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Abstract

The number of nanoparticle-based products on the market is expected to
increase considerably during the coming decades. For this to happen a solid
supply of high-quality nanoparticles is needed. For metal nanoparticles no
large-scale manufacturing method exists today but production using spark
discharge generation is believed to be one of the most suitable candidates.
Spark discharge generation offers several advantages over other methods
and the first steps towards scaling up have already been taken. In this
paper the spark discharge generator concept is presented and its advantages
are discussed. Examples of nanoparticle materials and applications for the
as-generated particles are reviewed.
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1 Introduction

Smart nanomaterials are currently entering our everyday lives in various
products and applications and this trend is expected to continue. At date
nanomaterials can be found in a wide range of consumer products in categories
such as food and beverage, electronics, clothing, sporting goods, cosmetics
and personal care to mention some of them [1]. Nanoparticles in a wide range
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of sizes, shapes and compositions are building blocks for nanomaterials with
an extensive range of applications. To establish a profitable and sustainable
supply of nanoparticles industry is forced to use highly meticulous manufac-
turing of large amounts of material using cheap and environmentally friendly
methods. In the manufacture of nanomaterials, it is also of utmost importance
to ensure that no unintentional exposure to the produced material occurs due
to the potential health risks of such exposure [2].

Several techniques can be used to manufacture nanoparticles from differ-
ent materials. These are usually divided into chemical processing, mechanical
milling or physical processing. In chemical processing, chemical precursors
and solvents in liquid or gas form are used to form nanoparticles. These meth-
ods often require expensive chemicals, and can result in partly contaminated
particles, and significant amounts of chemical waste [3]. Mechanical milling
involves grinding a large piece of material into small particles. A very high
energy input is required to produce small nanoparticles with this method, and
it is difficult to manufacture particles with uniform size and shape [4].

Nanoparticle production by physical processes comprises sputtering and
evaporation in the gas phase. Advantages of nanoparticle generation by
physical processes includes avoidance of chemical waste, good control over
particle size, generation of highly pure particles and a continuous generation
process [5]. The physical process of flame spray pyrolysis (FSP) is a widely
used method for manufacturing of metal oxide nanoparticles on an industrial
scale [6]. FSP is however not the best choice for production of pure metal
particles due to challenges with oxidation. Pure metal nanoparticles are instead
often formed by material evaporation in an inert gas followed by subsequent
nucleation and condensation [7]. This can be achieved in several ways,
including furnace generation [8], glowing wire generation [9] or laser ablation
[10]. These methods are, however, often not very energy efficient and mass-
production might be problematic.Amore energy efficient method to evaporate
material is a spark discharge generator (SDG) where a plasma channel between
two conducting electrodes (spark) heats and evaporates material [11]. The
process is also referred to as spark ablation.

The SDG has a very simple design and consist of an electrode pair and
a power supply. By placing several electrode pairs in parallel the generation
process could be easily scaled up at low cost and with minimal impact on
the environment, due to reasonable energy efficiency in the conversion of
electrodes into particles and the possibility to recycle the non-heated carrier
gas. In the EU-project BUONAPART-E, 21 partners from both industry and
academia worked on this up-scaling to reach a production rate of 100 kg
d−1 [12].
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In this paper the SDG will be briefly described (detailed descriptions can
be found elsewhere [7, 9, 13–16]) and some of its advantages are discussed.
It will also be explained how a further tailoring of nanoparticle properties
can be achieved by connecting the SDG to other instruments commonly
used in aerosol science. Finally, the nanoparticle materials produced by
spark discharge generation and certain applications of these particles will
be reviewed.

2 Spark Discharge Generation

2.1 The Spark Discharge Generator

The spark discharge generator consists of a chamber housing two opposing
electrodes that are separated by a small gap (Figure 1). Nanoparticles are
formed when material evaporated from the electrodes via the spark, is

Figure 1 The basic components of the SDG, and the following aerosol instruments providing
generation and deposition of nanoparticles with a controlled size and concentration onto any
type of substrate.
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transported away from the heated gap region by means of a carrier gas. To
create repeated spark discharges between the electrodes, a self-pulsed circuit is
used, consisting of a capacitor bank driven by a high voltage DC power supply
connected in parallel to the electrode gap. This could be modeled as a basic
resistance, capacitance and inductance (RCL) circuit. The spark is formed ones
the capacitor reaches the breakdown voltage of the carrier gas and discharges
across the electrode gap. The energy of the spark discharge is approximately
proportional to the capacitance and to the square of the discharge voltage,
while the spark repetition frequency is proportional to the charging current.
Each spark involves the formation of a plasma channel between the electrodes
that is dominated by atoms and ions from the carrier gas. The single spark is
an oscillatory event with a damping and duration determined by the total
resistance, capacitance, and inductance in the circuit [13, 14] and influenced
by the electrical properties of the electrode material.

Due to the high temperature of the plasma, the electrode surfaces are heated
at local “hot spots” and a vapor plume is formed [16]. In addition, ions both
from the anode, cathode and the carrier gas bombard the electrodes leading to
further removal of electrode material [17]. When the vapor plume is cooled by
adiabatic expansion and mixing with the carrier gas, nucleation will take place
and atomic clusters are formed. These clusters will further grow into singlet
particles that condense into primary particles that finally form agglomerate
particles [16], as shown in Figure 2. The formation of these agglomerates can
be directly affected and controlled by regulating several different parameters
including the capacitance, the discharge frequency (by the output current), the
electrode distance, the electrode material, the carrier gas flow rate, the type of
carrier gas and the geometry of the chamber.

Figure 2 Transformation of the gold particle structure from an agglomerate to a compact
particle by increasing temperature in the compaction tube furnace.
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2.2 Tailoring of Nanoparticle Properties

The particles resulting from the spark discharge generator are often chain-
like agglomerate particles or sometimes compact particles with a very small
diameter (<10 nm). For numerous applications compact particles with a
larger size and of a narrow size distribution are needed. This can easily
be achieved by connecting the spark discharge generator to commercially
available instruments commonly used in aerosol science. An example of a
possible setup is illustrated in Figure 1.

The agglomerate particles that are transported through the instruments
via a carrier gas are first passed through a neutralizer in order to achieve
a reproducible and known charge distribution of primarily uncharged and
singly-charged particles [18]. Once the stable charge distribution is achieved,
the charged particles are size-selected in a differential mobility analyzer
(DMA). The DMA is a standard instrument in aerosol science, used to classify
charged particles according to their mobility in an electric field [19]. If the
particles are singly charged, their mobility can be related to the particle
mobility diameter, dm, which for spherical particles is equal to the geometrical
particle diameter.

An agglomerated particle can be transformed into a compact, spherical-
like particle by heating inside a compaction tube furnace [20] (Figure 2).
The mobility diameter may thus decrease substantially due to the reduced
drag force (increased mobility) of spherical particles compared to that of
agglomerates, although the mass of the particles remains the same. If the
particles are not reshaped, size distribution measurements can be performed
directly on the agglomerated particles using an electrometer, provided that
each particle passing through the DMA carries one single charge. A second
DMA can be used to obtain size distributions of reshaped particles. Size
distributions are obtained by scanning the voltage and measuring the resulting
particle concentration with an electrometer.

The final aerosol instrument needed for controlled continuous deposition
of particles onto a substrate is an electrostatic precipitator (ESP). The ESP
focuses the charged particles onto a collector electrode [21], on which the
substrate is placed, allowing high-efficiency deposition of particles with
diameters up to about 200 nm. Any type of substrate can be placed in the
ESP even allowing depositions into liquids [22].

Connecting the SDG to the aerosol instruments as mentioned above
enables a highly flexible system where nanoparticles with tunable size, shape,
composition and concentration can be generated and deposited or collected.
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Other similar setups with slightly different aerosol instruments or other type of
furnaces are also possible and enable generation of nanoparticles with different
possibilities to tailor their properties.

2.3 Advantages of the Method

Compared to other methods to generate nanoparticles the SDG connected to
commonly used aerosol instruments as described above are beneficial in a
number of ways. One of the key advantages is the high quality products that
are generated. Due to the inert carrier gas, the avoidance of chemicals and
the on-line monitoring during manufacturing the nanoparticles have a high
purity and a well defined size. Aggregation of the particles can also be easily
avoided by adjusting the carrier gas flow. The same platform can be used for
numerous different materials ranging from pure metals via metal oxides and
alloys to semiconductor particles. Also metals that typically oxidize easily
can be manufactured using this method. Since the heating is extremely local,
the switching of materials can be fast, as opposed to furnace generation. The
process is continuous, which enables delivery on demand and the possibility
to post-process the particles while suspended in the carrier gas, which is
requested for certain applications [23].

The next key advantage of this method is that it is environmentally
friendly. Since the process requires no chemical precursors or additives,
no chemical waste is produced nor needs to be handled. The only material
being consumed is the bulk material (the electrodes) that is transformed
into nanoparticles. The little unprocessed raw material can be recycled
completely. The same is true for the inert carrier gas that is not consumed
and that could be fully recycled. In addition, a life cycle analysis compar-
ing nanoparticles produced by electrical discharge and chemical synthesis
methods shows that the previous have a lower environmental impact, in most
categories [24].

A third key advantage of this method is the reasonably cost-efficient
manufacturing of nanoparticles. No costly precursors are needed and the
process enables a comparably high energy efficiency in the conversion of
electrodes into nanoparticles, especially if the size range below 10 nm is
considered. The system can be scaled up by placing several SDG:s in parallel
[25] which might permit a higher throughput at a lower cost per mass
unit of produced nanoparticles. In addition, since the process is continuous,
nanoparticles could be delivered on demand and hence costs related to over
production can be avoided.
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The final key advantage of this method, utterly important during these
times when the awareness of the potential health risks of nano-sized materials
exposure is high, is the completely enclosed production system that prevents
unintentional nanoparticle emissions. All generation, handing and deposi-
tion of nanoparticles take place in a closed system resulting in a very low
probability of unwanted particle emissions.

3 Materials and Application Examples

3.1 Materials

Spark discharge generation is a highly versatile method for production of
nanoparticles of a wide range of different materials. Soot-like carbon particles
generated from graphite electrodes was reported already in the first description
of the complete SDG concept [11]. Several groups have continued to generate
carbon particles with the SDG [26–28] and even managed to produce radio-
labelled soot-like carbon particles by soaking the electrode tip in a solution of
the labelling material [29].

One of the most important classes of materials produced by the SDG
method are metals, since no established method for mass production of
metallic nanoparticles exists today but this method carries the potential for
up-scaling. Metals that are not so prone to oxidation, including gold, silver,
palladium, platinum, rhodium, and iridium have been produced by several
groups [11, 13, 28, 30–35]. These metals have been generated under different
gas atmospheres and in different types of SDG chambers/setups with some
allowing amounts of oxygen and others having extensive gas purification and
outgassing allowing no oxygen or water. In the latter type of systems, pure
nanoparticles of metals that are more prone to oxidation, such as copper,
iron, cobalt, tungsten, nickel, tin and antimony [13, 31, 35, 36] have been
manufactured. Even a material such as magnesium that oxidises extremely
easily has been produce as a pure metal with an SDG [37].

Another materials class that has been produced by the SDG method is metal
oxides. This could often be achieved by allowing small amounts of oxygen
during generation. If the carrier gas is not pure enough or the system is not
completely leak-tight, metal oxide particles will form instead of pure metal
particles for materials that are prone to oxidation. Examples of metal oxide
nanoparticles generated by the SDG method are iron oxide, copper oxide, zinc
oxide, cadmium oxide and titanium dioxide [28, 38–40].
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Nanoparticles consisting of mixed elements, combinations of elements
with different phases within the particle and alloys, have also been generated
by the SDG method. This could be achieved either by using pre-alloyed/pre-
sintered electrodes or two electrodes of different materials. Examples include
mixtures of carbon with iron, copper and zinc [39], copper and nickel [35],
palladium mixed with platinum, gold and silver [33, 41, 42], chromium and
cobalt [41] and magnesium with titanium [43]. Truly beneficial and uniquely
reported in connection with this method is the possibility to manufacture
nanoparticles of immiscible elements. Examples include antimony mixed with
tin and copper [36], copper with silver and tungsten as well as platinum with
gold [44].

Finally, as shown above, the SDG method can be used to generate
nanoparticles of, in principle, any type of conducting material. The versatility
when it comes to material capabilities does, however, not end there. Recently
it was shown that also semiconductor particles could be generated using this
method, silicon particles being the example [45].

3.2 Examples of Applications

Nanoparticles generated by the SDG method have been used for numerous
applications in a wide variety of fields and listing them all would be an
extensive task, outside the scope of this paper. A few examples of applications
from three different fields will, however, be given. Both examples where the
nanoparticles are deposited and where they are used directly in the gas phase
will be presented. In addition, the specific properties, especially advantageous
for each distinct application, will be mentioned.

In the field of environmental and nano safety research, where it is important
to understand how nanoparticle emissions affect the climate and human health,
SDG generated nanoparticles have been used in a number of studies. The
great advantages of the SDG method in these fields are that it provides highly
characterized nanoparticles with an extremely controlled concentration and
an exposure situation mimicking the “real” situation where particles might
be emitted to the air and inhaled [46]. For environmental studies, such as
atmospheric pollution, it is mainly the soot-like particles that are of interest
[26, 27]. For inhalation studies a number of different nanoparticles generated
by the SDG are potentially interesting and several studies have been performed
[29, 38, 40].

Nanoparticles generated by the SDG have also been used for studies
of catalytic reactions and for hydrogen storage. For such applications the
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main advantages of the SDG method are the ability to produce exceedingly
small particles, where the surface dominates, and to create particles of
mixed elements. With the SDG method it is even possible to create atomic
clusters beginning from a single atom [47]. Magnesium-based nanoparticles
as well as palladium nanoparticles have been shown to be promising for
hydrogen storage [37, 48]. The synthesis of methane from carbon monoxide
and hydrogen over nickel nanoparticles produced by the SDG method has
been demonstrated and studied [49]. Also CO oxidation over SDG generated
nanoparticles of palladium, rhodium, and palladium-silver have been studied
[32, 34, 42]. From these studies it has been shown that using nanoparticles
instead of the traditionally used single crystals can give slightly different
results that might be closer to the “real situation” where catalysts consist of
small nanoparticles.

A final example of a distinct application, where SDG generated nanoparti-
cles have been used is for manufacturing of semiconductor structures [3, 30].
Semiconductor nanowires, which are one-dimensional rod-like structures with
high potential as building blocks for electronic, optoelectronic and sensor
applications have been manufactured from gold nanoparticles deposited onto
a substrate. In this case the nanoparticles act as seeds to initiate the (epitaxial)
growth of the nanowires and determine their diameter and position on the sub-
strate. The advantages of using the SDG method to generate the nanoparticles
for this application includes manufacturing of particles that are monodisperse,
of a high purity and completely spherical, giving reproducible conditions that
is important for semiconductor materials [50]. The conventional method of
semiconductor nanowire production is by epitaxial growth from nanoparticles
deposited onto a substrate. To enable a more flexible process suitable for mass
production of nanowires the aerotaxy method, where nanowires are grown
directly in the gas phase from nanoparticle seeds, have been developed [8].
For this aerotaxy process the SDG method are considered to be one of the
most suitable particle sources.

4 Conclusions

Nanoparticle production by the spark discharge generation method is one
of the most promising methods for large scale manufacturing of metal
nanoparticles. Compared to other methods it is environmentally friendly,
reasonably cost-efficient and delivers high-quality nanoparticles with tailored
properties. In addition, the process takes place in a completely enclosed
production system, which prevents unintentional nanoparticle emissions that
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are potentially harmful to human health. Nanoparticles of a wide range of
materials including metal, metal oxides, alloys and semiconductors can be
manufactured. These nanoparticles have been used in a variety of different
applications ranging from nanotoxicology studies, via hydrogen storage to
manufacturing of semiconductor structures for electronic and optoelectronic
applications. By placing several SDG units in parallel, the mass output can
be greatly enhanced to meet the increasing demand of a robust supply of
nanoparticles from producers of nanoparticle-based products.
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