 3). Close values of

sizes of primary particles obtained by pulsed electric

erosion of the metal electrodes with significantly different

physical and chemical properties, can be explained by the

similarity of the physical nature of the pulsed electric

discharge and/or fast relaxation process of electric-dis-

charge plasma. The relative independence between the

size of the primary nanoparticles and key physico-

chemical parameters of the material was observed pre-

viously in the synthesis of nanoparticles by laser ablation.

In the study of Ullmann et al44) the average size of the

primary nanoparticles produced by laser ablation was in

the narrow range from 4.9 to 13 nm, despite significant

differences in the properties of the target materials. Similar

to the method of spark discharge there was no significant

correlation between the size of primary nanoparticles and,

for example, the melting temperature, or some other

single physico-chemical parameter of the target material.44)

The constancy of the size of primary particles for different

target materials most likely is due to a high cooling rate

of the vapor within the collision-coalescence theory and

is discussed in detail in the study of Friedlander,45)

Lehtinen and Zachariah46) and Ullmann et al.44)

The opposite trend is observed at a slow quasi-

stationary evaporation and condensation of vapors of

Fig. 2. TEM images of oxide nanoparticles and the corresponding electron diffraction pattern SAED (insertion) for (a) TiO2, (b) Cu2O

and (c) Al2O3.

Table 3. Morphology, crystal structure and the average size of the nanoparticles synthesized by the multi-spark discharge generator.

Electrode (melting 

temperature)
43)

 (K) 

Crystal structure

of oxides

Types of nanoparticles 

morphology

Average primary particle 

size by TEM (nm)

Average agglomerates or aggregates 

size by TEM/SMPS (nm)

Ti (1941)
TiO2 (anatase),

tetragonal
agglomerates 7.4 26.8/31.0

Cu (1358) Cu2O, cubic aggregates 7.6 20.6/24.6

Al (934) Al2O3 (γ), cubic agglomerates 6.3 44.9/46.1
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materials, for example, in the method of nanoparticle

synthesis in a stationary flame,9) where there is greater

variability in the sizes of primary particles depending on

the properties of evaporated material associated with the

solid-state diffusion coefficients, melting and evaporation

temperatures of materials. Particularly, in the synthesis of

nanoparticles in flame25,26) the size of primary TiO2 and

Al2O3 nanoparticles under identical synthesis conditions

differed more than 2 times. In our work the difference in

sizes of primary particles of such oxides does not exceed

1.2 times. A slight variation between the sizes of primary

particles depending on the properties of evaporated target

material is typical to the method of pulsed laser ablation,44,47)

as well. For example, in44) the relation between the size

of TiO2 and Al2O3 primary particles synthesized by laser

ablation in the same conditions was about 1.1. It is worth

noting that the trend of increasing sizes of the primary

particles from Al2O3 to TiO2 is observed for both pulse

methods.

Despite the small variation in the size of primary

nanoparticles due to the type of electrode material, the

size difference of the nanoparticle agglomerates and

aggregates was more significant. In particular, the number

average sizes of the agglomerates/aggregates of aerosol

nanoparticles according to TEM were: 26.8, 20.6 and

44.9 nm for TiO2, Cu2O and Al2O3, respectively (Table

3). This data agrees well with the results of particle size

measurement according to their electrical mobility by the

aerosol spectrometer within an uncertainty of measure-

ments (Table 3). Fig. 3 and data in Table 3 shows sig-

nificantly different values of average sizes (from 24.6 to

46.1 nm by SMPS) and particle size distributions for

aerosol nanoparticles generated from different electrode

materials in the same mode.

It should also be noted that the electrode materials with

a relative high melting point such as Ti and Cu result

mostly in agglomerates/aggregates of particles with a small

size of about 24.6 and 31.0 nm, respectively and materials

with a relative low melting point such as Al result in

strongly agglomerated particles with size up to 46.1 nm.

This dependence is likely to be associated with a higher

agglomeration of the nanoparticles due to their higher

concentrations as a result of erosion of the electrode

material with low melting point (Table 3). The correlation

of size of the particle agglomerates/aggregates to the

melting temperature of the electrode materials is signifi-

cant. However, the physical base for aerosol nanoparticle

synthesis in pulsed spark discharge is clearly more difficult.

Apparently the formation of particles in the spark dis-

charge also depends on such parameters as electrode

materials enthalpy of evaporation12) and oxidation, thermal

conductivity,48,49) and the ionization potential of a metal,17)

work function for electron emission50) and optical pro-

perties50) that determine the formation and absorption of

radiation of the discharge. For example, one study49)

reported that for electrode materials with a high thermal

conductivity coefficient electrodes evaporation was less

intense due to the efficient cooling. The study17) reported

that from electrode materials with a high ionization

potential of a metal, such as Au and Pt, nanoparticles

were synthesized with a large primary particle size and a

higher mass productivity. It is also known that materials

with high enthalpy of evaporation and melting point,12,51)

such as W, are the most spark-resistant materials and

demonstrate the lowest mass loss by electrical erosion. In

our study, Ti and Cu were more spark-resistant compared

to Al. Consequently, as a result of electrical erosion of Ti

and Cu electrodes less aerosol nanoparticles with a smaller

size of agglomerates/aggregates of particles were synthe-

sized in comparison Al electrodes (Fig. 3 and Table 3).

For the electrode materials with relatively high enthalpy

of oxidation/formation of −944 (Al2O3) and −1676 kJ/

mol (TiO2),
43) the nanoparticles are obtained in the form

of agglomerates and for Cu electrodes with low enthalpy

of oxidation/formation (167 kJ/mol for Cu2O),43) nano-

particles are obtained in the form of aggregates (TEM-

image in Fig. 2). This is due to the fact that the mor-

phology of nanoparticles can influence the oxidation

process of the particles. As a result of oxidation, the

primary particles can be formed with an oxide shell or

completely oxidized, which will protect against the for-

mation of aggregates with strong chemical bonds between

the primary particles.52) However, it should be noted that

the mechanism of nanoparticles formation in a spark

discharge is complex and still not fully understood. 

Since our generator has several distinctive features (see

Fig. 3. Particle size distributions measured by SMPS for the aerosol

nanoparticles TiO2, Cu2O and Al2O3 generated by the multi-spark

discharge generator.
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Section 2), we performed a comparison of the properties

of the nanoparticles from the multi-spark discharge and a

conventional aerosol generator. The comparison results

are presented in Table 4.

Table 4 shows that the multi-spark discharge generator

produces comparable (in the case of CuO/Cu2O) or

usually smaller (in the case of TiO2 and Al2O3) primary

particles in comparison with the conventional spark dis-

charge generator. For example, using the multi-spark

discharge generator the size of synthesized primary

particles of Al2O3 was 6.3 nm, while in the conventional

spark discharge generator this size exceeded 10 and

16 nm depending on the specific study39,56) (see Table 4).

The Al2O3 nanoparticles were synthesized as aggregates

in a conventional generator. In this study we obtained

weakly agglomerated TiO2 nanoparticles with sizes 40-

60 % less than in other studies.53,54) The synthesis of

smaller nanoparticles may be caused by higher gas flow

rate and lower repetition rate of discharges (160 l/min

and 0.5 Hz, respectively). This leads to a more efficient

dilution of aerosol particles, which was indirectly indicated

by the results of measurements of the total number

concentration, which were 4-6 times lower than in other

studies.

4. Conclusion

We have studied characteristics (morphology, crystal

structure and size) of aerosol nanoparticles of oxides of

Ti, Cu and Al obtained by electrical erosion of metal

electrodes in a controlled multi-spark discharge generator

with constant parameters of the synthesis. Due to the

controlled discharge and a serial connection of three pairs

of discharge gaps in a single discharge circuit it was

possible to achieve the stability of the dimensional para-

meters of the nanoparticles.

This work showed the prospects of development of the

technology of multi-spark discharge generator for stable

synthesis of primary nanoparticles with size of up to

10 nm required for a wide range of applications. 

It is found that the size of the primary nanoparticles

weakly depends on the materials of electrodes and is in

the range from 6.3 to 7.6 nm for three materials studied.

Similar sizes of primary particles synthesized by pulse

electrical erosion of metal electrodes with significantly

different physico-chemical properties can be explained by

the commonality of the physical nature of the pulsed

electric discharge and/or fast relaxation process of electric-

discharge plasma. This result indicates the need for

further research aimed at establishing the fundamental

laws of particle formation in a pulsed spark discharge. 

The size of the particle agglomerates/aggregates strongly

depends on the electrode material and is in a wider range

from 24.6 nm for Cu2O to 46.1 nm for Al2O3. The aerosol

nanoparticles obtained by erosion of the electrodes made

of materials with relative higher melting points (Ti and

Cu) are characterized by a smaller size of the

agglomerates/aggregates. 
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