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recent improvements, and refers to theoretical considerations as well as practical experience in control-
ling the main particle parameters determining the product properties, namely size and composition. The
paper focusses on particles below 10 nm, where the spark method works best. Values for feasible produc-
tion rates and energy efficiencies are estimated using published data. Spark mixing is identified as a fea-

IS(;Z ‘r"ll(ordS: ture that renders great potential to the method, especially for catalysis but also for other purposes, as it
Nanoparticle opens myriads of new possibilities in the form of material combinations. The most important condition
Mixing for this potential to turn into industrial application is the capability of scaling up. The basic principles that
Spark energy allow mixing are treated, methods are reviewed and examples for applications are given. These include
Atomic clusters the creation of new phases that only exist in the nanoparticulate state. A new technique allowing an
increase of the production rate of a single electrode pair by a factor of 102-10? is introduced. It allows
production nanoparticles typically 5 nm in size at a rate of 1 g/h, and this rate can arbitrarily be increased
further by operating multiple sparks in parallel. The energy requirement is in the order of 3 kWh/g. The
paper stems on adoption and interpretation of published articles as well as on new developments that are

presented for the first time.
© 2014 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder
Technology Japan. All rights reserved.
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1. Introduction
1.1. Objective of this publication

The present paper selects some published and unpublished
developments in spark production that are, in our view, of principle
importance in view of production of nano-powders and materials
based on or containing nanoparticles. Much emphasis is laid on a un-
ique feature of the spark method: the potential of mixing virtually
any inorganic substance with any other inorganic substance(s) on
a scale of nanometers or smaller. We refer to this feature as spark
mixing. We are convinced that it is mainly this feature that renders
great potential to the method, both for future industrial and research
purposes. Spark mixing will, in our opinion, lead to the discovery and
fabrication of completely new materials that cannot be produced
effectively by any other method. In particular, this technique is
poised to lead to a revolution in the field of heterogeneous catalysis,
where the mixing capabilities allow the design of primary catalyst
particles of a virtually unlimited number of compositions. We be-
lieve it will play an important role in replacing expensive noble met-
als by less expensive species like mixed transition metal oxides.
Apart from homogeneous (atomic) mixtures, the flexible combina-
tion of different components mixed on a nanoscale is bound to lead
to new possibilities. One prerequisite for practical application is the
capability of producing sufficient quantities. The absence of scaled-
up production is a major reason for the absence of any breakthrough
in this field until now. Another task to be solved is creation of robust,
hierarchical structures: porous on a nanoscale and preferably with
varying pore dimensions from nano- to micrometers. The whole task
is structuring all the way from atomic, via nanometer to micrometer
dimensions, called micro- meso- and macrostructure in the field of
catalysis. For catalysis, these structures do not need to be regular
or follow specific geometrical patterns, as long as automatic ordering
on the atomic scale provides the desired catalytically active sites.
Therandom process of spark mixing, including nanoparticle agglom-
eration in the aerosol phase or in surface deposition, is believed to
render an important contribution to this field.

The present paper therefore dedicates much attention to atomic
and nanomixing and to unpublished crucial steps in scaling up.
Existing approaches of creating porous, high surface area struc-
tures are briefly treated as well. The mixing part concentrates on
published work, which has mainly been carried out in the group
of the authors at Delft University of Technology, without wanting
to diminish the value of the contributions of others. New consider-
ations about feasible mass production rates and energy efficiency,
based on published data, are presented. To begin with we describe
the method in Section 2, and refer to particle size control - a crucial
feature, as particle size determines the properties of the product
just as the chemical composition does - in Section 3. For further
reading on spark preparation of nanoparticles, we refer to a recent
review by Meuller et al. [1]. This review from Lund University fo-
cuses on existing spark generator construction concepts, consider-
ations concerning the discharge itself and classical particle growth
principles. It explains numerous applications.

1.2. Historical sketch of spark production of nanoparticles

The phenomenon of sparks occurring between electrodes and
ablating them has been known for a long time, for instance as an

undesired effect on spark plugs in gasoline engines. The evapora-
tion per spark has been related to the energy dissipated [2] back
in 1950. Continuous discharges were applied for producing parti-
cles in gasses in the early 20th century [3], but, to our knowledge,
sparks were not applied for the purpose of nanoparticle production
until first reported by Burtscher and Schmidt-Ott in 1984 [4]. A de-
tailed description of the method by Schwyn, Garwin and Schmidt-
Ott followed in 1988 [5]. This paper already demonstrates that par-
ticles as small as 1 nm in size can be produced by the method, and
the production of particles ranging in size from the single atom to
100 nm by spark ablation have been reported since then in a large
number of publications and PhD theses. The method was commer-
cialized as a source of carbon particles in 1993 [6]. A notable pub-
lication about spark production of particles in liquids appeared in
1987 [7]. The review by Meuller et al. [1] and its references are rec-
ommended as further sources of literature on the method.

1.3. Features of spark production of nanoparticles

Spark production of nanoparticles is based on ablation of elec-
trodes by inducing spark discharges between them. The particles
produced have much in common with those produced by laser
ablation [8-10], a method that is well established as a means of
producing nanoparticles in quantities not exceeding milligrams
for research purposes. The great attention that the spark has drawn
as a competing principle primarily stems from the fact that the
costs are much lower, because no laser is required. Secondly, nano-
particle production by spark discharge is scalable. The European
project “Buonapart-E”, started in 2012 and joining 21 European
partners, has scaling up of the spark method as an objective. The
project was granted mainly on the grounds of the process being
environmentally friendly, as no chemical precursors are required
and no waste is produced.

In its original form the method applies no chemicals except the
substance or mixture of substances that are supposed to compose
the particles. Other notable features of the method are the feasibil-
ity of very high purity, enabling non-oxide particle production
even for magnesium-based materials [11]. The particles are usually
crystalline, and their presence in the aerosol phase after produc-
tion allows reactive modification such as oxidation and size selec-
tion. The particles can, if desired, be brought into liquids, e.g. by
bubbling [12]. Where purity is not a major concern, sparking in
the liquid is also a possibility [7].

2. The method of spark production of nanoparticles

Fig. 2.1 shows the basic topology of a spark generator. Repeated
sparks are produced between electrodes, and a gas flow, usually an
inert gas, carries the formed particles away from the production
volume. Meuller et al. [1] give an overview of the configurations
applied to date. Numerous general studies on the phenomenon of
spark discharge have been published [13]. A review on
atmospheric pressure discharges connected with nanoparticle pro-
duction has been written by Borra [14], but the knowledge on the
complex process from plasma formation to nanoparticle formation
is limited. Each spark consists of a plasma between two electrodes
(Fig. 2.1(a)) during the time of typically a few microseconds, the
temperature of which is around 20,000 K [15]and higher [16]. This
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Fig. 2.1. The basic topology of a spark generator.

leads to rapid heating of small “hot spots” on the electrodes, where
the electrode material is “instantaneously” heated to the boiling
point. After extinction of the spark, the vapor plume formed in
the vicinity of the electrodes by each spark (see Fig. 2.1) is cooled
by adiabatic expansion and by mixing with the surrounding flow-
ing gas (Fig. 2.1(b)), and condenses to form particles in the nano-
meter size regime or smaller. Depending on the composition of
the vapor plume, a broad range of material classes, including pure
metals, alloys, non-alloyed composites, semiconductors, oxides,
hydrides, etc., can be synthesized. Examples of spark generated
materials are provided in Table 2.1. Section 6 further illustrates this
process in connection with mixing of different materials.

Fig. 2.2 illustrates the formation of atomic clusters, nanoparti-
cles and agglomerates of these from the vapor. By adjusting the
concentration of the evaporated material in the initial phase of par-
ticle formation, the product can be tuned from atoms to nanopar-
ticulate agglomerates. This “end state” is reached during a feasible
time in the continuous flow arrangement. The initial concentration
is controlled by the energy per spark and the process gas flow rate
through the spark zone, and sometimes also by a further dilution
step. Practical ways of influencing the particle size are further dis-
cussed in Section 3.

Basically, electrical power has to be transferred to the discharge.
The “classical” circuit (Fig. 2.3(a)), introduced in the original
papers, is elegant due to its simplicity. Using the spark itself as a
switch, it does not require any fast switching electronics. The cur-
rent source charges the capacitance C, and when its voltage reaches
the value for gas breakdown, the spark occurs, discharges the
capacitor and the process repeats itself. Drawbacks of this concept
are the irregularity in the breakdown voltage Vj, illustrated in the
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Fig. 2.2. States of particle formation by spark discharge.
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Fig. 2.3. (a) Classical circuit of spark nanoparticle generator and (b) voltage across
spark gap vs. time.

voltage vs. time curve in Fig. 2.3(b) and causing an irregularity in
the energy per spark, E;, according to

E; =1/2CV? 1)

Another drawback of the simple circuit is that its operation at
repetition frequencies higher than 500 Hz is not feasible (see Sec-
tion 5). Nevertheless, it has been applied almost exclusively in
spark ablation literature until now.

Table 2.1
Selection of materials synthesized by spark discharge. References to literature and sections of this paper are included.
Material class System Ref. Section Notes
Metal W, Cu, Ag, Nb, Pd, Au, Mg, Sb [25] -
Mg [11] Special precautions with regards to O, needed
Alloy Fe/Cu, Fe/Zn [38] Two different electrodes
Cr/Co [39] Alloy electrodes
SnSb, Cu,Sh [41] Sintered electrodes
Cu-W, Ag-Cu, Pt-Au [40] 6.2 Non-alloying metals
Semiconductor Si [19] 2 Doped electrodes
Ge [56] -
Oxide Cdo, Fe,05 [49] 6.4 3% 0, in Ar
MgO [11] 99.999% Ar
Carbon composite Ag/C [57] Metal & graphite rods. Various morphologies
Cu/C [58] 2 ppm C,H, in Ar. Amorphous carbon shell
Particulate composite Mg with Pd or Nb catalyst [11,42] 6.3 2 Sparks in series
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These drawbacks can be circumvented by applying a switched
pulse generator (Fig. 2.4), providing short pulses of sufficient volt-
age and current. One such example is the “spark plug” circuit [17],
which has hardly been applied for nanoparticle production due to
practical limitations in the energy per spark. In order to avoid hav-
ing to ignite the spark every time, a continuous current supply can
keep a low-power discharge going, not causing any evaporation.
The pulsing network then superimposes current peaks delivering
the desired short sparks [18]. This concept has very recently been
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/

Fig. 2.4. “General” spark circuit, containing pulse forming network and continuous
current supply.
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Fig. 2.5. Oscilloscope traces for a typical spark event (red curve: current, blue
curve: voltage) (a) for intrinsic Si electrodes (overcritical Damping); (b) for boron-
doped Si (undercritical damping).

developed and is firstly described in Section 5 in connection with
scaling up.

Fig. 2.5 shows the current and voltage vs. time for the moment
of discharge for undoped Si and doped Si [19]. In the second case,
the voltage and current perform an under-damped oscillation, as is
usually seen with the classical circuit. This is due to the inductance
of the wires forming the circuit (see Fig. 2.5(b)), which leads to the
typical behavior of an RLC circuit. In the first case, the large resis-
tance of the Si electrodes causes overcritical damping, and no volt-
age reversal is seen. This damping is accompanied by dissipation of
a large part of the energy, and this limits the feasibility of spark
ablation to semiconductors. In order to obtain good results, the
electrode resistance should be decreased, e.g. by doping. As the
negative electrode is ablated more strongly than the positive one
due to positive ion bombardment, this voltage reversal is desired
in many cases, as the electrodes are ablated more equally. It also
has relevance for spark mixing, as shown in Section 6.

3. Particle size control
3.1. Effects controlling the particle diameter

The primary particle diameter distribution of spark produced, is
usually near-lognormal, with relative standard deviations around
the self-preserving value of 1.46 and below this value for particles
smaller than 3 nm. The geometric means or peak values are gener-
ally smaller than 10 nm. Apart from the chemical and crystalline
composition, it is the primary particle size that defines properties
of the material produced. According to Koch and Friedlander
[20], the primary particle size is the diameter for which the colli-
sion time equals the coalescence time at the temperature the
aggregates form. In spark ablation, the particles the agglomerates
consist of are usually quite round, as illustrated in Fig. 2.2, which
means that sintering leads to complete coalescence at the aggrega-
tion stage. The primary particle diameter can be defined as the size
of the largest coalesced units.

Usually, soft agglomerates are formed, consisting of primary
particles held together by van der Waals forces. This is ascribed
to the fact that most of the agglomeration takes place at room tem-
perature, where usually no sintering occurs. Agglomerate recon-
struction experiments are a tool to determine interparticulate
forces [21] and have confirmed this statement. Agglomerate recon-
struction in the aerosol phase is induced by gradual increase of the
aerosol temperature and subsequent measurement of the size dis-
tribution [21,22], or by a liquid condensing on the particles close to
room temperature [23].

It is to be noted that transmission electron micrographs often
show necks between primary particles, which tend to form under
the influence of the electron beam. Some heating is inevitable in
TEM, and this very easily leads to sintering, especially between me-
tal primary particles smaller than 5 nm, but this was also seen with
Si, see Fig. 3.1 [19]. Where un-sintered primary particles form the
agglomerate, this is often due to a thin surface film of a physi-
sorbed or chemisorbed species, forming a sintering barrier. The
electron beam may instantaneously remove this barrier, and sin-
tering occurs. This artifact makes it difficult or impossible to deter-
mine the “true” primary particle diameter. Furthermore, the
primary particle size is hard to reproduce, because of impurities
that hinder coalescence. For this reason, the coalescence time in
the Koch-Friedlander criterion must be extremely sensitive to
any kind of surface contamination and thus depends on very small
traces of adsorbed gas constituents or impurity atoms segregating
to the nanoparticle surface.

The above-mentioned difficulties of reproducible experiments
and reliable primary particle size determination are not present,
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Fig. 3.1. TEM micrographs of Si particles produced from boron-doped electrodes.
Insert shows a 3.18 A lattice spacing identified as the (111) plane of Si [19].

if the process ends at the state of primary particle growth (Fig. 2.2),
i.e. where the coalescence time is shorter than the collision time,
and complete coalescence occurs at every collision. Under very
clean conditions, gold particles even sinter at room temperature
until they reach a size of around 5 nm. This has to do with the fact
that metal nanoparticles, if small enough, have a liquid-like surface
layer [24], which promotes coalescence. Fig. 3.2 shows the mean
mobility particle size as a function of the flow rate [25] for gold
particles. Feng et al. (publication in preparation) reveal agglomer-
ation below a certain flow rateand un-agglomerated, round parti-
cles above that. In the high flow region, dilution stops the
growth process at the stage of primary particle formation (see
Fig. 2.2). Further experiments within this flow regime show that
the energy per spark determines the (primary) particle size, as seen
in Fig. 3.3 [25]. This is easy to understand, qualitatively, as the
spark energy directly controls the initial vapor quantity (see Sec-
tion 5), which influences the initial concentration. The flow rate
usually does not have too much influence on this initial concentra-
tion, as, in the applied configuration, most of the flow does not go
through the initial particle formation zone, which is between the
electrodes and in their close vicinity. The influence of the flow rate
on the primary particle size can be increased, by blowing a con-
fined flow directly to the spark region. This was already done by
Schwyn et al. [5] and led to formation of 1 nm particles. We recon-
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Fig. 3.2. Particle mean diameter as function of Ar mass flow rate (C=5 nF,
d=0.5mm, f=10Hz).
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Fig. 3.3. Influence of spark energy on the particle size distribution in the primary
particle regime (d=1mm, f=10Hz, Q=10L/min, Ar) (reproduced from Tabrizi
et al. [25]).

structed from comparison with our more recent experiments that
the spark energy they used must have been about 23 m] per spark.

As in laser ablation, spark ablation occasionally forms round
particles, much larger than the majority of the primary particles.
An example is shown in Fig. 3.4 [25]. The mass portion represented
by these is usually small, but they may have to be considered as
disturbing in applications. The origin of these particles can proba-
bly be seen in connection with the process of explosive evapora-
tion, see Section 6, or by acoustic ejection of a droplet from a
liquid pool [26]. It is plausible that the droplets rapidly solidify.
The conditions under which such particles form and under which
they do not form have not been identified yet in systematic studies.
From our experience we believe that there is a higher tendency of
their formation with a growing energy per spark. Reducing the
spark duration with constant energy per spark probably does not
eliminate the problem, as simulations done for very short dura-
tions (nanoseconds and shorter) in laser ablation still reveal these
liquid ejections [27,28]. If several consecutive sparks hit the same
spot, this may cause local electrode heating, which may increase
the tendency of acoustic droplet ejection. We intend to study this
phenomenon and possible solutions in connection with the scaling
up of the spark generator.

Often, round, crystalline particles, larger that the obtainable pri-
mary particle sizes are desired. In principle, the coalescence size
can be increased for this purpose by heating during the agglomer-
ation phase of Fig. 2.2. In terms of the Koch-Friedlander model
[20], this has the effect of decreasing the coalescence time, so that
it meets the collision time at a later stage. Unagglomerated round
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Fig. 3.4. TEM image of large particle Au [25].
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Fig. 3.5. Concentration of charged particles exiting the DMA for Ag compared to
“Neutralized”, referring to conventional bipolar charging [25].

particles are also obtainable by leading the spark aerosol through a
heated tube at its “end stage” [29]. At the appropriate temperature,
the agglomerates are melted to form spherical, crystalline parti-
cles. Caution should be taken in cases where extreme purity is re-
quired. Most heated tube materials release traces that adsorb to
the particle surface and may alter their properties.

3.2. Mobility size classification of spark aerosols

If particles of a particular size are required, a narrow size inter-
val of spark-produced particles can be selected by mobility classi-
fication in so-called Differential Mobility Analyzers (DMAs). This
method is routinely applied [1] for applications where small
amounts of material are needed. In the group of Kruis, a scaled-
up version of the SMPS principle [30] has been constructed to
broaden the range of applications, and this fits together well with
scaling efforts concerning the spark generator (see Section 5).

Particle charging is essential for this method to work, and little
has been written on the charging probability of very small spark-
produced particles. A so-called bipolar charger [31] is customarily
applied to obtain a well-defined charging probability of the parti-
cles for quantitative determination of the size distribution from
the mobility distribution. In Fig. 3.5, the size distribution of
charged particles from the spark is compared to the size distribu-
tion for the same particles that have undergone bipolar charging
[25]. For 4 nm particles the negative charging probability the par-
ticles obtained from the spark is more than an order of magnitude
higher than in bipolar charging, and this ratio grows further with
decreasing particle size. The larger portion of negative particles is
attributed to selective loss of positive particles due to the electric
field situation in the spark chamber. An asymmetry in the other
direction occurs under very clean conditions and has been reported
by Vons et al. [11]. Under the absence of electronegative species,
electrons do not form negative ions, and due to their very high
mobility they are lost in the electric field. The relatively high charg-
ing probability for very small particles can be explained with an in-
creased temperature in the zone where the particles are exposed to
electrons and positive ions in the vicinity of the spark. This effect
makes spark ablation a useful technique for producing charged
particles down to the size range of atomic clusters and even single
atoms in inert gas suspension and size-classifying them with a
DMA. The spark has already been applied in atomic cluster re-
search [32]. We believe that the combination with aerosol technol-
ogy will lead to new perspectives in this field. In particular, it will
become possible to produce atomic clusters in much larger quanti-
ties than this has been possible with conventional vacuum-based
methods. Studies in this direction are already running in Delft.

3.3. Summary of size control

Summarizing, the agglomerate diameter, measured in many
studies on spark formation of nanoparticles, is not the relevant
measure when it comes to material properties. Instead we must
look at the primary particle size, which is hard to determine.
Agglomerate reconstruction measurements can be helpful here.
The primary particle diameter can effectively be controlled via
the energy per spark and through turbulent dilution by confining
the gas stream near the spark, which will be described in detail
in a publication in preparation by Feng et al. Size control can be
aided by combination of the spark with mobility size classification
in a DMA. As charging represents a major obstacle in applying this
method to particles a few nanometers or less in diameter, the rel-
atively high charged portion of nanoparticles emerging from the
spark is a great advantage. To extend the range of particle sizes
the spark can produce from 10 nm upwards, heat-induced coales-
cence can be used.

4. Energy efficiency and mass production rate

A simple model describing the mass loss of electrodes due to
spark ablation has been proposed back to 1950 by Llewellyn Jones
[2]. It uses the implicit assumption that a constant portion of the
energy dissipated in the spark is transferred to the electrodes for
evaporation of material. This means that heating of the gas by
the plasma and radiation from the spark itself into the empty vol-
ume are not considered in the model, but only the energy trans-
ferred to the electrodes. From there it is partly lost to the process
by heat conduction and radiation. The electrode temperature at
the hot spot never goes beyond the boiling point. These assump-
tions lead to the following energy balance:

oEs — mrtotTy — 2nrtk(Ty — T)
= MCps(Tn — T) + mcp(Tp — Trm) + mHy, + mH, (2)

The material mass is m, and ¢,s and c;,; are the heat capacities of
the solid and liquid material, respectively. 7 is the spark duration
and r is the radius of the spark or the radius of the circular heated
spot, where the spark impinges on the electrode. The first term on
the left represents the portion « of the spark energy E, which heats
the electrodes. The following terms stand for the heat loss of the
heated spot by radiation and by thermal conduction, respectively.
The thermal conductivity of the electrode material is denoted by k,
and the electrode temperature far from the heated spot is assumed
to be room temperature, T. The right hand side expresses the en-
ergy required for bringing the material from room temperature,
T, to the vapor phase. The first term represents the energy for heat-
ing from T to the melting point T, the second term is the corre-
sponding energy from T,, to the boiling point, T,. The following
two terms are the enthalpies of melting and evaporation given
by H,, and H,, respectively.

Fig. 4.1 shows the result of a fit of this mass balance to
experimental values for the electrode mass loss for several metals.
As r and 7 are not precisely known, they are used as fitting param-
eters as well as «. For ¢ the Stefan Boltzmann constant is used,
assuming a black body. The best fit is achieved with r=1.5 pm
and 7 =1.2 ps, which are reasonable values. The model predicts
the general trend rather well. The deviations can be understood
from two phenomena not considered in the model: ejection of li-
quid material by ‘splashing’ [26], and chemical reactions such as
oxidation. Splashed droplets either impinge and stick on the
opposing electrode - resulting in a drop in the measured evapora-
tion rate as seen for Cu -, or escape from the gap - leading to an
increase in observed evaporation rate as seen for Au. The situation
is more complex if oxidation is considered, as the physical proper-
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Fig. 4.1. Electrode material loss for various electrodes (C=20 nF, d=1mm,
f=100Hz, Q=0.8 L/min, Ar) [25].

ties of various oxides, including the reduced conductivity of the
electrode, must be taken into account. Finally, the model does
not account for the possibility of superheating the electrode mate-
rial, as explained in Section 6.

As the heat capacities of the liquid and the solid, ¢, and ¢, are
similar, the result is insensitive to the boiling temperature, T,. The
radiation term is usually small with respect to heat conduction to
the electrodes. Fig. 4.2, where the ablated mass is plotted vs. the
spark energy (Au in Ar), is consistent with proportionality between
the ablated mass with the energy per spark, E. This result suggests
that for most spark energies applied, heat conduction loss is of
small significance. For a given energy, the spark duration must
be short enough to meet this condition, so that “—fs > 2nrk. The en-
ergy requirement per unit of particulate mass is then a material
dependent constant that can be written as

E :%:%(Hm +Hy+ Cps(Tin = T) 4+ cpi(Tp — Th)) (3)
Together with Fig. 4.2, we get o =1.5456 x 107> as an experi-
mental value. That means only about 0.15% of the spark energy is
consumed for particle production. Note that this value of o has
been derived for an electrode distance of 1 mm and an electrode
diameter of 6 mm. It is to be assumed that o is quite sensitive at
least to the electrode distance, i.e. the length of the spark, as this
quantity will strongly influence the fraction of the spark energy ab-
sorbed by the electrodes.

An important practical consequence from the considerations
above is that sparks of short duration are energetically more favor-
able than sparks of long duration, as in the latter case energy is lost
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Fig. 4.2. Effect of spark energy on mass production rate (C=20nF,d =1 mm, Q=0.8
L/min, Ar).

by heat conduction through the electrodes. Indeed, electrode cool-
ing is hardly required in spark generators, and the flowing gas suf-
ficiently does the job. In contrast, continuous arc arrangements can
hardly do without electrode cooling.

From the considerations above, the predicted energy required
to produce 1g of gold particles with a 1 mm spark gap is
10°-107 ]. Based on the gold data (see Fig. 4.2), a reasonable esti-
mate for the production of a scaled up-spark generator, running
at 25 kHz with an E; of 25 mJ (Section 5), is then 2.25gh™! for a
single electrode pair. Numbering up using parallel electrode pairs
can lead to kg quantities, which makes the spark method a feasible
technology for industrial production of nanoparticles.

5. Approaches to scaling-up spark nanoparticle generation

The most important industrial applications of spark generated
nanoparticles crucially depend upon its scaling potential. The strat-
egy to obtain production rates of industrial magnitude is to pro-
ceed in two steps: The mass production rate of a single electrode
pair should be maximized, and from there any production rate
can be reached by numbering up, i.e. by applying multiple elec-
trode pairs. In the present chapter, we refer to our recent success
of increasing the rate of a single electrode pair by two orders of
magnitude.

A distinguishing feature of a spark discharge is the high energy,
oscillating current pulse that is responsible for electrode ablation.
The fast high current pulse is directly responsible for the efficient
ablation of material in the spark (Section 4), and the oscillation is
useful if one wants to make mixed particles (Section 6). To keep
these features during scale-up, we must increase the spark repeti-
tion rate, fiep, without modifying the plasma conditions. Spark gen-
erators in use today have a limited fp of ~500 Hz [1], which can be
increased to about 1 kHz using expensive capacitor charging sup-
plies fitted with large output resistors.

The typical time until a spark discharge has completely died out
is 10 ps, setting the theoretical upper limit of f., near 100 kHz.
When increasing fr., above ~200 Hz with the classical, simple cir-
cuit, one inevitably runs into the transition regime to an arc dis-
charge. The breakdown strength of the gas drops due to the
residual space charge from preceding sparks, and sparks start
forming before the capacitor reaches the desired voltage (Fig. 5.1
vs. Fig. 2.4(b)). Because the energy stored in the capacitance scales
with V2, this has a strong impact on particle production.

The problem of early spark formation in the wake of a prior
spark can be solved by decoupling the charge and discharge cycles,
using a number of switches (Fig. 5.2). By disconnecting the spark
gap during the charge cycle, the charge state of the capacitor can
be set to an exact value. The spark does not form until switch S;
is closed, and the capacitor voltage is no longer limited by the
breakdown strength of the gas. This allows higher spark energies

v

t

Fig. 5.1. Variations in discharge voltage at higher repetition rates.
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Fig. 5.2. Decoupling charge and discharge cycles.

to be used with low breakdown gases such as He, Ne, and Ar. When
closing Sy, a fast ignition must be guaranteed in order to avoid the
randomness indicated in Fig. 5.1. To solve this problem, a low-
power glow current should be maintained between the pulses, as
suggested by the diagram in Fig. 2.4 and further described below.

5.1. Prototype spark forming circuit

The circuit described in Fig. 5.2 requires the use of a high side
switch, i.e. logic at high voltage level. Because of the poor availabil-
ity of suitable switches, we use three ‘regular’ high voltage
switches (1.7 kV, 16 A fast IGBT; IXGR 16N170AH1) in the topology
shown in Fig. 5.3. When closing S, the left-hand side of the capac-
itor is forced to 0 V and a negative high voltage pulse hits the top
electrode, causing a spark to form. A low-power glow current ap-
plied over the gap is necessary to maintain a sufficient space
charge to ensure stable spark ignition [18].

Our prototype forms sparks essentially identical to those of the
classical circuit (Fig. 5.4 vs. Fig. 2.5(b)). Specifically, the spark dura-
tion is short (4 ps), the peak current is high (165 A), and the system
oscillates at frequency on the order of 1 MHz. frep, is controlled from
1 to 25 kHz using Sy, rather than being defined by the supplied cur-
rent. More importantly, the observed waveform of the spark at a
given supply voltage stays constant, independent of gas, spark rep-
etition rate or gap spacing. This translates into a constant spark en-
ergy of 49.8 (+0.8/—2.4) m] at 1500 V.

At lower voltages, the spread in applied spark energy increases
because the duration of the spark is not controlled. Fig. 5.5 shows
two sparks at 1000 V, one lasting two half-cycles, the second three
half-cycles of the oscillation. Because of this, the total energy dis-
sipated into the gap varies with +5%. The obvious solution to this
is to quench the spark by opening S; after 2 ps. The same approach
could be used at higher voltages to reduce spark duration — while
keeping the increased peak current.

By keeping the spark energy constant, true scaling up is
achieved: Increasing the frequency gives a linear increase in pro-
duction rate. The results indicate that increasing the quench flow
rate proportionally with the frequency yields the expected con-
stant product morphology; a detailed study on this is ongoing by

C L
Hi= i)
T~ -~ T™~ -
* N /N —
/ \ \ li \
V ¥ ) v i V@ LV
N ANE I
X s 7 +
J - S~ 1 -7 ~ 7
Charge  Discharge Glow

Fig. 5.3. Schematic representation of a pulse forming network, showing current
paths for charge and discharge cycles as well as for the continuous glow current.
Switches are set to the charging position.
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Fig. 5.4. Current and voltage vs. time for the pulse forming network. U sup-
ply = 1.5 kV, frep = 1 kHz, quench gas Ar.
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Fig. 5.5. Two oscilloscope traces (dashed and solid) showing variation in spark
length. 1.0 kV, 17 kHz, Ar.

Feng et al. With a spark energy of 22.5 mJ, we find for Cu (4 kHz)
and Nb (8 kHz) electrode ablation efficiencies of 0.624 x 10~
and 1.2 x 1077 gJ~! respectively, which is in excellent agreement
with prior results of 0.3-1.4 x 10~7 g]J~! (Cu) and 0.6-2.5 x 1077
g]J~! (Nb) measured with the classic circuit [25]. With a quench
flow of ~130 L/min 99.999% Ar, the collected product consists of
oxidized Nb nanoparticles with a primary particle size of 6 nm
(04=1.6).

5.2. Glow discharge

The discharge maintained between the sparks typically is not a
stable DC glow, as can be seen from the oscilloscope traces in
Fig. 5.6. The average DC current through the gap is <1 mA. Such
a current might sustain a weak glow discharge (Fig. 5.6(a)), but is
at least three orders of magnitude too low to sustain an arc, and
will not result in the ablation of a significant amount of mass from
the electrodes [33].

At larger gaps and in argon, the glow is replaced by micro-dis-
charges (Fig. 5.6(b)). The micro-discharges transfer charge from the
cathode to the anode, and as a result the cathode voltage and
anode voltage (not shown) increase stepwise. The gap voltage
AUg,, remains constant, with dielectric strengths of
8.7 x 10°Vm™! for Ar and 1.6 x 10° Vm™! for He.

A single micro-discharge is highlighted in Fig. 5.7. The micro-
discharges have peak currents in the range of 10-700 mA and ap-
pear similar in waveform to the filamentary discharges observed in
dielectric barrier discharges [34]. These micro-discharges can re-
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Fig. 5.6. Current and voltage traces of the glow current phase. 0.5 mm gap,
US=1.2kV and frep = 1 kHz, quench gas 1Lmin"'. (a) Glow regime in He, (b)
capacitive micro-discharges in Ar.

sult in electrode ablation, and several researchers have worked on
particle generators based on DBD [35,36]. The production rates lie
many orders of magnitude lower than those of the spark: The only
quantitative data available indicates a production rate of 1014 -
mols~! for a 9.5 W power input [35], or an ablation efficiency
<10~ mol ]!, versus 10~° to 10~ mol ]! for spark discharge.
Thus, particle production through micro-discharges can also be
neglected.

5.3. Considerations for high frequency sparks

By increasing the repetition rate by two orders of magnitude,
the power input increases from tens of W to the kW range. The
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Fig. 5.7. A single micro-discharge, 0.5 mm gap in Ar.

gas flow rate through the reactor has to be increased to ensure ade-
quate cooling of the electrodes and the gap at the higher power in-
put, keeping a constant dilution over the output power range. As
explained in Section 4, the “ideal” spark is short enough to guaran-
tee that all the power transmitted to the electrodes is applied for
evaporation, whereas long or continuous discharges result in more
power being diverted into electrode heating. This reduces elec-
trode cooling requirements for the spark with respect to the con-
tinuous arc, where water cooling is practically inevitable.

The maximum power output of the spark generator circuit is
limited by the components used, and the way they are placed
and cooled. As an example, C; in Fig. 5.3 originally consisted of
an array of 20 x 2.2 nF X7R capacitors in parallel that reached ther-
mal limits at 200 W. It was replaced by an array of 96 x 0.47 nF
NPO capacitors in parallel that is rated for >1.25 kW. The limiting
components in the prototype circuit are the IGBTs in the charge
and discharge paths, which have to conduct short >100 A pulses.
IGBT technology is fairly new, and it is reasonable to expect better
components, in terms of operating voltage and current, to become
available in the near future.

5.4. Conclusion

Nanoparticle production with conventional spark generators is
limited by strongly varying spark energies at spark repetition rates
above ~500 Hz. By decoupling the charge and discharge cycles of
the spark generator, consistent sparks can be obtained at repetition
rates on the order of 20 kHz. The sparks of the new spark generator
are essentially identical to the oscillating discharges of the conven-
tional circuit, resulting in linear scaling of the production rate.

Space charge is kept in the gap using a superimposed continu-
ous low current, facilitating spark formation. If sufficient current
is provided, a glow current can be maintained in small gaps. Other-
wise, micro-discharges with energies of 50-100 ] occur between
the electrodes in the dead time between sparks. Both the glow dis-
charge and the micro-discharges are too weak to ablate the elec-
trodes, and can be neglected in terms of nanoparticle production.

The circuit concept introduced has shown to be feasible up to
frequencies of 25 kHz. This should produce particle quantities of
2.25gh ! for gold, as explained in Section 4, and the correspond-
ing order of the production rateis 1 gh™'.

6. Spark mixing, structuring and deposition
6.1. Basic considerations on homogeneous spark mixing

Spark mixing attempts have been published by Byeon et al. [37],
and also by Evans et al. [38] but both papers do not show any evi-
dence for mixed phases. The Delft group came out with two studies
referring to homogeneous spark mixing of macroscopically misci-
ble and macroscopically immiscible metals in 2009 and 2010
[39,40], respectively. Further studies and applications on spark
mixing were subsequently carried out [11,41-43].

The small vapor plume formed by each spark is cooled “instan-
taneously” by adiabatic expansion and by very rapid mixing with
the flowing gas. Slow cooling of the vapor would lead to formation
of condensation nuclei, on which further vapor would condense
and subsequently the particles formed would grow by collision,
according to the classical process of vapor nucleation and conden-
sation. The quenching rate for particle production by continuous
arcs is reported to be 107 Ks~! [44], and much shorter rates, up
to 101°K s~! are reported for sparks [16]. Due to the extreme
quenching rate and the respective supersaturation in a spark-pro-
duced plume, condensation can be modeled by assuming a metal
vapor at room temperature, where any atom-atom, atom-particle
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Fig. 6.1. Illustration of particle growth model for spark produced particles: Extreme
quenching leads to supersaturation that allows “Smoluchowski growth” from the
very beginning, the color of blue and red represents two different materials.

or particle-particle collision leads to sticking. This picture allows
application of a Smoluchowski-type coagulation process [45] from
the very beginning, as illustrated in Fig. 6.1. At room temperature,

sticking can be assumed to occur independent of the material, and
most metal particles are solid, not passing through a liquid phase
during condensation. The particle formation process must there-
fore be regarded as quite independent of the melting point or the
boiling point of the material. The spark process is also rather inde-
pendent of the melting point, as pointed out in Section 4 and rela-
tively insensitive to the boiling point, as qualitatively explained
below. These two facts explain the excellent mixing capability of
the spark process, if atoms of different elements are initially
present.

In order to obtain a mixed vapor plume, different concepts have
been applied that are illustrated in Fig. 6.2(a)-(c). In the simplest
case (a), the electrodes consist of the two different materials A
and B to be mixed. Mixed particles are obtained that virtually show
all mixing ratios from the pure material A to the pure material B
[39,40]. Where alloys of the materials to be mixed exist, alloyed
electrodes can be used (Fig. 6.2(b)), and the particle composition
corresponds to the composition of the electrodes in the cases stud-
ied until now [39]. Where the components to be mixed are not
miscible in a wide range of mixing proportions as a macroscopic
phase, they may very well be miscible in those proportions within
a nanoparticle [40]. Completely new materials can be created this
way. Because alloyed rods cannot be formed in this case, a
technique has been developed, in which the electrodes are mixed
materials on a micron scale (Fig. 6.2(c)), in order to obtain a more
uniform distribution of compositions from particle to particle than
achievable with different electrodes (Fig. 6.2(a)), [41]. Particles in
the micron size range are mixed as a powder and sintered by
means of magnetic compaction. This sintering method also bears
the potential of adding non-conducting components, as long as
the conducting components are present in a high enough
concentration to form a continuous phase (percolation) guarantee-
ing a sufficient conductivity of the electrode.

Because of the potential of creating completely new materials
by homogeneous spark mixing with the sintered electrode tech-
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Fig. 6.2. Different principles of spark mixing: atomic mixing (a)-(c) and nanomixing (d).
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nique, it is appropriate to add some considerations about the pro-
cess. Little is presently known, and it is clear that it is a process of
high complexity. Some very basic things can be said, though, and
these will help in designing future devices for spark mixing. The
different substances have different boiling points, and it can be re-
garded as an amazing experimental result that both are evaporated
at about the same rate. This is certainly not the case in normal
evaporation or boiling, and we believe that a process referred to
as explosive boiling occurs, which is described in a number of pub-
lications that refer to laser ablation [27,28], a process that is similar
concerning sudden heating of a spot at the surface of a substance.
This local sudden heating leads to formation of a superheated li-
quid layer evolving into a compressed gas, where temperatures
and pressures near the critical point, i.e. much higher than the boil-
ing point at normal pressure, can be reached. For example, gold has
a boiling point of ~3000K and a critical point of ~9000K (@
~6000 bar). The gas adiabatically expands and forms a shock wave,
producing a loud “tick” for each spark. Depending on the condi-
tions, liquid droplets can also be ejected [27], a phenomenon also
observed in spark ablation in the form of the round particles in
Fig. 3.4. We believe that this superheating phenomenon allows
evaporation of both materials with similar rates. To qualitatively
understand this phenomenon, it is instructive to take a look at
the Hertz-Knutsen equation, expressing the evaporation rate and
containing the vapor pressure, which in turn can be expressed by
the Clausius—Clapeyron equation [46]. They indicate that the ratio
of evaporation rates per unit surface area of two materials of differ-
ent evaporation enthalpies becomes smaller with increasing tem-
perature. Although the validity of these equations is questionable
for the transient process of spark ablation, we do expect that this
qualitative statement remains correct. The effect of equal composi-
tion of particles and electrodes is effect is observed with alloys
[39], even for considerably different boiling points as in the case
of Cr-Co. Furthermore, if the evaporation rate per unit surface area
of the component with the higher boiling point, and thus also the
higher evaporation enthalpy, is still significantly smaller, this com-
ponent will become enriched at the surface in the initial phase of
the spark generator’s operation until the evaporation rates corre-
spond to the composition of the electrodes.

Such considerations only give a rough picture. What we learn
from them is that the high plasma temperature, feasible only in
short sparks, is an important condition for spark mixing on an
atomic scale.

6.2. Experimental results on homogeneous spark mixing

Using a pair of different electrodes (Fig. 6.2(a)), the cathode is
always ablated most strongly, and switching the anode/cathode
materials changes the product composition. The voltage reversal
feature explained in Section 2 helps to obtain a more even distribu-
tion. Alternatively, voltage reversal can be avoided by introducing
a resistor of a few Ohms. It must also be considered that the abla-
tion/evaporation rate is material dependent. Fig. 6.3 shows, how
four different average compositions can be obtained by changing
the polarity and the circuit resistance [59]. Optimally, a fast
switching circuit similar to the one in Section 5 could be used to
obtain the desired composition.

Gold and platinum have a large mixing gap in the macroscopic
phase diagram. As for a number of other examples, it was shown
that spark mixing with the configuration of Fig. 6.2(a) does form
a mixed crystalline phase. This is revealed by the XRD spectrum
in Fig. 6.4, and the high resolution TEM micrograph in the insert.
The colored vertical lines indicate the peak positions for the pure
materials, and the broad peaks between them indicate the mixed
nanocrystalline phase. The red and blue curves correspond to
two different polarities, which slightly modify the mixing ratio.
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Fig. 6.3. Variation of the average composition of Al-Mg particles produced by the
configuration of Fig. 6.2(a), via polarity and damping (with resistance of 0 Q and
5Q) [59].

Traces of large round particles, consisting of a single component,
have also formed in this case, as seen in the insert, where a section
of the XRD spectrum is strongly amplified (black curve).

Mixing copper and tungsten is impossible in the macroscopic
case. In a sintered electrode configuration (Fig. 6.2(c)), Tabrizi
et al. [40] produced mixed Cu-W nanoparticles. Evidently, the
phases also separate in spark mixing, which is revealed by a series
of high-resolution EDS line scans through 6 nm particles in Fig. 6.5.
The resolution of the method is about 1 nm, and the compositions
strongly vary throughout the particles, showing some sharp slopes.
With the resolution in mind, these slopes can be interpreted as
sharp boundaries between a copper and a tungsten phase. The
scans are consistent with particles consisting of very small do-
mains of pure tungsten and copper, as illustrated in Fig. 6.6.
Regarding the resolution, characteristic domain dimensions are
probably smaller than 1 nm. The material can thus be considered
as composed of atomic clusters, a so-called cluster assembled
material [47]. Such materials have very different properties than
their crystalline counterparts.

The data in [40] can also be used to obtain some information
about the sintered rod mixing concept (Fig. 6.2(c)). This data shows
that the mean concentration ratio of Cu and W, determined by XPS,
coincides well with the surface composition of the electrodes (39%
Cu and 61% W). From a series of 10 randomly chosen primary
particle compositions one can calculate a standard deviation,
indicating that these values vary, very roughly, by +15%. Similar
variations are observed in various binary systems, mostly indepen-
dent of whether the electrodes are sintered rods, alloys or pure ele-
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Fig. 6.4. XRD patterns of Au-Pt nanoparticles revealing a mixed nanocrystalline phase. The insert shows a strongly magnified sharp peak due to traces of large particles. The

micrograph insert confirms the crystalline mixed phase [40].
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Fig. 6.5. Electron micrographs of Cu-W particles with EDS line scans [40].

ments [39,40]. Particles originating from splashing, well distin-
guishable through their size and typically consisting of one compo-
nent only, were excluded in this estimation. There is thus a
considerable variation in compositions using the sintered elec-
trodes. This may be improvable by using powders with submicron
particles instead of the size of several microns used: Since the
diameter of the discharge is also in this size range, as estimated
in Section 4, this explains a deviation of the composition from
spark to spark.

6.3. Spark nanomixing

In the concept illustrated in Fig. 6.2(d), two spark generated
aerosols are mixed very shortly after production. This can be
achieved by close proximity of the sparks and turbulent mixing
or by putting two spark generator units in series. Such a process
leads to co-coagulation of the two components, forming mixed
agglomerates, in which the components are mixed on a scale of
nanometers. The mixing ratio can conveniently be varied by tuning
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Fig. 6.6. Possible structure in a spark nanomixed Cu-W particle, where the red
domains refer to W and the blue ones to Cu or vice versa.
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Fig. 6.7. Hydrogen desorption from magnesium hydride with and without addition
of small amounts of Pd catalyst by the nanomixing concept of Fig. 6.2(d) [11].

the repetition frequencies. The primary particle diameters of the
components can individually be controlled. Magnesium based
materials for hydrogen storage have been prepared this way,
where magnesium forms a hydride and palladium serves as a
catalyst [48] with a mixing ratio of palladium and magnesium of
about 1:100. Fig. 6.7 shows the effect of “doping” with a catalyst
on hydrogen desorption vs. time, indicating that the material
properties regarding this effect have significantly been changed.
Mixing Ti into Mg by spark discharge has successfully led to a
considerable reduction of the enthalpy for hydride formation, mov-
ing this high H-weight percentage hydride closer to application
[43].

6.4. Chemical modification of spark produced particles

Being suspended in a gas, the nanoparticles produced can be
chemically modified by reacting with gases. Most metals and semi-
conductors oxidize very easily by mere addition of small amounts
of oxygen [11,49]. Aluminum particles have been spark produced
to form large agglomerates. By oxidizing after agglomeration, the
oxide layer leads to formation of solid bonds between the primary
particles and thus rigid agglomerates (aggregates) [50], which have
interesting properties for flow visualization. Alternatively, the par-
ticles can be collected on a substrate first (see below) to form a ri-
gid porous structure after oxidation, e.g. a matrix for a catalyst.
Fig. 6.8 shows deposited spark produced silicon nanoparticles at

~10 nm Si

Fig. 6.8. Deposits of Si nanoparticles on filters. The drawing above indicates the
stage of oxidation. (Reproduced from Vons et al. [19]).

different stages of oxidation [19]. The color is a convenient indica-
tor for the degree of oxidation.

6.5. Coating of nanoparticles

For passivation of reactive nanoparticles or to modify their
properties, particles must often be coated. In the most simple case,
a vapor condenses on the particles, while they are in the aerosol.
This concept only works if the coating material forms a vapor be-
fore the particles to be coated evaporate. A more sophisticated
method of coating based on atomic layer deposition (ALD) has been
introduced in 2004 [51]. It uses strongly agglomerated “flakes” of
nanoparticles in a fluidized bed reactor. The paper shows that
the nanoparticles within the agglomerates become individually
coated.

A principle of coating nanoparticles in the aerosol state has
been introduced by Boies et al. [52]. The aerosol is mixed with a
precursor vapor, which is decomposed by UV irradiation. The reac-
tion product forms a homogeneous coating on the particles. Ag
nanoparticles were coated with SiO, this way.

6.6. Structuring: production of porous materials from spark produced
particles

Porous structures form, when nanoparticles or their agglomer-
ates are deposited on surfaces. This can be achieved by filtering,
electrostatic precipitation or impaction. With impaction of
agglomerated or unagglomerated nanoparticles, porous nanopar-
ticulate layers can be made [53]. The method is suitable for small
amounts of material, and chemical sensors can be made this
way. As demonstrated earlier, this method works very well with
spark produced particles [54]. Fig. 6.9 shows “towers” of nanopar-
ticles that form in an impacting device at a pressure of about
1 mbar. The fibrous structure of these deposits, seen in Fig. 6.9, is
remarkable. It indicates that the particles have formed strong
bonds in the vertical direction only. This is due to the impact en-
ergy, which leads to melting at the contact points. Fig. 6.10 [55]
shows a micrograph confirming this, and a model illustration as
the insert. By annealing, the lateral contact points can also be sin-
tered, so that a 3-dimensional porous network is formed. For cov-
ering larger areas, other deposition methods are more suitable.
These concepts allow the combination of arbitrary materials. In
principle, a ceramic matrix could be formed, onto which active cat-
alyst particles are nanomixed in the manner described above.
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Fig. 6.9. SEM Micrographs of palladium nanoparticles deposited in towers [54].

Fig. 6.10. Impacted palladium nanoparticles: TEM micrograph and model (repro-
duce from Peineke [55]).

7. Conclusion

Production of nanoparticles that are in a size range, where the
properties strongly depend on size, are increasingly applied in
high-tech materials and devices. The spark discharge method
sticks out from other production principles, because it is environ-
mentally friendly, not requiring any solvents or chemical precur-
sors, and not producing any waste. Another important feature in
view of application is the achievable particle purity. Being similar
to laser ablation, much can be learned from this process to under-
stand spark ablation. The nature of the process is such that it al-
lows simultaneous evaporation of different materials, which co-
condense to form new phases that cannot be produced in any other
way. This nanomixing feature bears a myriad of possibilities con-
cerning new functional materials, with catalysis as the field that
will most obviously benefit. The reason that this has not happened
yet is, in our opinion, the absence of concepts for industrial produc-
tion rates. With the enhancement of the production rate of a single
electrode pair to 1 gh ™! and the possibility of numbering up, such
production rates should now be feasible. The energy requirement
should be around 3 kW/g, and can be reduced, e.g. by reducing
the spark gap.
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