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Abstract
Nanostructuring of functional materials is an essential part in the design of
energy related devices – but the industrial tools we have to make these ma-
terials are lacking. This dissertation explores the green, flexible, and scalable
spark discharge process for the fabrication of complex nanostructured ma-
terials, and the application of said materials in energy devices.
A novel spark generator concept with a 60-fold increased mass produc-

tion rate was developed, where spark energy and spark repetition rate have
been decoupled from gas and material properties. The application of spark
discharge materials in two types of energy storage and conversion devices
was studied: amorphous-Si photovoltaic cells, MgH2-based hydrogen stor-age. The possibility of using spark discharge to functionalize nanoparticles
with metal coatings was investigated using two spark generators in series.
The new spark generator provides true scaling: it produces materials

identical to that of the old designs, and the mass production rate – about
a gram per day – scales linearly with the spark repetition rate. Arrays of
∼100nm high-purity silver nanospheres were deposited as scattering agents
in solar cells, improving their external quantum efficiency by 30%. A
method for synthesizing MgH2 nanoparticles was developed, which showpromising hydrogen storage properties. Nanocomposites of Mg with NbOx
catalyst nanoparticles were synthesized using two sparks in series, increasing
the H2 desorption rate of MgH2. Using a hollow electrode spark, 40 nm goldnanoparticles were coated with silver, and vice versa.
The possibility to make useful quantities of high-quality nanomaterials

– e.g.high-purity metals or light metal hydrides – from nearly any element
makes spark discharge a powerful tool in materials design. The new spark
generator provides sufficient quantities to make it economical to develop an
industrial nanoparticle facility using multiple sparks in parallel.
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Chapter 1

Introduction

Nanostructuring enables us to engineer novel functional materialsthat can help us supply our energy demands from renewable sources.
The global energy demand is however huge, and novel solutions must not
only provide materials of high quality, but also in large quantity.
Spark discharge allows the synthesis of novel phases and composites, using

nothing but two metal rods and electrical power. The aerosol method uses no
solvents, surfactants, or precursors; all sources of contaminants and pollution.
The particles form by a coagulation process, allowing the production of

spherical particles from 1 to 100nm, and agglomerated structures thereof.
At every stage of the growth the particles can be manipulated, mixed and
modified while suspended in a gas. This makes it possible to produce com-
posite materials where the distribution of the constituents can be controlled
down to atomic length scales.
This chapter describes recent work on spark discharge, and provides a con-

text for an attempt to develop newmaterials, and to scale up their production.
Parts of this chapter are based on T. V. Pfeiffer, J. Feng, and A. Schmidt-Ott “New de-

velopments in spark production of nanoparticles” Advanced Powder Technology (2014), 25,
56-70.
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2 Chapter 1. Introduction

1.1 Energy needs

The global annual energy use in 2010 was 5.5× 1020 J, and is expected to
grow to 8.7× 1020 J by 2040 [1]. This is equivalent to a mean power use of
2.7× 1013W. The sources we can turn to are the sun, the tides, the internal
heat of the earth, and nuclear power, of which the sun is by far the most boun-
tiful. 1.2× 1017W of sunlight penetrates the upper atmosphere [2], most of
which is used to keep us warm1. Hence, an overall conversion efficiency of
0.02% will suffice to sustainably feed our energy need for decades to come.
Sequestered sunlight, commonly referred to as fossil fuel, currently makes

up ∼80% of our energy use [1]. And while new reserves are regularly dis-
covered, fossil fuels are depleted faster than they form, making them a finite
resource. To complicate matters, their use leads to the production of carbon
dioxide, which is intricately linked with the globe’s energy balance, often
together with other harmful compounds and particulates. Replacing a signi-
ficant part of these finite fuels with renewable sources should be the primary
target in securing energy security.
The challenge lies in the broad range of energy uses. The fuel can be

solid (coal, cokes), liquid (oil), or gaseous (natural gas), and varies in com-
position from source to source. The chemical energy stored within these fuels
is directly converted into heat or kinetic energy, which in turn can be used
to generate electricity. The reactors used to execute this conversion range in
scale from 10−6 to 103m3, and comprise countless technologies. Clearly, no
one-size-fits-all solution for a switch to renewables can exist. For now, we
shall limit ourselves to one example energy use: the transportation of people.

1.2 Energy use: Transportation

Of the six primary modes of transport (foot, bicycle, automobile, tram/train,
boat, airplane), the automobile warrants special attention. Not only is the
energy efficiency poor (∼ 1

10 -th of a bicycle), their ground level emissionspresent a direct health hazard to those using more efficient modes of trans-
port, especially in urban areas. For this reason, replacing fossil fuels with
sustainable ’biofuels’, e.g. ethanol, vegetable oil, is a non-ideal solution.
Electric vehicles have two big advantages over the modern automobile.

In addition to allowing the use of zero emission2 energy sources, an elec-
1Or cold, in a windy country.
2At point of use.



1.2. Energy use: Transportation 3

tric motor has a much higher efficiency than an internal combustion en-
gine (ICE). Modern electric vehicles have an overall energy consumption of
3.7± 0.7× 105 J km−1, five times less than a comparable diesel ICE vehicle
(1.77× 106 J km−1) [3]. By the end of 2013, Dutch roads counted 3× 104
electric vehicles, up from 1.6× 103 in 2011 [4]. The Dutch government has
set a target to reach 1 million electric vehicles by 2025 [4]. To put this in per-
spective: 10 million motorized vehicles were registered in the Netherlands in
2013 [5].
In order to maintain a comparable action radius to ICE vehicles, our elec-

tric vehicle must carry∼2× 108 J of electrical energy in its fully loaded ‘tank’.
Li-ion based rechargeable batteries are the current state of the art. On a cell
level, they can reach specific energy densities3 of 7.2× 105 J kg−1, result-
ing in a final battery weight of >290 kg. Other battery technologies with
higher energy densities are being developed, such as lithium-sulfur (up to
2.3× 106 J kg−1 [6]) or lithium-air (∼3.6× 106 J kg−1 [7]). However, they
still face significant challenges, and are far from commercialization.
An alternative solution, which has seen significant interest over the last

decades, is the direct conversion of fuel to electricity in a so called fuel cell.
This becomes worthwhile if the energy density of the fuel is large enough to
compensate for the conversion loss in the fuel cell. As we’re keen to have
no harmful emissions, we will limit our fuel options to hydrogen, which has
water as its only combustion product. The advantage of hydrogen is its very
high gravimetric energy density of 1.2× 108 J kg−1. The disadvantage that
it is a gas with a low boiling point, resulting in awkward handling and a low
volumetric energy density. In order to fit in a typical car, the hydrogen is
pressurized to 700bar and/or cooled to cryogenic temperatures [8].
A better solution is to chemically or physically bind the hydrogen into a

support matrix. Light metal/metal hydride systems are considered for use as
hydrogen storage materials for a number of reasons: 1) high volumetric en-
ergy density, 2) acceptable mass energy density, and 3) safe storage [9]. Slow
reaction rates, high temperature requirements, and problems with reversibil-
ity currently prohibit the use of these hydrogen storage systems in automotive
applications. MgH2 has gained significant attention, on account of the abund-
ance of Mg, the high hydrogen content of 7.66% m/m, i.e. 9× 106 J kg−1,
and the relative simplicity of the hydrogen sorption reaction. The problem
with MgH2 is that the material is too stable, resulting in low equilibriumpressures, and is slow to react due to poor hydrogen splitting performance.

3For sake of argument we’re ignoring specific power (Wkg−1), which is equally important.



4 Chapter 1. Introduction

1.3 Nanostructured functional materials

A functional material is a material in which specific properties or functions
have been deliberately designed or engineered. The properties and functions
can be chemical, mechanical, magnetic, optical and electrical in nature, and
are typically added in the form of chemical groups or nanoparticles of specific
composition and shape, either on the surface or within the bulk of the ma-
terial. As an example, we can add the missing hydrogen-splitting function to
MgH2 by the addition of a suitable catalyst such as Pd [10]. Other examples offunctional materials are anti-microbial polymers containing nanosilver [11],
polymers made conductive by halogen doping [12] or by incorporating con-
ductive carbon particles [13], but also a semiconductor with dopant-tunable
band gap can be considered a functional material.
Generalizable methods of producing functional materials allow greater

freedom in designing an actual device, as the range of properties of its con-
stituent materials becomes limited only by the imagination of the material
scientist. Functions are preferably added on a scale only slightly larger than
the size of individual atoms and molecules, i.e.∼1 nanometer, to ensure a
homogeneous distribution, and to avoid the use of excess material.
In energy storage applications the main advantage of such nanostructured

materials often is the strongly enhanced specific interface area. Large surface
areas combined with short transport path lengths allow slow solid-state diffu-
sion to be bypassed, allowing batteries to be operated at higher currents and
higher power densities [14]. Hydrogen storage in metals, such as Mg, is accel-
erated by the reduced diffusion distances, especially when catalyst materials
are included in the nanostructure [10]. Otherwise impossible solid-solid reac-
tions become feasible, such as the hydrogenation of NaH+Al to form NaAlH4,
where the addition of TiCl3 leads to the formation of grain-refining nano-
crystallites that keep the reactant domain sizes small [15]. Nanostructured
semiconducting transition metal oxides form the basis for dye-sensitized solar
cells [16]. Plasmonic metal nanoparticles incorporated in back reflectors of
Si-based solar cells can trap light in solar cells, improving solar cell efficiency
[17].
Nanostructured materials can be obtained through one of two approaches:

top-down or bottom-up. In the first approach the nanostructured material is
formed by reducing the size of a bulk material, e.g. by grinding down a solid.
High-energy ball mills are used to induce nanocrystallinity in bulk powders.
For larger scales rolling mills are attractive despite a lower milling intensity,
as demonstrated by Lang and Huot [18] using 300 Mesh MgH2. The ball-mill-
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induced grain boundaries allow fast diffusion of hydrogen atoms through
the ‘bulk’ of MgH2 microparticles, drastically increasing hydrogen ab- anddesorption rates [19].
In the second approach, the nanostructured material is built up from the

constituent atoms and molecules, e.g. by condensation or precipitation. This
can be done in either the gas or the liquid phase.
Liquid phase methods provide highly monodisperse nanocrystals –ideal

for use as quantum dots– through well-controlled nucleation-and-growth pro-
cesses. Precursors, solvents and surfactants are however required, resulting
in troublesome particle purification and large waste streams.
Waste streams can be greatly reduced when gas phase synthesis methods

are used. Aerosol processes tend to be continuous, and conveniently allow
in-line particle modification and size selection [20, 21]. Particles form either
through decomposition or condensation of a gaseous substance, or through
precipitation or reaction in aerosolized droplets. Liquid or soluble feedstocks
are brought into the gas phase by spraying the liquid under pressure or under
an electric field. Solid feedstocks are evaporated using e.g. heat, plasma or
lasers.

1.4 It starts with a spark

A spark forms when a medium, typically a gas, is subjected to an electric field
stronger than its dielectric field strength, and starts to ionize. If sufficient
ionization occurs the medium becomes conductive and the formed plasma
presents a short circuit, rapidly drawing energy from the external circuit. A
plasma sustained by a continuous current supply, either AC or DC, is called
an arc. When the current supplied is finite, e.g. a discharging capacitor or
inductor, the plasma starts to decay as the ionization rate drops with decreas-
ing current, and the lifetime of the channel is short. This last type of gas
discharge is called a spark. Familiar examples of sparks are those formed by
a spark plug in a combustion engine, and those formed between two people
attempting to shake hands in a dry, carpeted office. When a highly charged
cloud passes too close to a grounded object, such as a tree or a building, it
will dissipate its charge through the air, forming a spark kilometers in length,
better known as lightning.
Early radio transmitters used spark gaps to send broadband radio waves,

with a circuit essentially identical to that used by Schwyn, Garwin, and Schmidt-
Ott to make nanoparticles (Figure 1.1). A spark led Hertz to his discovery of
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ultra-violet light [23]. Xenon flashtubes find application in photography, for
their bright white light, and in laboratories, for their ultra-violet emissions.
In high-voltage circuits a spark gap functions as a switch: in the ‘off’ state
an insulating gas or vacuum prevents current from flowing, while in the ‘on’
state the spark plasma functions as a short circuit. The advantage of spark
gap switches is the fast ignition of the plasma, which quickly develops a high
current density of 108 Am−2 [24], even at blocking voltages of 102 kV. A sig-
nificant body of research exists on spark discharges, mainly driven by needs
from the field of electric power engineering [25, 26].

−

+
𝑖𝑐 𝐶

𝐿𝑅𝑠

Gap

Figure 1.1 Classic spark circuit.

From a circuit point of view, the spark is a conductive channel between
two otherwise insulated electrodes. The formation of this conductive chan-
nel can be explained through streamer theory [27]. Consecutive electron
avalanches traveling from cathode to anode result in an increase in positive
space charge around the anode (Figure 1.2). This space charge then attracts
photoelectrons generated in its vicinity, and the space charge forms a self-
propagating streamer traveling towards the cathode. Unlike the individual
avalanches, this streamer is sufficiently conductive to form the conductive
channel required for spark discharge. Space charge reduces the overall elec-
tric field, but enhances the field strength at the leader tip, allowing sparks to
traverse long distances [25].
The current flowing through the gap heats up the gas through Joule heat-

ing. If the temperature in the gap reaches 7000 to 10 000K thermal ionization
becomes significant, and the resistivity of the channel rapidly drops down to
<1Ω for small gaps [28]. The core temperature rises until it reaches a plat-
eau temperature of 2× 104 to 6× 104 K, at which the point the plasma starts
to expand in order to accommodate the increasing space charge [29]. This
expansion causes the characteristic audible shockwave to which sparks owe
their name.
Once the spark has formed, the energy in the storage capacitor is trans-

ferred into the spark gap through ionization processes and Joule heating. Part
of the energy in the spark is dissipated in the form of light, both spectral lines
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Figure 1.2 Schematic overview of processes in a developing spark, after [25].

of the used gas, and broad spectrum thermal radiation. Heat is transported
away from the spark by conduction and convection. As the discharge starts
cooling down due to these effects, it can die out before current drops to zero.
This makes it possible to quench a spark or arc with a gas stream directed at
the gap.

1.5 Nanoparticle production by spark discharge

Compared to other plasma based physical methods of producing nanoparticles,
the distinguishing feature of the spark discharge is a repetition of short high
energy, high frequency pulses called sparks. We can consider each individual
spark event as a microscopic batch reactor, which can be tuned to achieve
desired particle properties. Rapid local heating followed by rapid quenching
results in small (<10nm) primary particles of high purity, free of solvents
and surfactants. The spark repetition rate of spark generators is typically
limited to ∼300Hz, above which the spark becomes unstable. Chapter 2 of
this thesis provides a solution that allows the repetition rate to be increased
by two orders of magnitude. The duration of a spark event, 𝑡spark, is typic-
ally <10µs, and can be described as an underdamped RLC discharge with
a resonant frequency on the order of a MHz [30]. Plasma temperatures in
the spark reach up to 2× 104 to 8× 104 K [29, 31], and we can estimate the
heating rate to be >107 K s−1. Establishing the cooling rate is less trivial, and
estimates ranging from −103 to −107 K s−1 have been published [32, 33].
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Figure 1.3 Particle formation mechanisms in spark discharge (Figure repro-
duced from [34]).

Particle formation in spark discharge can be described as a nucleation
and condensation process that forms primary particles, followed by coagula-
tion and coalescence to form aggregates and agglomerates (Figure 1.3. The
minimum particle size achievable with spark discharge is a single atom [35].
Atomic clusters synthesized by spark discharge show preferential sizes consist-
ent with observations on ‘magic’ clusters known from vacuum experiments
[36]. The preferential sizes appear to be material dependent (Figure 1.4).
These clusters, which are stipulated to behave as a kind of superatom [37],
are available at atmospheric conditions and can be further processed, poten-
tially making a new class of materials available.
The aerosol produced by the spark discharge has a high particle concen-

tration, and the particles tend to agglomerate unless sufficiently diluted. Un-
der clean conditions, metallic agglomerates sinter if their size is sufficiently
small. In the case of gold, a critical particle size of 5 nm can be identified
below which all particles are spherical [38]. This effect is used in chapter 7
of this thesis, where particles are coated with liquid-like atomic clusters of a
second material. While the maximum primary particle size for different ma-
terials typically lies around 20nm, spherical particles several hundred nano-
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Figure 1.4 Metal clusters from a spark generator, unpublished work.

meter in size can be synthesized by allowing the particles to agglomerate, and
subsequently reshaping them by sintering [39]. Using two parallel spark gen-
erator/sintering oven combinations, Kala et al. produced gold nanoparticles
paired with germanium particles [40]. Sintering of spark discharge agglom-
erates is used in chapter 4 of this thesis in order to deposit silver nanospheres
in solar cells.
The high temperatures, far exceeding the boiling point of any solid, make

it possible to evaporate any conducting material. So far, over 20 elements
have been used in spark discharge, including carbon [22], silicon [41], gal-
lium [36], tungsten [42] and various other metals [42–45]. One powerful
application of the spark is in the synthesis of mixed metallic particles (Fig-
ure 1.5), using either alloys [43, 45, 46] or sintered mixed powders [47, 48]
as electrodes, or simply by placing two electrodes of different composition
opposite each other [43, 49]. With the latter two methods it is possible to
fabricate internally mixed nanoparticles from otherwise immiscible metals,
with domain sizes on the order of 1 nm [48].
Non-metallic compounds such as oxides and hydrides can be formed by

mixing small quantities of a non-inert gas in with the quench gas. Oxides are
formed by adding a few percent of O2 to the carrier gas [44], or using the
impurities present in commercial inert gases [10]. To produce essentially un-
oxidized Mg nanoparticles, special attention to system and gas purity must
be taken [30]. By sparking Mg in 5% H2 in Ar, Vons [30] demonstrated that
it is possible to produce MgH2 nanoparticles in the spark. A more detailedstudy on the formation of MgH2 is presented in chapter 5 of this thesis.
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Compacted electrodes

(b)

Different electrodes

(c)

Alloys

(a)

Figure 1.5 Three approaches to atomic mixing in spark discharge (Figure re-
produced from [34]).

1.6 Scope of this thesis

The objective of this thesis is to develop the spark discharge method towards
the fabrication of well-defined nanostructured materials, with special atten-
tion to use in energy storage and conversion applications.
The first part of this thesis, chapters 2 and 3, describes a novel method

of increasing the production rate of a single electrode pair by two orders of
magnitude; at low cost, and without changing the product properties. At the
same time, the spark-to-spark variation in discharge energy is reduced, and
linear scaling of production rate vs. input power is achieved.
The second part of this thesis concerns the use of spark discharge materials

in energy storage and conversion applications. In chapter 4, size-selected sil-
ver nanospheres of 100 nm diameter are incorporated into a thin-film photo-
voltaic cell. The high-purity particles produced by the spark improve their
performance as surface plasmon scattering enhancers within the solar cell.
In chapter 5, the synthesis of magnesium-based metal hydrides in the spark
is studied. The hydrides are evaluated for their potential use in hydrogen
storage. In the last two chapters, the possibility of functionalizing particles
using spark discharge is explored. Both agglomerates and spherical particles
are coated with nanoclusters, providing various nanostructured morpholo-
gies. The addition of a Nb catalyst to help the hydrogenation reaction of
magnesium is investigated in chapter 6. Finally, in chapter 7, the formation
of smooth coatings of gold and silver on nanoparticles is described.



Chapter 2

Design of a 25 kHz Spark Generator

The production rate of a single spark gap was increased throughbetter control of the discharge voltage, and by increasing the spark re-
petition rate. An improved spark generator concept based on high voltage
switches (IGBTs) is presented. The switches allow the spark capacitor to be
charged independently of the gas breakdown voltage, resulting in improved
control over the spark repetition rate and the spark energy.
The prototype has an upper frequencly limit of 25 kHz, and runs reliably at

a power output of 300W with an electric efficiency of 84%. Spark formation
is assisted by means of a continuous, low intensity DC current that provides
additional space charge by two mechanisms. In the case of small gap spacings
in helium the space charge is injected by a glow discharge. At larger gap
spacings, and in argon, low energy microdischarges occur.
This chapter is based on: T. V. Pfeiffer, J. Feng and A. Schmidt-Ott, Advanced Powder

Technology 25 2014, 56-70.

11
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2.1 Introduction

The energy cost of nanoparticle production processes tends to be signific-
ant. Plasma based ablation processes operated at atmospheric pressure typ-
ically require 103 to 106 eV per atom, or 106 to 109 Jmol−1 [50]. Pai ar-
gues that the electron temperature 𝑇e strongly influences the energy cost. At
high 𝑇e, electron energy is mainly dissipated in the plasma through excitation
and ionization processes – both beneficial for electrode ablation – rather than
momentum transfer. In order to obtain energy costs of ≤107 Jmol−1 a 𝑇e
>2.5× 104 K is required.
A metal hydride based fuel tank for a hydrogen car will require approxim-

ately 40 kg of active material. A hypothetical pilot plant with a production
rate of 2 to 5 kg h−1 is then required to produce enough hydrogen storage
material for 500 hydrogen storage systems per annum.1 Energy efficiency
becomes a concern: current spark generators require 107 to 108 J per gram
Mg [30, 42], or 10MW to power our pilot plant. Regardless of the energy
efficiency, pushing more power into the system means more product. While
scaling up is possible by simply running multiple devices in parallel, the eco-
nomy of scale is poor due to the low output of the spark gap.

2.1.1 Spark discharge generators

An increase in the production rate of a single electrode pair can be achieved
in two ways: increasing the ablation efficiency Δ𝑚/Δ𝐸, and increasing the
total power input. Especially in the latter there is ample room for improve-
ment, as the energy cost for producing nanoparticles by spark discharge is
already on the order of 107 Jmol−1 [42]. Spark generators in use today
have a limited repetition rate of ≈300Hz.2. Mäkelä, Aalto, Gorbunov, et
al. [52] use a slightly different geometry with sharp electrodes, running at
200Hz. Byeon, Park, and Hwang [49] claim to operate a spark at a calculated
frequency of 667Hz using a 10nF capacitance, but their system is overspe-
cified. Based on their data, a frequency of 66.7Hz or a capacitance of 1.0 nF
seems more likely. Berkowitz and Walter [53] operate a spark submerged
in a dielectric liquid with a frequency of 10 to 40 kHz. While this is a fun-
damentally different system, producing mostly particles in the µm range, it

1The current annual production of consumer vehicles is 5× 107
2Liu, Kim, Wang, et al. [51] mention using the PALAS GFG 1000 at a frequency of 1000Hz,

but this seems to be an error; the GFG 1000 has a maximum operating frequency of 300Hz,
obtained by setting the control knob to setting 999h
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is noteworthy to mention an energy cost of ∼4× 106 Jmol−1 for <20µm
particles, comparable to the efficiency of ambient pressure gas phase meth-
ods producing much smaller particles.
The duration of a typical spark event is approximately 10 µs from onset

of current flow until current collapse. This sets the theoretical upper limit of
the repetition rate at ∼100 kHz at a 100% duty cycle. Considering that the
spark needs to be quenched, and the energy supply needs to be recharged,
lower duty cycles will be required in practice. A repetition rate of ∼50 kHz
is an ambitious step forward.

2.1.2 Design concept

The distinguishing feature of a spark discharge is the high energy, oscillat-
ing current pulse that is responsible for electrode ablation. The high cur-
rent pulse is directly responsible for the high temperatures of 104 K in the
spark [29], making it possible to effectively ablate material from high melt-
ing point materials. Because the anode evaporates more rapidly than the
cathode, the oscillating nature results in material from both electrodes being
evaporated, allowing the synthesis of nanoparticles of non-alloying materi-
als [32, 48]. When reactive gases are used in spark discharge, each spark
can be considered a small reactor. This makes scaling up in the time domain
without modifying plasma conditions very attractive.
This chapter describes an approach for scaling up of the classic spark dis-

charge circuit, where maintaining the pulsed, oscillatory nature of the spark
discharge is the primary design constraint. The increased scale is achieved
by increasing the repetition rate. As a reference, we consider the spark gen-
erators and operating conditions as used by Tabrizi and Vons (Table 2.1). A
better control of the spark energy is required, especially when going to higher
repetition rates. The above goals can be achieved by decoupling the charge
and discharge cycles using a number of switches. By increasing the repeti-
tion rate by two orders of magnitude, the power input increases from tens
of W to the kW range. The gas flow rate through the reactor is increased to
ensure adequate cooling and quenching at the higher power input, keeping
a constant dilution over output power range. A continuous, low intensity
‘glow’ current increases the space charge density between subsequent sparks,
providing sufficient initial free electrons to ensure a reliable spark ignition.
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Table 2.1 Reference conditions for spark discharge as used in this
chapter, from [10, 30, 41–43, 48, 54, 55].
Parameter Typical values Reference value
Discharge voltage, 𝑈d 0.5 to 7 kV 3kV
Charging current, 𝐼 0 to 30mA 15.0mA
Input power, 𝑃 0 to 30W
Repetition rate, 𝑓rep 0 to 300Hz

Electrode spacing, 𝑑gap 0.5 to 2.5mm 2.0mm
Flow rate 0.5 to 10 Lmin−1 1 Lmin−1
Electrode diameter 3 to 6.35mm 6mm

Capacitance, 𝐶 2.2 to 126nF 20nF
Inductance𝑎, 𝐿 1 to 2 µH 1.2 µH
Gap resistance𝑎, 𝑅gap 1.3 to 20Ω 1.5Ω
Resonant frequency, 𝑓spark 1 to 2.7MHz 1.5MHz
𝑎 Fitted using an 𝑅𝐿𝐶 model.

2.2 Theory

2.2.1 Gas discharges and breakdown

The fundamentals of gas discharges have been thoroughly studied for over
a century, and many textbooks on atmospheric discharges are available [25,
56]. In our context, a gas discharge is the transition from gas phase to plasma
under the influence of an electric field. Three things are required to form a
discharge: an initial ion or free electron has to be available to start an electron
avalanche; the electric field has to be strong enough to gain a sufficient yield
from electron avalanches; and there must be sufficient time for the avalanche,
streamer, or leader to travel to the opposing electrode.
Consider a free electron in a gas that is subjected to an electric field. If the

electric field is sufficiently large the electron gains enough energy to ionize
a gas atom or molecule , freeing up an additional electron (Equation 2.1).

e− + A − → A+ + e− + e− (2.1)
Both electrons gain energy in the electric field, which allows them to ion-
ize more molecules and free up more electrons, causing a so-called electron



2.2. Theory 15

avalanche. Each discharge also produces photons, some energetic enough
to ionize gas molecules. Next to the ionization events, there are processes
leading to loss of charged species. Electrons and ions can recombine, drift
out of the electric field, or reach the anode or cathode with a finite chance
of releasing a new electron or ion. Electrons can attach to molecules, most
notably O2, N2 and H2O, to form negative ions, rather than participating in
the electron avalanche.
Several mechanisms can provide the initial electron. The primary source

of electrons are the metal electrodes, which have work functions of several
eV. Hot surfaces emit electrons by thermionic emission, and if the hot surface
is a cathode the electrons are drawn away from the surface. In field emission,
electric fields on the order of 1× 108 Vm−1 can directly extract electrons
from metal surfaces. In room temperature spark generators, as discussed
here, the above effects are negligible. Ultra-violet light can free electrons
from gas species or metal surfaces through photo-ionization [23]. Radiation
with higher energies, aptly termed ionizing radiation, can also provide the
initial electron. For practical purposes, only UV and ionizing radiation in the
form of cosmic rays are relevant for our ambient electric discharges.
In the case of a strongly non-uniform field, for example a needle perpen-

dicular to a plane, a steady state can occur where a plasma forms at the high
intensity field, the needle tip, but the ionization rate further away is insuf-
ficient to sustain the plasma. This results in a localized glow around the
needle tip, called a corona discharge. If the ionization rate exceeds the loss
rate throughout the gap, a conductive channel will grow between anode and
cathode. Gas breakdown occurs when the conductive channel of the gas dis-
charge spans the gap between cathode and anode, and the resistance of said
channel drops below that of the external circuit, forming a short circuit [25].
Breakdown is characterized by a descending current-voltage characteristic:
as the current through the channel increases, the voltage needed to sustain
the channel drops. This can occur when Joule heating becomes significant
enough to allow thermal emission of electrons. The temperature in the spark
rises with increasing current, in the case of hydrogen reaching a plateau of
∼6× 104 K, after which increased spark energy results in isothermal growth
of the plasma volume [29].
The breakdown strength of a dielectric gas is material and pressure de-

pendent, and for non-rarefied gases can be expressed in units Vm [57]. It
represents the electric field required to cause breakdown in a quantity of
gas. For non-ideal geometries with non-homogeneous fields, it is more con-
venient to work in terms of breakdown voltage 𝑈b, the voltage required to
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Table 2.2 Properties of selected dielectric gases. DC uniform field breakdown
strengths ((𝑬/𝑁)lim) for selected gases, adapted from [57], compared to a fit
of data from [42] for a spark generator with 0.25 to 2.0mm gaps at 1 bar and
2bar. Dielectric strength calculated from 𝑬/𝑁 for 298K and 1.013 bar.
gas (𝑬/𝑁)lim (𝑬/𝑁)spark (𝑬0

b )lim 𝑬0
b, spark 𝜈e𝑛/𝑝

10−21 Vm2 10−21 Vm2 106 Vm−1 106 Vm−1 107 Pa−1 s−1

N2 130 142 3.20 3.95 3.0
Ar 25.3 46.7 0.62 1.04 3.8
H2 65.0 — 1.60 — 3.8
He — 9.56 — 0.36 0.8
Ne 2.17 — 0.053 — 1.5

cause breakdown in a given system, or for a system with variable electrodes,
dielectric strength 𝑬b. Table 2.2 lists breakdown and dielectric strengths for
a number of gases relevant for spark discharge.
The electrical conductivity 𝜎 of a plasma is determined by the electron

concentration 𝑛e and the mobility of the electrons. Fridman [24] gives the
following expression for the (electron) conductivity in absence of strong mag-
netic fields.

𝜎 = 𝑛e𝑒2

𝑚e𝜈e𝑛
. (2.2)

The electron mobility is expressed in terms of the frequency of electron-
neutral collisions 𝜈e𝑛. In the case of argon 𝜈e𝑛/𝑝 = 3.8× 107 Pa−1 s−1, and
at atmospheric pressure the equation reduces to

𝜎Ar = 𝑛e ⋅ 7.3× 10−21Ω−1m (2.3)

At high electron concentrations, the resistance of the small gaps used in spark
discharge nanoparticle generators can drop well below 1Ω.
The time required to form a spark after the occurence of an initial ioniza-

tion event, the formative time lag 𝜏 f, can depend critically on the gas compos-
ition and the overvoltage over the spark gap, with higher gap voltages giving
faster spark formation [58, 59]. For >99.99% argon at 0.96 bar and a 3mm
gap, Kachickas and Fisher report a 𝜏 f of 70 µs for 10% overvoltage, 5 µs for
30% overvoltage, and <1µs for overvoltages exceeding 50%. In contrast, 𝜏 f
in nitrogen and air drops down to 1 µs for an overvoltage around 2%.
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2.2.2 Spark generators

The circuit used in current spark generators is given in Figure 2.1a, where 𝐿 is
the intrinsic inductance of the leads connecting to the electrodes. The capacit-
ance 𝐶 is charged by a constant current power supply. Once the voltage over
the capacitor 𝑈C reaches the breakdown voltage 𝑈b of the gas, a spark can
form. The spark is a conductive channel, and the now shorted capacitance
discharges its stored energy

𝐸𝐶 = 1
2𝐶𝑉 2 (2.4)

into the spark gap. Taking the combined resistance of electrodes, wires and
plasma as 𝑅, one can model the spark discharge as an RLC discharge with a
resonance frequency on the order of MHz (Figure 2.1b) [41]. To achieve high
currents, 𝑅 and 𝐿 are preferably kept as small as possible. Once the energy
stored in the capacitance is dissipated, the process is repeated (Figure 2.2a),
RLC discharge not shown).

−

+
𝑖𝑐 𝐶

𝐿
𝑅spark

𝑅𝑤

(a) (b)
Figure 2.1 The spark as an RLC circuit. (a) Spark generator circuit. (b) Cur-
rent and voltage traces of a spark discharge [30]

Due to the stochastic nature of spark formation and the method of capa-
citor charging, the discharge voltage 𝑈d, defined as the voltage on the capa-
citance when the spark starts, can vary significantly between sparks. Because
the energy stored in the capacitance scales with 𝑈C

2, this has a strong impact
on particle production. 𝑈b effectively determines the capacitor energy, and
the use of low breakdown gases such as He, Ne, and Ar (Table 2.2) is there-
fore limited to low energy discharges. This effect becomes more drastic when
subsequent sparks start influencing each other. When 𝑈C starts to rise faster
than the gas can recover after a spark, premature breakdown at low energy
can occur (Figure 2.2b). The gas composition can also influence the recov-
ery time of the gas. Removing O2 and H2O impurities lowers the discharge
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Figure 2.2 Schematic representation of 𝑈C vs. time. (a) without and (b) with
cross-talk between sparks.
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Figure 2.3 Spark circuit with decoupled charging cycles.

voltage of argon significantly when magnesium electrodes are used, which
can be attributed to enhanced photoemission [30: p. 67].

In an ideal spark generator each spark is equipotent. A straightforward
method of ensuring constant spark energy is shown in Figure 2.3. Two switches
are used to decouple charging and discharging of capacitor𝐶. The cycle starts
by closing switch 𝑆2 until the desired 𝑈C is reached (Figure 2.3a). Because
𝑆1 is open there is no potential difference over the spark gap, and 𝑈C is inde-
pendent of the breakdown voltage of the gap. Once 𝑆1 closes the potential
difference over the spark gap is 𝑈C, and if 𝑈C > 𝑈b a spark can form (Fig-
ure 2.3b). When the discharge is completed 𝑆1 opens and the cycle can be
started again.
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2.3 Experimental

2.3.1 New power supply

Fast high voltage switches

Several options that allow rapid switching of high power and high voltage
exist, all built around the concept of a thyristor. A thyristor consists of a
four layer n-p-n-p or p-n-p-n structure that allows much higher voltages than
transistors can tolerate. The equivalent circuit of a thyristor is a self-latching
combination of a p-n-p and a n-p-n transistor. The thyristor is turned ‘on’
by applying a sufficient voltage at the gate of either of the built-in transist-
ors. Once on, an internal positive feedback loop keeps the thyristor in a
forward conducting state. Conduction stops once the forward current drops
sufficiently, and the freed charge carriers recombine.
Because the thyristor cannot be switched ‘off’ and recovery is slow, it has

been mostly superseded by power MOSFETs and IGBTs. Power MOSFETs and
IGBTs both use a similar planar topography to allow high currents and high
voltages, and feature an isolated gate that switches the device on and off
(Figure 2.4). Both devices have wide safe operating areas and are protected
against latch-up.
The IGBT is a minority carrier device and has a p- injector layer that

lowers the forward conducting voltage, while the MOSFET is a majority car-
rier device. An IGBT does not conduct in the reverse direction, but most
packages can be supplied with an internal anti-parallel fast recovery diode
to allow current to flow in the reverse direction. Typically, IGBTs withstand
higher voltages and currents with low conduction losses, at the expense of
slower switching and higher switching losses. Because high voltage and high
current are required in the spark, the IGBT is preferred. At
the low cost of €14, IXGR 16N170AH1 is a 1.7 kV, 16A fast switching IGBT
comprising an internal anti-parallel ‘freewheeling’ diode, [60]. With turn-on
times on the order of 40 to 60 ns, turn-off times on the order of 100 to 400ns,
this is sufficient for the intended spark duration of <10µs and target repeti-
tion rate of 25 to 50 kHz. To allow for the high peak currents of ∼200A, we
use four IGBT in parallel in the current path of the spark discharge.

Spark generator topology

The circuit described in Figure 2.3 requires the use of a high side switch,
with logic at high voltage level. Because of the poor availability of suitable
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Figure 2.4 Internal structure of generic Power MOSFET and IGBT.

switches, we use three regular high voltage switches in the topology shown
in Figure 2.5a. In this configuration, the capacitor 𝐶 is charged by closing
switches 𝑆2 and 𝑆3 (Figure 2.5b). Once 𝐶 is fully charged 𝑆2 and 𝑆3 open,
and the capacitor is left floating (Figure 2.5c). When we now close 𝑆1, the
left-hand side of the capacitor is forced to 0V, and the right-hand side of the
capacitor is pushed down to negative polarity. The top electrode follows, and
the potential difference of the capacitor is placed over the spark gap. When
this potential difference exceeds the breakdown voltage of the gap, a spark
forms. Once the conductive channel is formed, the typical RLC discharge of
𝐶 will take place (Figure 2.5d). Note that there is still only one switch in the
high current spark loop.
To facilitate the formation of the discharge, the right electrode can be

pulled up to high voltage. This has two effects: a stronger field is formed in
the gap, and a small sustained current can prevent the discharge from dying
out completely. For convenience we call this current a glow current, even if
the discharge is too weak to give a visible glow. By sustaining a discharge
a lower supply voltage is needed to form a spark, and less energy is lost
in forming the spark channel. Of course the glow current should be small
enough that it does not play a role in electrode ablation.
The final topology is shown in Figure 2.6, and functions analogously to the

three-switch circuit. The main capacitor 𝐶1 is charged by closing switches
𝑆2 and 𝑆3 in a boost converter configuration. 𝐶1 consists of an array of
96 × 0.47 nF NP0 capacitors in parallel. When charged to 1500V, this 45 nF
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Figure 2.5 Spark topology using three high voltage switches.
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capacitance stores 51mJ, similar to the spark energy typically used in the clas-
sic circuit [42]. Diode 𝐷15 compensates for the unknown initial charge state
of 𝐶1 by limiting the capacitor voltage to the supply voltage. The discharge is
initiated by closing 𝑆3 with all other switches open, allowing current to flow
along the path 𝐶1 - 𝑆1 - 𝐷8 - gap - 𝐶1. To allow current inversion, switch
𝑆4 is closed 500ns later, i.e. before the first half cycle has completed. The
electrodes are referred to according to the role they play during the first half
cycle: the left electrode in Figure 2.6 is the anode, the right electrode is the
cathode. The positive current direction is left-to-right through the spark gap.
The right hand electrode is pulled up by three mechanisms. 𝑅2 is a 200 kΩ

resistor continuously supplying up to 2.5mA towards the gap. 𝑆6 closes just
before 𝑆1 does, providing an additional 50mA during 1 µs. Operation of 𝑆6
can be turned on or off by means of a toggle switch. Finally, the 9.4mH
𝐿3 supplies a boost of 500mA. 𝑆5 is used to limit losses when 𝐶1 is left
with reversed polarity after a partial discharge. Residual energy in 𝐶1 is
transferred to 𝐿4, and returned to the power supply through 𝐷13.
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Figure 2.6 Expanded circuit with a pulled up cathode.

The spark generator is driven by an analog clock that allows the spark
repetition rate to be set, e.g. by a potentiometer. The timing sequence of
the switches is shown in Figure 2.7, where 𝑡0 is defined as the start of the
trigger pulse T. The capacitor charging cycle is set to take 12.3 µs. 𝑆1 opens
for 10 µs to allow forward conduction, while free oscillation is possible from
𝑡 = 1.1 to 7.8 µs. The cycle ends after a 6 µs energy recovery stage, with
a total duration of 29.2 µs. The timing sequence used here allows repetition
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rates up to 34 kHz, but the prototype is limited by the internal clock to 25 kHz.

𝑆6

𝑆5

𝑆4

𝑆3

𝑆2

𝑆1

T

-10 -5 0 5 10
Time [µs]

Figure 2.7 Timing sequence of switches from Figure 2.6

It is worth noting that both electrodes are referenced against the power
supply ground. This makes it possible to influence the mean electric field
inside the reactor by biasing the electrode pair versus the reactor housing.
By changing the electric field one could minimize electrostatic losses inside
the reactor, or even increase the yield of charged particles with a given po-
larity [61].

Physical description

The spark generator circuit is built into a box of ≈3dm3 with a high voltage
input, a ground cable and two high voltage leads. Timing and logic of the
spark generator are powered by an external 12V DC power supply. IGBT’s
and critical diodes are mounted on an air-cooled heat sink. The repetition rate
of the spark generator is controlled from 1.06 to 25 kHz using a potentiometer.
Two bnc connectors allow voltage on both electrodes to be monitored.

2.3.2 Reactor

The reactor is described in chapter 3, page 43.

2.3.3 Measurements

A LeCroy 9354 mass storage oscilloscope was used to analyze the perform-
ance of the circuit with up to 2 ns resolution. The internal clock of the
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(a) (b)
Figure 2.8 Spark generator prototype. (a) Generator with top removed, (b)
View of sparks between two electrodes.

spark generator was used as the oscilloscope trigger. The current flowing
through the spark gap was measured using a Pearson 110 current probe on
one of the leads leading to the spark gap. Voltages were measured at the
spark generator circuit,referenced to ground, using either a Tektronix P6015A
high voltage probe (1:1000) with a 75MHz bandwidth, or Testec TT-HV250
probes (1:100). The oscilloscope signals are corrected for different propaga-
tion delays in the leads of the probes to an accuracy of ±0.5 ns. During devel-
opment, it was found useful to monitor thermal dissipation within the circuit
using a Fluke Ti-55 thermal imaging camera.
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2.4 Results and Discussion
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Figure 2.9 Oscilloscope traces for a typical spark event. (a) 𝐼 and∆𝑈gap, (b)
𝑈anode and 𝑈cathode.

Figure 2.9 shows a typical oscilloscope trace of a spark event, where 𝑡0
corresponds to the start of the trigger pulse. At 𝑡0 the voltage on the cathode
is 200V as a result of the pull up mechanisms. When 𝑆1 has opened at 𝑡 =
0.2 µs the anode voltage drops at a rate of 4× 1010 V s−1. 20 ns later the
anode follows as the resistance of the gap decreases with increasing space
charge due to enhanced ionization. The spark ignites, current through the
shorted gap increases to a peak of 165A, and the typical oscillation of the
RLC discharge follows. Fitting the RLC discharge according to Vons [30]
yields 𝐿 = (2.5± 0.7) µH, and𝑅gap = (0.7± 0.2)Ω, comparable to the values
of Vons [30]. While the simple RLC approximation is not strictly valid due to
the presence of diodes and switches, it does demonstrate that the discharges
are essentially identical to the desired waveform of the classic spark system.
Figure 2.10 shows the current-voltage characteristic of the spark gener-

ator circuit, constructed by plotting current and voltage waveforms such as
in Figure 2.9a against each other. With the spark generator circuit connected
to a fixed resistance (Figure 2.10a), the decay of the oscillation is clearly visu-
alized by the tangential angle. We can see that with a higher resistances the
gap voltage increases and the curve spirals to the origin faster. The circuit
deviates from a perfect spiral in the bottom right corner. This is associated
with the anti-parallel diodes starting to conduct.
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Figure 2.10 Current-voltage characteristic of the circuit, a) with a purely res-
istive load, and b) with a spark gap compared to a resistive load. 𝑈s = 1.5 kV,
𝑓rep = 1.0 kHz, 𝑑gap = 2mm.

In Figure 2.10b the current-voltage characteristic of the spark generator
for two sparks are compared with a purely resistive load. They represent
two distinct modes observed with the circuit, that will be discussed in the
following sections. The curve labeled ‘slow’ starts with a sharp cathode drop
to −2.3 kV, followed by a gradual increase in current through the gap. In
the curve labeled ’fast’ the sharp cathode drop is absent. In both cases, a dis-
charge of finite resistance is still active in the gap when the spark is initiated.
The discharge has the required descending current-voltage characteristic (see
page 15), and the gas starts to break down. After breakdown the discharge
behaves similarly to a 0.5 to 1.0Ω resistor, consistent with the fitted result
of 0.7Ω, until the current becomes insufficient to sustain a spark. As ioniza-
tion rates decrease the resistance in the gap increases, and the oscillation is
dampened.

2.4.1 Plasma ignition

When discussing spark formation with the new circuit, we can distinguish two
cases. The first case is the initial ignition of the plasma in the absence of a glow
current, when the system is switched on after a period of rest. The second
is the formation of a spark, either by itself or in the wake of its predecessor,
which will be discussed in subsection 2.4.2.
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Because there is no explicit source for seed electrons during ignition, it
typically takes between 1 s and 20 s for the first spark to form. Small gaps
ignite easily and fast, and once the plasma is ignited the electrode spacing
can be increased as desired. For large gaps the generator is not able to ignite
the plasma, even if the spark generator is capable of maintaining the plasma
at such a spacing. Ignition could be made more robust by incorporating a
source of ionizing radiation, preferably UV, aimed at the spark gap.
When the first spark occurs sufficient space charge is kept in the gap to

ensure that essentially each subsequent energy pulse results in the formation
of a spark, and the plasma is ignited (Figure 2.11). Occasionally at larger gap
spacings, roughly >1mm in Ar, a solitary first spark forms without igniting
the plasma. From this we can infer that the ionization rates as a result of the
pull up mechanisms are comparable in magnitude to the loss rates in the gap,
and the use of even larger gaps would require additional current passed on
to the pull-up mechanisms for stable operation.
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Figure 2.11 Ignition of a spark at 𝑓rep = 1 kHz. The dashed lines represent 𝑡0
of each spark attempt. Minor ticks represent 0.2 µs.

2.4.2 Formative time lag

Figure 2.12 shows the time from opening 𝑆1 until onset of current flow, ar-
bitrarily defined here as the moment when the forward current through the
gap exceeds 1A. If sufficient free electrons are available in the gap to start
avalanche formation, this time is the formative time lag 𝜏 f. For 0.5mm and
1.0mm gap spacings in Ar this happens at (24± 4) ns, where the spread can
be attributed to experimental limitations. Δ𝑈gap reaches its maximum at



28 Chapter 2. Design of a 25 kHz Spark Generator

0 50 100 150 200 250
Time [ns]

0.5 mm

0 50 100 150 200 250

1.0 mm

0 50 100 150 200 250

1.5 mm

0 50 100 150 200 250

2.0 mm

(a)

0 50 100 150 200 250
Time [ns]

0.5 mm

1.0 mm

1.5 mm

2.0 mm

(b)
Figure 2.12 Current onset delay or formative time lag for different gap spa-
cings at 1.5 kV in Ar. Each series consists of 200 spark events. (a) no current
boost, and (b) with the current boost via 𝑆6 turned on.

𝑡 = 48ns, limited by the large current flowing trough the gap. The 𝐼-𝑉
curves corresponding to this set are of the ‘fast’ type (Figure 2.10b).
The near instantaneous ignition is too fast to be explained through streamer

theory. The electron transit time in the gap can be estimated from the elec-
tron mobility and gap voltage, and is approximately 10 ns. The ion transit
time is roughly 500 times greater. A significant space charge has to be present
in the gap in order to have sufficient seed electrons to cause breakdown at
timesmuch shorter than the ion transit time. This space charge either remains
from the prior spark, with the help of the pull-up mechanisms, or is formed
through resonance photons [58]. The presence of a residual space charge is
confirmed by the observed finite resistance of the gap, which requires a sig-
nificant electron density. As the voltage is increased further ionization rates
in the channel increase, resistance drops, the channel heats up and expands,
and breakdown of the gas can occur once again.
At larger gap spacings, a second population of formative time lags appears.

The 𝐼-𝑉 curves corresponding to this set are of the ‘slow’ type (Figure 2.10b)
These formative time lags follow an exponential distribution, which is the
expected result for streamers initiated by a series of electron avalanches. The
observed ignition times are however an order of magnitude shorter than the
ion transit time at the gap spacings and voltages used here. Kachickas and
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Figure 2.13 Current and voltage traces of the glow regime for a 0.5mm gap,
𝑈s = 1.2 kV and 𝑓rep = 1 kHz. (a) capacitive discharges in Ar, (b) glow in He.

Fisher [59] explained similar findings in nitrogen by cathode photo-emission,
possibly with minor contributions from photo-ionization of the gas close to
the cathode. In our case, where depending on the quench gas conditions
the electrode surfaces can reach temperatures above 1200K (see chapter 3),
thermionic emission from the cathode could also play a role.

2.4.3 Glow discharge

The discharge maintained between the sparks typically is not a stable DC
glow, as can be seen from the oscilloscope traces in Figure 2.13. The current
converges to a DC current of ∼60mA, and shows repetitive weak capacitive
discharges, which we’ll refer to as microdischarges. The 60mA value is an
artifact of the coil used in the measurement, and attempts to measure the
current using a shunt resistor show that the average DC current through the
gap leads is <1mA. Such currents might sustain a weak glow discharge, but
are 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 [24].
The microdischarges form as 𝑈cathode rises sufficiently to cause breakdown,

and some of the energy stored in the 0.3 nF of 𝐶4 in Figure 2.6 is dissipated
in the gap. The microdischarges transfer charge from the cathode to the an-
ode, and as a result the anode voltage (not shown in Figure 2.13a) and the
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Figure 2.14 A single microdischarge, 0.5mm gap in Ar.

cathode voltage increase stepwise. The gap voltage Δ𝑈gap remains constant,
with dielectric strengths of 8.7× 105 Vm−1 for Ar and 1.6× 105 Vm−1 for
He. The occurence of microdischarges can be qualitatively linked to the oc-
curence of ‘fast’ discharges of Figure 2.10b). This indicates that the microdis-
charges inject electrons into the gap, increasing 𝑛e sufficiently to ensure an
instantaneous discharge.
A single microdischarge is highlighted in Figure 2.14. Themicrodischarges

have peak currents in the range of 10 to 700mA and appear similar in wave-
form to the filamentary discharges observed in dielectric barrier discharges
[62]. These microdischarges can result in electrode ablation, and several re-
searchers have worked on particle generators based on DBD [63, 64]. While
particles have been observed that originate from electrode ablation, the pro-
duction rates lie many orders of magnitude lower than those of the spark. The
only quantitative data available indicates a production rate of 10−14mol s−1
for a 9.5W power input, or>1014 Jmol−1, versus 106 to 109 Jmol−1 for spark
discharge [63]. Thus, particle production through microdischarges can be
neglected.
During the glow phase, 𝑈cathode rises at a rate of (3.5± 0.1)× 106 V s−1

for He with gap spacings of 0.5 to 2.5mm and Ar with gap spacings of 0.5mm
and 1.0mm. This corresponds to a charging current of 1.0mA for 𝐶4, which
corresponds well with the target pull up current. For a 0.5mm gap in a
flow of 1 Lmin−1 He the microdischarges ignite a glow discharge with a
voltage drop of 0.21 kV (Figure 2.13b). During the glow 𝑈cathode rises at a
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rate of 1× 106 V s−1, corresponding to a 0.3mA charging current for 𝐶4.
Thus, 0.7mA of the pull up current is diverted into the glow, and we can
deduce that the glow channel has a resistance of 3× 105Ω and dissipates
0.15W. Assuming the glow forms over the full 2.8× 10−5m2 electrode sur-
face, Equation 2.3 gives a electron concentration of 1016m−3, which is very
reasonable for glow discharges [56].

2.4.4 Spark energy

We can define a total energy stored in the spark generator during the spark
𝐸SG as the sum of the electric energy, 𝐸C, and the magnetic energy, 𝐸L.

𝐸SG = 𝐸L + 𝐸C = 1
2𝐿𝐼2 + 1

2𝐶𝑈2 (2.5)

The energy available to form a spark and ablate material is the energy stored
in the capacitor (Equation 2.4). Because of the large voltage transients of
𝐶1 during charging, 𝑈C could not be measured directly, and we take 𝑈s as
the initial voltage. Under normal operating conditions this is a valid assump-
tion, as the boost converter configuration ensures that the capacitor is fully
charged, while 𝐷15 ensures that 𝑈C ≤ 𝑈s. The energy remaining in the capa-
citor after an incomplete discharge can be obtained directly through 𝑈cathode.
For odd halfwaves, the voltage ends positive, and energy recovery through
𝐿4 is required.
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Figure 2.15 Decay of 𝑈cathode for 20 sequential discharges. 𝑑gap = 2.0mm,
𝑈s = 1500V, 1.0 Lmin−1 Ar, 𝑓rep = 1.0 kHz
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Figure 2.16 shows the progression of a spark, expressed in available or
stored energy 𝐸sg as obtained with Equation 2.5 versus time, for different gap
spacings. For 𝐿 we use our fit result of 2.5 µH (page 25). The uncertainty of
the fitted 𝐿 is sizable, and Figure 2.16 serves mainly as a general indication
of the progression of a spark. The bumpy nature of the curve is due to the
phase shift of the dampened oscillation, and can be qualitatively described
by plugging 𝑈(𝑡) and 𝐼(𝑡) of the RLC-model into Equation 2.5. For all gap
spacings, 𝐸SG drops exponentially; from 50mJ to<5mJ in 4 µs. From this we
conclude that spark behaviour is essentially independent of the gap spacing.
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Figure 2.16 𝐸SG during discharge for several gap spacings. 𝑈s = 1500V, Ar,
𝑓rep = 1.0 kHz

For the 1500V sparks, spark to spark variation starts to occur after two
full-cycles (Figure 2.15). With each half-cycle, less than half of 𝐸Cremains.
The residual energy is small, and (49.8+0.8

−2.4) mJ is dissipated in the plasma.
When low voltages are used, and thus 𝐼 is low, the plasma quenches faster. At
1.00 kV, the spark waveform consists of either two or three half-cycles (Fig-
ure 2.17). In the first half-cycle, (18.2± 1.0)mJ are dissipated. The second
and third half-cycle dissipate (3.4± 0.4)mJ and (1.1± 0.2)mJ, respectively.
While the third half-cycle is responsible for only 5% of the total spark en-
ergy, it can impact particle production significantly. From one half-cycle to
the next, current flows in the opposite direction, and the different ablation
rates of anode and cathode result in inconsistent ablation. This is particularly
problematic when electrodes of two different materials, or even smaller dis-
charge voltages, are used. For the production of atomic clusters, low spark
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energies and voltages are important [35]. To obtain more consistent sparks
at low voltage, the spark could be prematurely cut off, for example by closing
𝑆1 after the first half cycle.
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Figure 2.17 Oscilloscope traces at 𝑈s = 1.00 kV, 𝑑gap = 0.5mm in Ar, 𝑓rep =
17 kHz. .

2.4.5 Power dissipation

At a repetition rate of 8 kHz with 𝑈C=1 kV, the spark circuit draws a current
of 205mA. Using Ohm’s law, we find a power output of 205W for the power
source. Assuming complete discharge of the capacitor, we can calculate a
power input into the plasma of 180W from the spark energy (Equation 2.4)
and the repetition rate. The dissipation in the circuit is then 25W, or 12%
of the input power. In practice, the capacitor does not discharge completely
(Figure 2.9). Taking into account the residual capacitor energy due to in-
complete discharge, 173W is dissipated in the spark for an overall electric
efficiency of 84%.

Components The maximum power output of the spark generator circuit is
limited by the components used, and the way they are placed and cooled.
Initially an array of 20 2.2 nF X7R capacitors in parallel was used. This array
had a thermal resistance of 0.6 KW−1, limiting its use to <200W before the
thermal limit of the capacitors was reached. By distributing the current over
a larger number of capacitor packages and switching to a NP0 dielectric, the
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thermal resistance of the capacitor array was reduced significantly. The new
96 × 0.47 nF capacitor array has a thermal resistance of <0.08KW−1, and is
thus rated for >1250W.
The remaining limiting factors in the protoype circuit are the IGBTs in

the discharge path, that have to conduct the short >100A pulses. In the
current configuration the spark runs reliably at 1.2 kV, while for higher dis-
charge voltages 𝑆1 and 𝑆4 have to be actively monitored for overheating. The
largest currents are handled by 𝑆1, which consists of an array of 4 IGBTs in
parallel. Because the conductivity of IGBTs increases with temperature, they
are prone to thermal runaway. Current is distributed unequally over parallel
IGBT packages, and one of the packages will reach its thermal limits, while
the others are barely used.
The power output range of the circuit could be extended by increasing the

number of IGBTs in the array, or preferably by better distributing the current
over the IGBT packages. This is not trivial, but could perhaps be achieved
using balanced low value series resistors with a positive temperature coeffi-
cient. A better solution would be incorporating smart IGBT control combined
with temperature and/or current probes on the individual IGBTs. In the pro-
totype 𝑆4 is a single IGBT that conducts the return stroke of the discharge.
Replacing the single package with an IGBT-array will improve performance
at high discharge voltages.

2.5 Conclusion

Nanoparticle production with conventional spark generators is limited by
strongly varying spark energies at spark repetition rates above 300Hz. By
decoupling the charge and discharge cycles of the spark generator, consist-
ent sparks can be obtained at repetition rates on the order of 102 kHz. The
prototype reliably operates at a power output of 300W, one order of mag-
nitude higher than conventional spark generators. The limiting factors in the
prototype are the IGBTs. IGBT technology is fairly new, and it is reasonable
to expect better components to become available in the near future. With the
current state of the art, replacing the single IGBT 𝑆4 by a number of parallel
IGBTs, and improving the current distribution over the parallel IGBTs will
expand the operating range of the spark generator into the kW range.
Using a pull-up resistor, space charge can be kept in the gap to facilit-

ate spark formation. If sufficient current is provided, a glow current can
be maintained in small gaps. Otherwise, microdischarges with energies of
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50 to 100 µJ occur between the electrodes in the dead time between sparks.
Both the glow discharge and the microdischarges are too weak to ablate the
electrodes, and can be neglected in terms of nanoparticle production. The
microdischarges maintain a electron concentration that is sufficiently high
to result in near instantaneous (non-stochastic) spark formation when 𝑆1 is
closed. The lack of a spread in formative time lag in principle allows the
discharges of multiple spark generators to be accurately timed at high repeti-
tion rates. This could prove particularly useful in limiting electrostatic losses
when using multiple electrode pairs in series, e.g. when coating nanoparticles
by spark discharge (chapter 7).
The sparks of the new spark generator are essentially identical to the os-

cillating discharges of the conventional circuit. The relatively low operating
voltage of 1.5 kV requires the use of a larger capacitance to obtain the same
spark energy, resulting in a resonant frequency of the circuit lower than that
of the reference spark. Increasing the operating voltage to 3 to 5 kV, pos-
sibly by stacking IGBTs in series, would be an important improvement on the
current prototype allowing a wider range of spark conditions to be used.





Chapter 3

Nanoparticle Production with a 25 kHz
Spark Generator

The spark generator circuit of chapter 2 was used to produce nan-oparticles in a newly developed setup. A nanoparticulate mixture of
Nb2O5 and NbO2 was formed from metallic Nb rods. The energy efficiency
(1.4× 10−9mol J−1), particle size (5.7 nm) and morphology (open fractal-
like) are similar to those obtained with the classic circuit, despite the in-
creased power input.
Minimum flow conditions for high repetition rate sparks are formulated,

which allow each spark to be considered as an individual event, and allow
for sufficient heat dissipation. Future improvements that will allow the pro-
duction of air-sensitive materials are presented.

37
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3.1 Introduction

The spark generator described in chapter 2 allows more energy to be pushed
into a spark gap, increasing the evaporation rate of a single electrode pair.
To maintain product properties, other parameters need to scale correctly with
the increased energy input. This chapter discusses these scaling aspects, and
describes the setup built to test particle production with the new electric
circuit.
With the 1.5 kW circuit of chapter 2, we can compare the spark to atmo-

spheric arc discharges, which have typical power inputs of 0.01 to 25 kW
[65]. Arc discharges are continuous plasmas, and as such have much slower
cooling rates than the short sparks. As a result, particles produced by high
power arc discharges are larger, with broad size distributions. For this reason
it is desirable to keep each spark as an independent spark event.
Primary particles form by nucleation and condensation of the vapour

formed by the spark, followed by coagulation and coalescence into aggregates
and agglomerates. The particle concentration in the vapour/aerosol cloud is
the principal parameter controlling condensation and coagulation [66]. Co-
alescence in turn depends on the time-temperature history of the aggregate
[54]. This means that increased dilution is required in order to maintain the
desired small particle size.
The aim of this chapter is to provide a set of guidelines for the scaled pro-

duction of nanoparticulate materials by spark discharge. The first results of
NbOxparticles produced with the new spark circuit are presented, and evalu-
ated in terms of equivalency with the classic circuit.

3.2 Theory

We consider three constraints when scaling up particle production with spark
discharge:
1. Sparks are independent,
2. Specific energy stays constant,
3. Specific power stays constant.

By independent sparks we mean that the vapour cloud by each spark is trans-
ported out of the gap before the next spark triggers. By treating each spark
as an independent particle production event process development is greatly
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simplified, as products can developed at the scale of a single spark. In an inde-
pendent spark, the specific energy, i.e. the energy put into the spark volume,
determines the formation of the metal vapour cloud. Because particles in
spark discharge form by coagulation, keeping the initial vapour cloud con-
ditions constant will result in an unchanged growth of the primary particles.
Finally, scaling the power input with the quench flow rate, i.e. keeping a con-
stant overall dilution, will result in a comparable agglomerate growth.
The vapour cloud formed by a spark must be removed from the gap before

the subsequent spark can start. This condition is met if the distance traveled
in the time between sparks is greater than the electrode diameter

𝑑el < 𝑣gap𝑓rep−1, (3.1)
where 𝑣gap is the gas velocity in the gap. Using 6mm diameter electrodes
operation at the maximum 𝑓rep of 25 kHz a 𝑣gap >86m s−1 is required. This
velocity is at the practical limit for gas flow of 30% of the speed of sound
[67], and higher spark repetition rates will require special attention to the
quenching of the gap.
As a rough approximation, the reactor used here can be treated as a cyl-

indrical flow path intersected by two electrode rods. If the gap is centered
on the axis of the cylinder, and the gap distance is much smaller than the
reactor chamber, the velocity in the gap is equal to the maximum velocity of
the parabolic flow profile, i.e. 𝑣gap = 2 ̄𝑣. The mean velocity of the quench
gas is

̄𝑣 = 4 𝑄q
𝜋𝑑2r

, (3.2)
where 𝑄q is the quench flow rate, and 𝑑r is the inner diameter of the cyl-
inder. Combining Equation 3.1 and Equation 3.2 provides the criterion for
independent sparks:

𝑄q
𝑓rep

> 𝜋
8 𝑑el𝑑2r (3.3)

For the 38mm piping and 6mm electrodes used here, Equation 3.3 reduces
to

𝑄q
𝑓rep

> 3.40× 10−6m3. (3.4)

At the 25 kHz upper limit of the circuit (chapter 2), a minimum flow rate of
8.5× 10−2m3 s−1, or 5.1m3min−1, is required.
The flow rate is often limited by practical or economic constraints, as

bigger pumps are needed to overcome the increasing pressure drop over the
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Figure 3.1 Schematic representation of flow focusing using an orifice.

system. For turbulent flow, the flow rate through an orifice is given by Hinds
[66]:

𝑄 = 𝑘𝐴𝑂√ 2 Δ𝑝
𝜌𝑔 (1 − (𝐴𝑂/𝐴tube))

, (3.5)

where 𝑘 is a discharge coefficient (∼ 0.62), 𝐴𝑂 and 𝐴tube are the cross-
sectional areas of the orifice and the tube, respectively, 𝜌𝑔 is the gas density,
and Δ𝑝 is the pressure drop over the orifice.
Lower flow rates can provide the required velocity if the gas flow is fo-

cused into the gap with an orifice or a nozzle (Figure 3.1), increasing 𝑣gap for
a given flow rate. The flow passing through the opening 𝐴O of the orifice
contracts, causing an acceleration of the gas. If the flow is unobstructed, the
flow profile is narrowest at the vena contracta, and the maximum velocity
is obtained. Calculating the actual flow profile for an electrode pair placed
downstream of the orifice is however problematic. The width of the elec-
trodes is smaller than the orifice, allowing the gas to flow around as well as
between the electrodes, which combined with a lack of rotational symmetry
precludes the use of a 2-D simplification Instead, assuming that the electrodes
are sufficiently close to the orifice, we can get a rough lower estimate of the
velocity by assuming the flow has not yet expanded to the dimension of the
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Figure 3.2 Flow requirements for independent sparks for 6mm electrodes.
Minimum required gas velocity (red) and minimum required orifice diameter for
250, 500, 750, 1000, 1250 and 1500 Lmin−1 (black) vs repetition rate. The dot-
ted horizontal lines indicate the pressure drop over the orifice at 750 Lmin−1.

orifice (see Figure 3.1).
𝑣gap ≥ 𝑄/𝐴O (3.6)

Thus, sparks can be considered independent if
𝑄q
𝑓rep

> 𝐴O𝑑el = 𝜋
4 𝑑el𝑑2O. (3.7)

Figure 3.2 shows the orifice diameters required to achieve independent
sparks for flow rates of 500 to 1500 Lmin−1. Running the spark at an 𝑓rep of
25 kHz is feasible at these flow rates, but will require a pressure drop on the
order of 100mbar.
We can define the energy stored in the capacitor divided by the volume

of the spark gap as a specific energy

𝐸∗ = 𝐸spark
𝑉spark

=
1
2𝐶𝑈2

𝑑gap𝐴spark
, (3.8)

where 𝐶 is the capacitance, 𝑈 is the voltage on the capacitor, and 𝑑gap is
the gap spacing. 𝐴spark is the cross-section of the spark channel, and is not
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directly accessible. If the peak current is known, as is the case with the spark
generator of chapter 2, it can be derived from the current density of sparks,
which is 108 Am−2 [24].

𝐸∗ = 108
1
2𝐶𝑈2

𝑑gap𝐼peak
(3.9)

The specific energy determines the initial conditions of the plasma cloud,
e.g. temperature and metal vapour concentration, and thus the formation of
primary particles. Because the spark energy of the new circuit is independent
of 𝑑gap, the specific energy can be freely set – without modifying the electrical
properties of the RLC discharge. This can be especially important for the
synthesis of non-equilibrium phases or mixed materials [30].
After the spark has been quenched by dilution further growth of particles

and agglomerates occurs by coagulation, which is governed by the particle
number concentration. At high frequency in turbulent flow we can assume
that the vapour clouds emitted by each spark are mixed to form a homogen-
eous aerosol shortly downstream of the spark. Analogous to 𝐸∗ we can define
a specific power 𝑃 ∗ for the aerosol as

𝑃 ∗ = 𝑃spark
𝑄quench

(= 𝐸spark𝑓rep
𝑄quench

) . (3.10)

A high specific power results in a high aerosol loading, yielding faster ag-
glomeration. Together with the characteristic sintering time of particles, this
affects the structure of the agglomerates [68]. For noble metals of very small
particle sizes, where sintering can occur at room temperature (see chapter 7),
𝑃 ∗ controls the size of the primary particles [38].
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3.3 Experimental

The reactor chamber is a five-way DN40CF cross, with two linearly adjustable,
isolated high voltage electrodes and a view port. The spark generator circuit
chapter 2 is powered by a 1.5 kV, 1.5 kW DC power supply (Technix SR1.5-
P-1500). A 38mm I.D. closed loop flow system sealed with DN40KF flanges
is used to provide a sufficient quench gas flow for the increased power input
(Figure 3.3). Pressure and temperature of the gas are monitored before the
spark and after the collection filter. Flow rates of 100 to 850 Lmin−1 are
achieved using a recirculating blower (Domel 791.3.232-210). The flow rate
entering the reaction chamber is measured using a Venturi tube compensated
for pressure and temperature. A water cooled aluminium heat exchanger is
used to remove heat generated by the blower and the spark.

HV+

HV-

Sample 

line

 P,T

P,T

ΔP

Water

Gas 

inlet

Collection 

filter

End 

filter

Blower

Figure 3.3 Process schematic of the closed loop spark generator.

A sharp pitot type sample tube with an inner diameter of 3mm placed
91mm downstream of the electrode axis allows the produced aerosol to be
sampled for online analysis, e.g. by a differential mobility analyzer. The pitot
tube is aligned coaxially with the 38mm pipe. The flow rate out of the sample
tube is set by flowing in fresh gas after the blower. For the current chapter,
non-purified gases of 5.0 purity were used. Particles are collected on a 90mm
collection filter (Millipore HVHP09050) for gravimetric analysis and off-line
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Table 3.1 Operating conditions and production rate data for production runs
with niobium. 𝑑gap = 0.5mm.
I.D. 𝑓rep 𝑈s 𝑃𝑠 𝑄quench �̇�filter �̇�electrode 𝑄/𝑓rep
# kHz kV W m3min−1 10−6 g s−1 10−6m3
1 1.00 1.50 67.5 0.20 0.8 - 3.3
2 2.00 1.50 126 0.13 0.8 - 1.1
3 8.00 1.00 205 0.10 6.4 −24.6 0.2

characterization. A HEPA filter (Camfil Megalam MD14 305 mm × 305 mm)
is used as a particle dump to protect the blower.
Powder X-ray diffraction analysis was performed in 0.5mm capillaries

on a PANanalytical Xpert-PRO using Cu-K𝛼 radiation. TEM samples were
prepared by gently scraping the TEM grid over the powder on the collection
filter, before imaging on a FEI Tecnai TF20 electron microscope operated at
200 kV.

3.4 Results

At high power inputs and low quench gas flow rates, the electrode surfaces
start melting and deform. At flow rates below roughly 10 Lmin−1 a pro-
trusion starts growing from the liquefied anode surface towards the cath-
ode, as also observed for glow and arc discharges [69]. The spark localizes
around this protrusion, enhancing its growth until it eventually forms a short-
circuiting bridge between both electrodes.
At higher flow rates no bridging occurs between the electrodes, but evid-

ence of melting was found when inspecting the electrodes after use (Fig-
ure 3.4). The white glassy structure observed on an insufficiently cooled
electrode tip (Figure 3.4b and 3.4c) is brittle, and can be scraped from the
metal rod with little effort. If less power, or sufficient quenching is applied,
a smoother surface is obtained (Figure 3.4a).
Light-grey Nb powders were collected during three production runs, listed

in Table 3.1, with respective run times of 113min, 236min and 113min. The
quench flow rate was limited to ≈200 Lmin−1 by the large pressure drop
over the collection filter, providing insufficient cooling for collection runs
at repetition rates >8 kHz. The particle collection efficiency for run #3 was
25%. The powder X-Ray diffraction pattern of the sample of run #1 shows
nearly fully oxidized Nb, with an approximate composition of 90% Nb2O5
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(a) (b)

(c)
Figure 3.4 Optical micrographs of a ∅6mm Nb cathode after use in a quench
flow of Ar.(a) 130 Lmin−1, 1.5 kV, 2 kHz. (b) 100 Lmin−1, 1.0 kV, 8 kHz. (c)
anode under conditions of (b).
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Figure 3.5 XRD of nanoparticles produced from Nb rods.
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[ICCD, 04-007-0752] and 10% NbO2 [04-007-1440]. Metallic Nb was not
found. Using Scherrer’s equation with 𝑘 = 0.9, crystallite sizes ranging from
12 to 66nm (NbO2) and 13 to 104nm (Nb2O5) were estimated from the X-ray
diffraction patterns.
TEMmicrographs show fractal-like, open agglomerates (Figure 3.6a). The

size distribution of the primary particles, obtained from several micrographs,
can be described with a lognormal distribution with a ̄𝑑𝑝 of 5.7 nm and a 𝜎𝑔
of 1.59 (Figure 3.6b). The sample could not be imaged at high resolution due
to the poor conductivity of the oxidized sample.
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Figure 3.6 TEM micrographs of NbOx. (a-c) Micrographs with 200nm,
100nm and 50nm scale bars, (d) Size distribution of primary particles (𝑁 =
483).
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3.5 Discussion

The small primary particle size and the morphology of the agglomerates
obtained with the new spark circuit are comparable to those of the clas-
sic circuit. Tabrizi, Ullmann, Vons, et al. measured ablation efficiencies of
1.1× 10−9mol J−1 at a specific energy of ∼1.4× 107 Jm−3 and a specific
power of 1.8× 105Wsm−3 [42]. The ablation efficiency for the new circuit,
calculated using 𝑃 = 𝑓rep𝐸spark, was slightly larger at 1.4× 10−9mol J−1, at
a specific energy and power of 2.7× 107 Jm−3 and 1.1× 105Wsm−3, re-
spectively.
The increased ablation efficiency follows from the increased specific en-

ergy. Tabrizi, Ullmann, Vons, et al. show that the ablation efficiency has an
inverse relation with the gap length [42]. By reducing the gap length, the
volume in which the spark dissipates its heat changes. The temperature in
the spark will reach a plateau value, after which the plasma channel expands
[29]. Because less energy is needed to heat the plasma to its plateau, more
energy is available to expand and sustain the plasma channel. As a larger
area of the electrode is heated, more mass can be ablated at the same energy
cost.

3.5.1 Electrode melting

The glassy deposit on the Nb electrodes (Figure 3.4b) is likely a niobium oxide,
presumably Nb2O5, based on the powder XRD of the produced nanoparticles
(Figure 3.5). Based on the melting points of Nb and Nb2O5, 2477 °C and
1512 °C respectively, as well as the mild red glow along the length of the
electrodes during operation, we can estimate the mean temperature near the
tip of the rod to have been roughly 1500 to 2000 °C. The partial melting
of the electrodes is undesirable in view of process stability, and should be
avoided. Thus, a much lower mean temperature than that of Figure 3.4b
has to be achieved if one wants to spark less refractory metals at high power
inputs.
Figure 3.2 shows that the flow rate of 100 Lmin−1 is too low to meet the

flow criterion of Equation 3.4 for repetition rates in the kHz range. None
of the three production runs meet the criterion of Table 3.1, but the melted
oxide was observed only in run #3. From the measured peak current the
diameter of the spark channel is estimated at 1.5mm. While the flow rate
in run #2 was insufficient to displace the vapour cloud across the electrode
cross-section, the displacement did exceed the diameter of the spark channel.
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Thus, if a subsequent discharge formed in the decaying space charge of its
predecessor, its hot zone did not overlap that of the prior hot zone. In run
#3, the displacement of the vapour cloud was less than the spark diameter,
and the second spark would strike in essentially the same location. This leads
to a local rise of temperature if the heat conductivity is insufficient to remove
all of the spark energy.
In closed loopmode, the Domel blower achieved a flow rate of∼700 Lmin−1

against a pressure drop of 100mbar. From the measured pressure drop over
the system, Equation 3.3, and Equation 3.5, it follows that the maximum
achievable flow rate with this blower is ∼15 kHz. To improve cooling at the
electrode tip, the gas flow must however be focused using a nozzle [22] or an
orifice as described above. Another useful solution is to increase the thermal
conductance of the electrodes by increasing the electrode diameter [69]. A
third option is to use a magnetic field to displace the vapour cloud between
sparks, in order to avoid local heating by successive sparks.

3.5.2 Oxidation

Despite being handled in a glove box with <0.1 ppm O2 and H2O impurities,
the particles were near fully oxidized. The measured 𝜎𝑔,𝑝 of 1.59 is higher
than the 1.34 to 1.45 typically found for metals [42], and can be understood
in terms of slower sintering, e.g. via grain boundary diffusion or lattice diffu-
sion [70]. This suggests that the oxides were formed during the initial stages
of primary particle formation.
According to supplier specifications the Ar contained <2× 10−4molm−3

in oxygen impurities, resulting in a steady influx of 3× 10−9mol O2/s. The
ablation rate of run #1 is estimated at 3× 10−8 to 7× 10−8mol s−1, giving
Nb:O ratios of 5:1 to 10:1. The oxygen impurities in the carrier gas are an
order of magnitude short of the observed Nb:O ratio of 1:2.4. Instead, the
oxygen impurities can be traced back to the recirculating blower, which has
two potential weak seals: the axle bearings and the rotator housing. The
rotator housing, not gas-tight from the factory, was sealed with a rubber
sleeve. During operation, the heat from the blower resulted in noticable de-
gradation of the rubber. From the porous appearance of the rubber, com-
bined with the increased temperature, the O2 permeation rate is estimated
at >5× 10−8mol O2/s [71]. The rotator housing has been replaced with a
gas tight aluminium housing, which is expected to significantly reduce the
oxygen contamination in the system.
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3.6 Conclusion

A setup for the scaled-up production of nanoparticles was developed. Using
niobium as a test material we show that the reactor provides linear scaling of
production rate, while maintaining the characteristic particle morphology of
the spark. Extrapolating from themeasured ablation rate of 1.4× 10−9mol J−1
an ablation rate of 6× 10−3mol h−1 is achievable if the circuit of chapter 2
is operated at 25 kHz.
Heat management is crucial when operating a high frequency spark gen-

erator. Two flow criteria must be considered: the overall gas flow must be
sufficient to allow the heat generated in the spark to be dissipated, and suffi-
cient gas flow must be pushed into the spark to minimize overheating of the
electrode. Flow focusing is needed to ensure that the vapor cloud is removed
from the spark gap before the next spark strikes. With the current blower,
operation should be feasible up to repetition rates of ∼15 kHz.
Oxides of niobium were formed. The gas impurities of the gas are insuf-

ficient to explain the amount of oxide formed, and it is clear that the setup
is not suitable for the production of air-sensitive nanoparticles. To achieve
this goal, better sealing has been applied to the recirculating blower. Further-
more, the setup is being integrated into a glove box to allow the production
and harvesting of air-sensitive materials.





Chapter 4

High-Purity Spark Discharge Silver
Nanospheres as Plasmonic Scatterers
in Thin-film Solar Cells

Spark discharge and tube furnaces were studied as sources for plasmonresonant silver nanoparticles for use as scattering enhancers in PV solar
cells. These scatterers can trap light within the plane of the solar cell, al-
lowing thinner layers of photo-absorbing material to be used, with obvious
economic benefits.
Size-selected Ag nanospheres formed by sintering of spark- or furnace-

generated aerosols were deposited by electrostatic deposition. Optical tests
were performed on transparent conductive substrates as well as complete
single-junction cells.
With the spark, particles of higher purity were obtained in higher con-

centrations. The measured scattering efficiency was lower than predicted by
Mie theory, and a red shift in resonance was observed. Both effects can be
explained through chemical contamination, by NaCl for furnace-generated
particles, and by Ag2S tarnish for particles stored in air. Particles embeddedin a single junction micro-crystalline PV cell increase the short circuit current
density by ∼10%, but provide no improvement in overall solar cell effiency.
Points for improvement in the solar cell manufacturing process are identified.
Parts of this chapter appear in T. V. Pfeiffer, J. Ortiz-Gonzalez, R. Santbergen, H. Tan,

A. Schmidt Ott, M. Zeman, A.H.M. Smets. Plasmonic nanoparticle films for solar cell applica-
tions fabricated by size-selective aerosol deposition, Energy Procedia, accepted.
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Figure 4.1 Calculated extinction efficienies (𝑄ext = 𝑄abs + 𝑄scat) for (a)
20 nm, (b) 60 nm, and (c) 180 nm Ag nanoparticles embedded in a TCO of
refractive index 2. Light and dark zones represent scattering and absorption,
respectively. Colours represent different resonance modes. Reproduced from
[73].

4.1 Introduction

Localised surface plasmon resonances (SPR) of metallic nanoparticles can trap
incident light into a photo-absorbing layer [72], allowing the use of thinner,
and therefore cheaper, solar cells. Silver spheres have large scattering cross-
sections of up to ten times their geometric diameter, i.e. a 10% surface cover-
age is sufficient to couple all incident light into the solar cell. Moreover, Ag
spheres scatter significantly more light than they absorb in the range of 60
to 180nm (Figure 4.1). The calculations, based on Mie-theory, show that the
primary resonance mode shifts from 480nm to 1050nm (i.e. a redshift) with
increasing particle size, allowing the SPR to be tuned to the solar spectrum.
Production methods for plasmonic nanostructures should be able to pro-

cess large surface areas at low cost, with good control of morphology, and
at high purity. High-vacuum systems are often used to avoid contamination,
and because many semiconductor layers are deposited in vacuum. They can
be ordered structures, e.g. by nanoimprint lithography [74], or disordered
structures, e.g. self-assembled metal-island-films [17]. Colloidal methods al-
low excellent control of particle size, and can self-assemble into ordered lay-
ers [75, 76]. The colloidal suspensions are however rich in contaminants,
most notably the necessary surfactants, that can interfere with solar cell per-
formance.
Spherical particles of controlled size can be generated and subsequently

deposited on a flat substrate using aerosol methods [73, 77]. Silver is evap-
orated in a tube furnace at >1200 °C, the vapour is left to nucleate and grow,
and the resulting agglomerates are sintered to spheres in a second furnace.
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Recently, using a temperature gradient to control the supersaturation of a
seeded silver vapour, monodisperse (𝜎g =≤ 1.1) spheres of silver were gener-
ated at high concentrations of 5× 105 cm−3 [78]. The nanospheres are then
size-selected in a DMA, and deposited with an electrostatic precipitator. Sur-
face coverages up to about 10% can be achieved with electrostatic deposition,
before agglomeration presents a problem [73, 77]. Because the particles are
deposited in an inert atmosphere under ambient conditions, sensitive sub-
strates can be used. This makes it possible to develop cell configurations
where the plasmon scatterers are deposited after deposition of the solar cell.
High temperature (tube) furnaces have an intrinsic problem with contam-

inants due to the large surface area of the furnace walls. Both vapour pres-
sure and diffusion coefficients follow an 𝑒𝑥𝑝 (−𝑇 −1) relationship, resulting
in a steady flux of contaminants from the tube material, and from its sur-
rounding atmosphere. Impurities present in the tube walls can deplete over
extended outgassing. However, permeation of external impurities present a
constant source of contaminants. In particular oxygen, with a partial pres-
sure of 200mbar in ambient air and a diffusion coefficient of 10−10m2 s−1 in
Al2O3 above 1200 °C [79], will pass through the furnace walls. Hence the fi-
nal product will often have a lower purity than the feedstock used, especially
for refractory materials.
Localized heating using, e.g. arcs, electron beams, or induction heating,

reduces this problem by lowering the heated area of the external surface. The
crucible or mount that holds the feedstock does reach high temperatures due
to conduction, and becomes a source of contaminants. In the typical design
of spark discharge particle generators only the electrode tip is heated directly,
making it possible to keep the temperature of all non-feedstock materials low.

4.2 Experimental

4.2.1 Deposition of Ag nanoparticles

Ag nanospheres were generated by sintering of agglomerates formed by evap-
oration/condensation (Figure 4.2). The vapour source was either a tube fur-
nace (Vecstar VTF, 42 cm hot zone) at 1380 °C, or the spark generator of
chapter 2 running at 1.2 kV and 100mA (3 kHz). A ceramic boat was filled
with silver wire of 99.9% purity (MaTeck, GmbH), and was placed in the
middle of the hot zone of the 50 cm alumina furnace tube. The spark com-
prised two 99.995% Ag rods of 7mm diameter (MaTeck, GmbH). The quench
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Figure 4.2 Schematic of the experimental setup.

gases were of 99.999% purity, with flows of 1.8 Lmin−1 N2 for the oven
and 3.0 Lmin−1 Ar for the spark. The aerosol was allowed to grow in a 2 L
aluminium vessel, before sintering in a second tube furnace (Vecstar VCTF,
100 cm hot zone) fitted with a 140 cm alumina tube.
A bipolar charge distribution was applied to the sintered particles using

a 85Kr 𝛽−-source (80MBq). A Duisburg-type differential mobility analyzer
(DMA) (𝐿 = 364mm) was used for size measurement and selection. Particle
concentrations were obtained with a home built faraday cup electrometer
(fce), or a condensation/nucleation particle counter (cpc, Grimm 5.403). Size-
selected nanospheres were deposited on various flat substrates in a home-
built electrostatic precipitator (ESP), consisting of a 100mm inner diameter
steel vessel and a grounded, axial 4mm inner diameter inlet nozzle placed
70mm above the 40mm diameter deposition area at 7 kV. The collection
efficiency in the ESP was >92% for particles up to 118nm, measured by
comparing the outlet concentration with or without the electric field applied.

4.2.2 Thin-film solar cells

Single-junction photovoltaic (PV) cells were assembled on glass substrates in
multiple deposition steps (Figure 4.3). A cell array consisting of 4-8 square,
16mm2 solar cells was deposited on each substrate. First, aluminium-doped
zinc oxide (AZO), a transparent conductive oxide, was deposited using RF-
magnetron sputtering with a ZnO target comprising 2% m/m Al2O3. The
AZO-coated glass substrates were removed from vacuum, and either coated
with nanospheres as described in subsection 4.2.1, or left untreated for use
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Figure 4.3 Solar cell configuration, left: reference cell, right: cell with embed-
ded Ag nanospheres.

as reference cells. Two particle sizes, 104 nm and 120nm, were embedded
in the solar cells, with surface coverage >10%.
On top of this a p-i-n micro-crystalline Si:H solar cell was deposited [80].

The doped SiOx:H layers were deposited using RF plasma-enhanced chem-
ical vapour deposition (RF-PECVD) at 13.56MHz. The i-µc-Si:H layer was
deposited using very high frequency (VHF) PECVD at 40.68MHz. The back
reflector was deposited by physical vapour deposition (PVD) of Ag.

4.2.3 Characterization

Optical characterization was performed on Ag nanospheres deposited on glass
or glass coated with 20 to 80 nm conductive indium tin oxide (ITO). Absorp-
tion and scattering measurements were performed with an Elmer Lambda 950
spectrophotometer with a 150mm integrating sphere. EQE and JV-curves
were recorded under AM1.5, 100mWcm−2.
The scattering and absorption cross-sections of the deposited particles

were modeled using Mie theory. The cross sections averaged over particle
size distributions obtained from SEM measurements were calculated using
the Mieplot (v4.3) implementation of the BHMIE algorithm [81, 82]. The
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simulations for Ag-Ag2S core-shell particles were performed using the Matlabpackage MatScat [83]. Literature values were used for the optical constants
of Ag [84] and Ag2S [85].
Particle size distributions and surface coverage were determined on glass/

ITO or on Si wafer using a Hitachi S-4800 Scanning electron microscope
(SEM). Image analysis was performed using the ImageJ software package
[86]. Over >100µm2 was analysed per sample, and size distributions were
determined from 250 to 1500 particles, depending on surface coverage. The
measured surface areas were converted to surface equivalent particle size
by assuming circularity. Particles with circularities ≤0.7 are considered ag-
glomerates, and are excluded when primary particles are discussed. Energy
dispersive spectroscopy (EDS) was performed on a JEOL JSM-6010LA. To
obtain a sufficient signal, spot analyses were performed on agglomerates.

4.3 Results

4.3.1 Aerosol production

Figure 4.4 compares the mobility size distributions (PSD) of the two particle
generators under conditions used for deposition. The PSD for the spark is cut
off at 105nm due to the lower dielectric strength of Ar. In both cases, similar
size distributions with a modal size of 60 nm were obtained. The broader
size distribution of the spark is a result of the shorter residence time. Both
the furnace and spark have a comparable production rate, yielding concen-
trations on the order of 105 cm−3 of size-selected particles in the range of 80
to 120nm.
The variation in particle concentration from the spark generator is in part

caused by the continued erosion of the electrodes. During a typical 2.5 h
deposition run the measured concentration drops to about 70% of the initial
value, as represented by the error bars in Figure 4.4. To compensate for
this drop the electrode spacing was adjusted between production runs; in
principle this could be done in real-time, as is done in commercial spark
generators [87]. The furnace had a drift of only a few percent, but showed
a significant drift from day to day. To compensate for this drift the furnace
tube needed to be periodically cooled and dismantled in order to replenish
the silver stock.



4.3. Results 57

0

2

4

6

 0  20  40  60  80  100  120  140  160

d
N

/
d

d
p
, 
1
0

4
 n

m
-1

cm
-3

Particle size, nm

Figure 4.4 Averaged mobility size distribution of sintered agglomerates pro-
duced by tube furnace, 1.8 Lmin−1 N2, 𝑇sint. = 750 °C (black squares), and spark
discharge, 4 Lmin−1 Ar, 𝑇sint. = 800 °C (red circles). Lognormal curves are op-
tical fits.

4.3.2 Films of deposited Ag nanospheres

Aggregation should be avoided during deposition, because the strongest SPR
enhancement is expected when monodisperse particles are homogeneously
distributed on the substrate [17]. Following the method of Krinke, Deppert,
Magnusson, et al. [88] for a particle approaching a deposited particle we find
that the attractive forces, in particular the van der Waals force, exceed the
repulsive Coulombic force for 100nm particles carrying 1 to 3 charges. Con-
sidering that the goal is to deposit onto (semi-)conductive substrates, which
allows deposited particles to dissipate their charge, it will not be feasible to
use electrostatic repulsion to avoid particle contacts.
The attractive forces start to play a role when the particles are a few dia-

meters apart. Before that, Brownian motion dominates the particle trajector-
ies, resulting in a random deposition at low surface coverage. Figure 4.5(a-c)
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Figure 4.5 SEM micrographs of furnace-generated Ag nanoparticles for de-
position times of (a) 50min, (b) 90min, and (c) 270min. (d) particle size dis-
tribution for deposition times of 50min (open bars) and 270min (filled bars).

shows oven-generated Ag particles on a Si-wafer after deposition times of
50min, 90min and 270min. The surface coverage grows consistently with
the incoming particle flux at 2.4%h−1, from 2.3% after 50min to 10.8%
after 270min deposition. The Ag particles are randomly distributed across
the surface, and have a modal size of 107 to 110nm (Figure 4.5d). They
comprise single particles, doublets and small agglomerates. The second mode
around 150nm represents both doubly charged particles that passed through
the DMA, and agglomerates that formed on the Si surface during deposition.
Assuming that the 110nm particles left the neutralizer with the equilibrium
charge distribution [89], surface agglomerates represent ∼5% of the surface
domains.
Figure 4.6 shows both single and agglomerated spark-generated spheres

on Si with a modal size of 85 nm. The agglomerates are mainly composed
of touching spheres, i.e. the formation of sintering necks was rarely observed.
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Figure 4.6 Deposited Ag nanoparticles produced by spark discharge. (a) SEM
micrograph, (b) corresponding size distribution of primary particles (open bars)
and agglomerates+singlets (filled bars). The blue curve is a lognormal fit of the
primary particle data (see text).

This indicates that the agglomerates formed after the sintering oven, either
in flight, or on the substrate surface. For the primary particle size data in Fig-
ure 4.6b, each agglomerate was cut into its constituent spheres1. A bimodal,
lognormal distribution was then fit by ignoring particles smaller than the
DMA size interval, where the second mode represents larger, doubly charged
particles with the same mobility that pass through the DMA, taking slip cor-
rection [66] and the equilibrium charge distribution [89] into account.
5 to 8% of the particles are too small to have passed through the DMA

by themselves, and passed through the DMA as part of an agglomerate. The
observed lack of sintering indicates that these agglomerates formed by coagu-
lation downstream of the sintering furnace, but before the DMA. This effect
can be reduced by lowering the concentration entering the sintering furnace
(here >107 cm−3) by placing a first DMA between the agglomeration cham-
ber and the sintering furnace, at the expense of a broader disribution towards
larger sizes [77]. It is of course possible to use two DMA’s, one before and
one after the sintering furnace, to achieve an even narrower distribution than
achievable with either method.
The maximum attainable surface coverage is limited by agglomeration,

as the likelihood that the moving particle comes close enough to a deposited
particle increases with the number of deposited partices [88]. For the 85 nm

1Using ImageJ’s ‘watershed’ function. Resulting particles with circularity <0.7,
i.e. incorrectly cut doublets, were discarded.
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Table 4.1 Overall molar composition𝑎 of Ag
nanoparticles as determined by EDX.

Element Oven Spark
Ag 51–73% 84–87%
Na 0–7% 0–1%
Cl 11–34% 1–2%
S 0–3% 10–12%
O𝑏 13–23% 0-1%
Al 0–1% 0%𝑑

metals𝑐 0-1% n.d.
𝑎 Excluding Si and C.
𝑏 Accompanied by additional C.
𝑐 Mg, K, Ca and Cu.
𝑑 Below quantification limit.

particles in Figure 4.6, agglomerates comprise about half of the observed
particles. Once several deposited particles form a small agglomerate, the in-
creased surface area represents a sink for an approaching particle analogous
to bimodal coagulation (see chapter 7). This makes it more likely for an in-
coming particle to deposit on, rather than next to an existing agglomerate.
After 270min deposition the modal size has dropped a bit when compared to
50min deposition, while the fraction of surface agglomerates, i.e. particles
>150nm, has increased. As the area of interest is the surface plasmon reson-
ance of discrete nanospheres, we did not work with surface coverages above
∼10%.
The elemental composition of spark- and furnace-generated particles is

given in Table 4.1. Furnace-generated particles contain 51 to 73% Ag, as
well as significant fractions of Na and Cl, as well as trace ≤1% impurit-
ies of Mg, Al, S, K, Ca and Cu. The detection of O consistently coincided
with an enhanced carbon signal, suggesting the presence of some carbonate,
e.g. Na2CO3. Table 4.1 and the following discussion do not include a notice-
able fraction of micron sized particles with negligible Ag content, identified
as ceramics of various composition. These ceramic particles were observed
only for furnace-generated samples, and are considered to be debris from the
porcelain boat that carried the silver aliquot, which cracked and shattered
over the course of several heating cycles.
Spark-generated particles contain more Ag (84 to 87%), and S (11 to
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13%), but significantly less Na and Cl than in furnace-generated samples.
The trace metal impurities observed in furnace-generated particles could not
be detected in the spark-generated samples.
Prior to EDX analysis, the samples had been stored in air for several

months. Silver is known to form a tarnish of Ag2S when exposed to ambi-ent air containing traces of H2S [90, 91], explaining the presence of sulfur
in the samples. The furnace-generated particles likely contain AgCl, another
known silver tarnish, that can form when Ag is exposed to ambient air con-
taining traces of Cl2 or HCl [92]. All samples were stored in a single en-
vironment, making it unlikely that both AgCl and Ag2S formed through airexposure. The low sulfur content in furnace-generated samples suggests that
the particles were protected from sulfidation by a shell of AgCl.
The formation of AgCl is attributed to the presence of NaCl impurities

in the evaporation furnace, which was operated close to the boiling point of
NaCl. High temperature alumina and aluminosilicate tubes are known to res-
ult in contamination, specifically from organics [93], due to the exponential
scaling of vapour pressure with temperature. Na2O is a major impurity in
alumina, originating from the Bayer process used in its production. Chlorine
is not often cited as a known impurity, but HCl is used in the production of
high-purity Al2O3 in order to remove trace metal impurities [94]. One of
the main uses of tube furnaces in aerosol sciences is to generate aerosols of
NaCl [95]. Because the prior history of the used work tube2 was unknown,
it was thoroughly washed with demineralized water and ethanol to remove
potential traces of NaCl prior to use.
The crucial difference between spark discharge and a furnace is the ex-

tremely localized heating [22]. According to the Hertz-Knudsen equation,
the evaporation rate of a given material is proportional to the heated sur-
face area, and –if a flow of gas transports evaporated material away from
the heated surface– the temperature dependent vapour pressure [96]. The
temperature in the spark is higher than the boiling point of any material, po-
tentially allowing larger number of possible contaminating elements to be
evaporated. The spark channel is several millimeters in diameter (chapter 2,
resulting in heated surface area <1 cm The evaporation furnace was oper-
ated at a much lower temperature, near the boiling point of NaCl, and has
a heated surface area in excess of 300 cm2, i.e.∼1000× greater than that
of the spark. When comparing expected contamination levels from the two

2An optically clean, supposedly unused spare tube, stored in an unsealed box in a lab
occupied by aerosol scientists.
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methods, one would expect spark-generated materials to contain more non-
volatile compounds (WX, NbX, in sofar as present), and furnace-generated
materials to contain more volatile compounds (NaX, MgX). This is reflected
by the presence of quantifiable trace metal impurities in furnace-generated,
but not in spark-generated particles. The lower temperature in the sintering
oven, near the melting point of NaCl, explains the low levels of Na and Cl in
spark-generated samples.
High-purity tubes, combined with stringent cleaning protocols can be

used to reduce contaminant levels. The impurities in the work tube will even-
tually deplete, allowing the production of clean silver. This can however take
a long time, even with work tubes low on contaminants, when one considers
the comparatively large size of the work tube in comparison with the silver
aliquot.

4.3.3 Economic evaluation

Both the furnace and the spark consume around 120W, and yield a deposition
rate of 8× 10−9m2 s−1 on the 1.25× 10−3m2 collection area of the ESP. This
corresponds to a 75% collection efficiency from aerosol to deposition surface
in the ESP3. The energy cost for a silver particle film with 10% surface cover-
age is 1× 109 Jm−2, or 300 kWhm−2. This is significant when compared to
the total (electrical equivalent) energy consumption during the complete life
cycle of a PV solar cell (1 to 16 kW/Wpeak [97], i.e. 150 to 2400 kWhm−2 at
15% efficiency).
The ablation efficiency of silver by spark discharge is 8× 10−10mol J−1

[42], meaning that only 0.8% of the ablated mass ends up on the solar cell.
The poor efficiency is the result of several loss mechanisms, some of which
are easily reduced. Losses occur by diffusion of particles to the walls of the
system, and can be estimated using the Gormley & Kennedy equation [66].
Diffusion losses are largest while the particles are small, or the temperature
is high. Distinguishing between the coagulation chamber, the hot zone in
the sintering furnace, and the rest of the system, transmission of particles is
estimated at 97% 95% and >99% respectively. The DMA was operated with
a much lower aerosol flow rate than the furnace and spark. The excess gas
was vented, yielding a transmission of 25 to 30%. During size selection large
and small fractions of the aerosol are discarded, yielding a mass transmission
of 18%.

3The solar cells used were typically 3.1× 10−4 to 3.6× 10−4m2, yielding device efficien-
cies of 20%
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To accommodate for the observed deposition rate, particle losses in the
spark generator chamber are placed on the order of 75 to 80%. Particles can
deposit on the reactor wall by either diffusion or electrostatic precipitation.
Evaporated material can also deposit on the opposing electrode if the vapour
jet formed by the spark bridges the electrode gap [42]. Without assigning
specific values we assume that the three loss mechanisms are comparable in
magnitude, i.e. all are significant. The specific energy (power input / flow
rate) used here is one order of magniture larger than typical spark systems.
The comparatively low flow rate used here results in poor quenching of the
vapour cloud, increasing the risk of material transfer between electrodes. The
low flow rate also leads to increased diffusional and electrostatic losses.
Given that a complete PV cell can be assembled for less cost than the

electrical cost of an SPR layer, adding an SPR layer with the current system
would be viable the efficiency of the solar cell more than doubles. The losses
in the spark chamber, in the excess vent, and in the DMA together result in
99% reduction in aerosol mass. With an optimized design, particle losses in
the spark can probably be reduced to <20%.
The losses in the excess vent can be fully avoided if a high throughput

DMA is used [98]. Some losses occur because not all the generated particles
will be in the desired particle size range. If the aerosol is left to coagulate,
it will approach the self-preserving size distribution with a geometric stand-
ard deviation, 𝜎𝑔, of 1.32 to 1.36 [66]. For mass mean diameter close to
100nm, this means that up to 30% of the mass falls within (100± 10) nm. If
a monodisperse aerosol with an 𝜎𝑔 < 1.1 is generated, e.g. by seeded nucle-
ation [78], this value increases to 70%. With the described improvements,
the energy cost reduces to a more acceptable 15 kWhm−2 or 6 kWhm−2 for
polydisperse and monodisperse generators, respectively.

4.3.4 Optical properties

Themeasured cross-sections for scattering (𝑄scat.) and absorption (𝑄abs.) show
red-shifts of the surface plasmon resonance compared to simulated spectra
Figure 4.7. The red shifts were smaller for spark-generated particles: 𝑄scat.
shifts by 60nm and 90nm, while 𝑄abs. shifts by 50nm and 80nm, for spark
and furnace-generated particles, respectively. Additionally, the measured
magnitude of 𝑄scat. and 𝑄abs. was lower than predicted from theory.
The red shift occurs in part because of a strong sensitivity to the refractive

index of themedium in which the particle is embedded [77]; partly because of
non-ideal sphericity of the particles [77]; and partly because of contaminants
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Figure 4.7 Measured (points) scattering (black) and absorption (red) cross-
sections for silver nanoparticles, compared with simulated values (lines). (a)
tube furnace, 𝑑𝑝 = 107nm, 𝜃 = 10% (b) spark discharge,𝑑𝑝 = 84nm, 𝜃 =
10%.

in the Ag particles. McMahon, Lopez, Meyer III, et al. [99] observed a shift
in the surface plasmon resonance of silver nanoparticle films deposited by
ion-beam lithography, when the substrates were exposed to air. For 60 nm
cylindrical silver particles they show a change in redshift of 1.8 nmh−1, and
link it to the observed formation of Ag2S.
To simulate the effects on contaminants on the SPR of Ag nanospheres, we

consider the formation of Ag2S on the surface of silver exposed to air. Scat-tering cross-sections were calculated for Ag spheres with a constant diameter
of 120nm, of which the outer 0 to 15 nm was replaced by Ag2S. A refractiveindex of 1 (air) was used for the medium. The simulations show a red shift of
∼12nm for every nm shell thickness Figure 4.8 Additionally, the magnitude
of 𝑄scat. decreases, and that of 𝑄abs. increases with increasing shell thickness.
The drop in scattering intensity and the red-shift of spark generated particles,
for which S is the dominant impurity, could be explained by a sulfide shell
with a thickness of ∼3nm.
Each optical measurement was performed one day after deposition. To

confirm that tarnishing affects the scattering properties of the silver particles,
the optical measurement of a furnace-generated sample was repeated 24 days
after deposition (Figure 4.9). The observed red shifts in 𝑄scat. and 𝑄abs. are
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(a) (b)
Figure 4.8 Simulated (a) scattering and (b) absorption by Ag nanoparticles
surrounded by a shell of Ag2S.

consistent in trend with a growing layer of Ag2S (cf. Figure 4.8). However,the drop in intensity of𝑄abs. does not fit with the model. A decrease in absorp-
tion can be understood if the particles were not distributed homogeneously
over the surface, and a different spot with lower surface coverage was lit
in the repeat measurement. Additionally, the large fractions of Na and Cl in
furnace-generated samples complicate the analysis, as it is possible that some
conversion between Ag, NaCl and AgCl occurred.
Ag2S films formed in air by the reaction of Ag with H2S can grow at a rate

of 6 nm per month to 10 nmh−1 [90]. Such growth rates are in agreement
with the Ag2S thickness of ∼3nm estimated from the optical measurement
24 hours after deposition. EDX measurements on 80nm particles performed
260d after deposition show a S content of 10 to 12%, corresponding to a Ag2Sshell thickness of 9 to 12nm. The S content of furnace-generated samples was
too low to explain the SPR red shift by sulfidation. In stead, it is assumed
that AgCl in the furnace-generated samples plays a similar role to Ag2S.

4.3.5 Solar cells

The spark-generated Ag nanoparticles result in a 4 to 15% increase in short-
circuit current density, 𝐽𝑠𝑐, when placed in front of the solar cell (Figure 4.10).
The Ag particles are embedded in AZO, with a refractive index of 2, resulting
in a red shift and broadening of the surface plasmon resonance (Figure 4.10)
compared to the samples measured in air (Figure 4.7b). The increased EQE
at wavelengths above 600nm is consistent with enhanced absorption due
to light trapping. Integrated over the full spectrum, the individual cells



66 Chapter 4. Plasmonic Ag nanospheres in Solar Cells

 0

 1

 400  600  800  1000  1200

Q
sc

a
t.
, 
–

wavelength, nm

479 nm

510 nm

(a)

 0

 1

 400  600  800  1000  1200

Q
a
b
s.
, 
–

wavelength, nm

422 nm

472 nm

(b)
Figure 4.9 Age effect in scattering (a) and absorption (b) of 136 nm furnace-
generated particles on glass/ITO, 1 d (black) and 24d (red) after deposition.

showed a variation of ±1% in 𝐽𝑠𝑐. However, the cells comprising 120nm
particles showed a variation of several percent in EQE, specifically in the
400 to 600nm spectral range. While this variation is probably linked to in-
homogeneous deposition of Ag nanoparticles across the substrate, we have
no suitable explanation for the small but definite increase in EQE observed
for several cells in the range of 400 to 600nm. In this part of the spectrum,
the microcrystalline Si layer absorbs the light a single pass, and no EQE is to
be expected from improved scattering.
The SPR-enhanced scattering results in an increased current density up

to 0.4V, above which the current density falls below that of the reference
cell (Figure 4.11). The reduced 𝑉𝑜𝑐 is indicative of an increased number of
electrical defects, causing an increased recombination of charge carriers. This
limits the maximum power output of the cell, which is seen in the reduction
of the fill factor from 69 to 61% (Table 4.2). Overall, the gain in current
density is offset by the reduced fill factor, and the incorporated nanoparticles
can be said to have a negligible effect on the efficiency of the solar cells.
The poor electrical performance of the solar cells is linked to the low shunt

resistance, 𝑅𝑆𝐻, and is explained through the surface texture of the samples.
A high surface roughness leads to non-conformal growth of microcrystalline
silicon, leading to the incorporation of voids and pinhole defects [100]. The
samples were exposed to ambient air before depositing Si, and possibly col-
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Table 4.2 Summary of solar cell parameters. Surface coverage of nanospheres
was ∼10%

Parameter unit Reference Cell 1 Cell 2
𝑑𝑝 nm - 104 120
𝑉oc mV 541 518 511
𝐽sc mAcm−2 18.3 19.8 20.9
𝐹𝐹 % 69.0 61.3 60.7
𝜂 % 6.9 6.5 6.8
𝑅S Ωcm2 3.1 2.6 3.9
𝑅SH Ωcm2 293 133 243

lected microscopic dust particles. SEM studies show that micrometer-sized
Ag agglomerates were deposited alongside the ∼100nm particles. These ag-
glomerates are of the same order of thickness as the deposited Si film (2 µm),
and by themselves present additional shunt paths.

4.4 Conclusions

Spark discharge presents a viable alternative to tube furnaces as a source of
nanoparticulate aerosols, providing comparable production rates, and with
the possibility for higher purity particles. Optimization of the process to
reduce particle losses can reduce the energy cost of a silver nanoparticle layer
with 10% surface coverage to ≤15 kWhm−2. Combined with the absence
of masks, precursors and solvents, and the fact that spheroid particles are
deposited, the aerosol methods present a unique alternative to metal-island-
films and ion beam lithography in the production of nanostructured, surface
plasmon resonant films.
Impurities in the nanoparticles lead to a shift in the surface plasmon res-

onance, and reduce the amount of scattered light. Spark-generated nano-
particles are of higher purity than furnace-generated particles due to the loc-
alized heating. When the deposited particles are left exposed to air a shell of
Ag2S forms, resulting in a redshift of the SPR. In large scale assembly of PVcells it is common practice to avoid exposure to ambient air, and the Ag2S tar-nish will not form. In contrast, oven-generated particles were contaminated
by a large fraction of the volatile NaCl, originating from trace compounds
in the tube wall. While careful selection and production of tube materials
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can reduce this type contamination, the fundamental flaw of a large heated
surface area will remain.
The benefit of the surface plasmon resonant nanospheres, an increased

photocurrent, is offset by the poor electrical properties of the deposited cells.
To improve the electrical properties, the presence of micrometer size struc-
tures must be avoided. Primarily, the particle deposition step should be in-
cluded in the overall process design so that the currently necessary vacuum
break can be avoided. At the very least, exposure to ambient air must be
prevented in order to avoid tarnishing of the silver nanospheres. If air expos-
ure cannot be avoided, methods to reduce Ag2S to Ag should be developed.Further work to find methods to reduce the size of formed agglomerates, e.g.
by sintering, is recommended.





Chapter 5

Synthesis of Magnesium Hydride by
Spark Discharge

Magnesium hydride has the potential to be a cheap hydrogen stor-
age material for automotive purposes. The high hydrogen content of

7.6% H2 is however offset by slow reaction kinetics, and nanostructuring of
the material is generally considered to be necessary.
A novel approach is presented, where MgH2 nanoparticles are synthesizedfrom the elements using a spark discharge in a single-step, scalable, and green

process. The formation of spark-generated MgH2 was studied in mixtures of0 to 100% H2/Ar, using SMPS, XRD and TEM, as well as IR and TDS.
The particles are collected as hard agglomerates of 7 to 15 nm primary

particles. H2 affects the energy efficiency of the process, and a maximum
production yield of 1.3× 10−8 g J−1 is obtained if 50 to 75% H2 is used.
The particles consist of a mixture of nanocrystalline MgH2, Mg and MgO.Part of the 0.5 to 4.3% m/m H2 is present in an unidentified state; either as
amorphous MgHx, or as a solid solution in Mg.
This chapter is closely related to chapter 3 in the dissertation of Anastasopol [101]. To

appear as T.V. Pfeiffer, A. Anastasopol, J.Middelkoop, U. Lafont, E. Callini, A. Borgschulte,
F.M.Mulder, S.W.H. Eijt, A Schmidt-Ott Unusual Hydrogen Solubility in Nanoparticulate MgH2Synthesized by Reactive Spark Discharge, manuscript in preparation.

71



72 Chapter 5. Synthesis of MgH₂ by Spark Discharge

5.1 Introduction

At this moment, no suitable production technique for nanoparticulate MgH2exists. The popular alternative is mechanical alloying my means of e.g. a
high energy ball mill, which produces nanocrystalline, but micrometer sized,
particles. Catalysts and other additives can be conveniently added prior to
mechanical alloying, but dispersion of these additives is poor. Nanocrystal-
line MgH2 can be made either by mechanical alloying of bulk MgH2 in aninert atmosphere , or through reactive mechanical alloying of Mg in H2 at
elevated pressure [102]. Energy cost is typically not reported, and has to be
estimated from experimental conditions. When ball milling Mg under H2 on
a laboratory scale, energy costs are on the order of 1× 108 J g−1. These meth-
ods can be transferred to (semi-)industrial scale ball mills [103], but the same
limitations of lab scale milling apply. Other mechanical techniques that offer
better scalability in terms of capital and energy costs, such as cold rolling,
can be used to obtain a nanocrystalline structure if brittle MgH2 is used asa starting point [18]. The nanocrystalline hydride can also be synthesized
directly from MgCl2 through reduction by LiH in a ball mill [104].Liquid phase processes in general are characterized by good scalability
and large waste streams. As the main interest in nanoparticles is due to
their large surface area, surface contamination by surfactants, side products
and solvent impurities are a concern. Liquid phase synthesis of MgH2 nano-particles is typically achieved by reduction of an organometallic compound.
The first work in this direction is by Bogdanovic [105], with the hydrogena-
tion of a Mg–anthracene complex using transition metal homogeneous cata-
lysts. Decomposition of Grignard reagents such as di-n-butylmagnesium un-
der 50 bar hydrogen results in the formation of nanocrystalline MgH2, al-though yields are significantly improved if the solvent is evaporated first [106].
With suitable capping ligands clusters of Mg8H10 can be made, which releasehydrogen upon heating to 473K [107]. Nothing is known about possible
reversible hydrogenation of the depleted clusters, and the extraordinarily
large mass of the ligands limits their usefulness for hydrogen storage applic-
ations. The unavoidable presence of contaminants in the final product can
also be used to advantage. Jeon, Moon, Ruminski, et al. synthesized Mg nano-
particles embedded in poly(methyl methacrylate) (PMMA), where the PMMA
acts as a protective O2 barrier [108].
Nanoconfined MgH2 can be made by wet impregnation of a carbon scaf-fold with [CH3(CH2)3]2Mg or [CH3(CH2)3]2Mg, followed by thermal treat-ment under 5MPa of H2 [109, 110]. Melt infiltration of nanoporous carbon
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with liquid Mg avoids the use of organic solvents, but requires hydrogenation
to form nanostructured MgH2 [111, 112]. In both cases, the product remainsencased in the carbon scaffold, which might have implications on the final
application.
Various methods can be grouped under the nomer physical vapour depos-

ition/condensation. Oxide stabilized magnesium particles of 0.1 to 1 µm can
be produced by thermal evaporation of Mg and condensation on a cooled
substrate in 102 Pa of inert gas [113]. When Mg is evaporated in an atmo-
sphere of >20bar H2, MgH2 is formed in the form of wires with 0.1 to 1 µmdiameters[114]. Thin films of mostly MgH2 can be formed by RF-sputteringof Mg in 0.4 Pa of a 2:1 ratio of H2:Ar [115]. Arc evaporation of Mg in a flow
of 30% H2 in Ar at atmospheric pressure results in the formation of 300 nm
particles of metallic Mg [116].
Spark discharge is a compromise between the cold and the hot discharges,

and is characterized by rapidly quenched repetitive high energy pulses. Tem-
peratures inside the spark reach 6× 103 to 2× 104 K, but each spark lasts only
several µs. Each spark is accompanied by a rapid expansion of the plasma
volume, which rapidly quenches the plasma in the working gas. The inter-
mittent nature of the spark does however mean that only part of the gas turns
to plasma, inherently leading to incomplete use of any gaseous feedstock.
This chapter describes a scalable method for producing nanoparticles of

MgH2 with primary particle sizes <20nm, from the elements at ambient con-
ditions. H2/Ar mixtures in the range of 0 to 100% H2 were used as work-
ing gas in spark discharge. The H2 content influences production yield and
product composition. The hydrogen storage properties of spark discharge
MgH2 are evaluated, and compared to bulk and ball milled MgH2.

5.2 Theory

While MgH2 is thermodynamically stable at ambient conditions, hydrogena-tion is prohibitively slow due to the poor H2 dissociation on the Mg surface.
Increased temperatures lead to faster reaction rates, but shift the equilibrium
away from the hydride according to the van ’t Hoff equation

𝑙𝑛 𝑝eq
𝑝0

= Δ𝐻
𝑅𝑇 − Δ𝑆

𝑅 (5.1)

If we want to hydrogenate Mg, with Δ𝐻 = −74.4 Jmol−1 H2 and Δ𝐻 =
−135 JK−1mol H2 [117], at ambient pressure, a temperature below 550K is



74 Chapter 5. Synthesis of MgH₂ by Spark Discharge

required.
Rather than splitting H2 on the Mg surface, which suffers from slow kin-

etics, the H−H bond can also be broken in an electric discharge [56]. Mon-
atomic species of H can have lifetimes up to 10−1 s [118], sufficient long for
hydrogenation. Atmospheric arcs have high degrees of dissociation, and a
high specific power (∼1010Wm−3). Atmospheric pressure glow discharges
operate under similar conditions [119]. These discharges are so called hot
discharges: 𝑇𝑒 ∼ 𝑇𝑔 ≈ 1500K. An equilibrium shift due to insufficient cool-
ing thus could explain why metallic Mg was formed instead of MgH2 in the30% H2 arc of [116]. Dielectric barrier (DBD) and corona discharges are
characterized by lower degrees of ionization and low gas temperatures. They
are however not energetic enough to generate particles at industrially relev-
ant scales [63]. Note that these cold discharges could however be useful to
promote hydrogenation when refueling an existing H2 storage system.
Consider the spark channel as a microreactor, where ablated metal atoms

and plasma species are mixed and quenched. The volume of this microre-
actor depends on the energy of the spark. Capacitive spark discharges at at-
mospheric pressure of currents of 102 to 104 A are characterized by constant
current densities on the order of 103 to 104 Acm−2 [28, 120]. The spark
channel in the spark generator needs to grow wide enough to accommodate
the peak current in the spark generator, typically 200 to 300A. This makes
the volume of the spark discharge plasma ∼10−8m3 for a 1mm spark gap.
The plasma volume consists of atoms, molecules, and ions, originating

from both gas and electrodes, as well as free electrons. Prior to each dis-
charge the gas is at ambient conditions, and the ideal gas law provides an
upper limit to the concentration of species in the plasma that originate from
the gas: 2.45× 1025m−3. A typical spark ablates 10−11 to 10−10mol [42],
corresponding to concentrations of 1018 to 1019m−3, or 1 ppm.1 Fridman,
Chirokov, and Gutsol [120] give an electron density of ≈1021m−3 for ambi-
ent spark discharges. If we maintain charge neutrality by assuming 1021m−3
positive ions to be present, ≥40ppm of the gas is ionized. To obtain the de-
sired 1 : 2 reaction stoichiometry of magnesium atoms and hydrogen ions, a
minimum gas H2 concentration of ≈5% is required. Since atomic and excited
molecular hydrogen are also likely to give enhanced hydrogenation this value
is an overestimation, and an excess of hydrogen is easily attained.

1This is equal to the total level of impurities in scientific grade (6N0, or 99.9999%) gases.
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Figure 5.1 Experimental setup. DMA - Differential mobility analyzer, FCE -
Faraday cup electrometer, MFC - mass flow controller.

5.3 Experimental

5.3.1 Synthesis

MgH2 nanoparticles were synthesized by spark ablation of �6mm Mg rods in
1.0 Lmin−1 Ar and H2 mixtures. The used setup (Figure 5.1) and the method
of working contamination-free are based on those described in [10]. A second
mass flow controller allows the full range of gas compositions to be used. All
gases were of 5.0 purity, further purified using 0.5 L 5A molecular sieve and
0.5 L BTS catalyst to remove water and oxygen, respectively. In the case of
hydrogen a second molecular sieve bed is needed to remove H2O formed by
the reduction of BTS catalyst by H2. Before each collection run, the spark was
run for 1 h to clean the electrode surface. Production rates were determined
gravimetrically by collecting the particles on �47mm PVDF membranes (Mil-
lipore HVHP04700) in the form of a grey/black powder. All further sample
handling was performed in a glovebox under Ar atmosphere with <0.1 ppm
O2 and <0.1 ppm H2O.
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5.3.2 Characterization

The agglomerate size was determined on-line by means of mobility measure-
ments. The Differential Mobility Analyzer of the Duisburg type was run in
open loop to accommodate the changing gas composition of the polydisperse
aerosol flow. The sheath flow of 10.0 Lmin−1 nitrogen and the monodisperse
aerosol flow of 1.0 Lmin−1 were controlled via critical orifices. The flows in
the DMA were controlled by fixing three flows leaving the hard to control ex-
cess flow free. With the used flows under laminar flow conditions, the error
introduced by varying the composition of the inlet gas is estimated at <5%
versus classical DMA theory.
X-ray diffraction (XRD) was performed on a PANanalytical X-Pert PRO

diffractometer (Cu K𝛼, 40 kV, 40mA); its results were evaluated using the
Powder Diffraction Files: Mg [35-0821], MgH2 [74-0934], and MgO [45-0946]. Transmission electron microscopy (TEM) was performed on a FEI
Tecnai TF20 electron microscope (200 kV), equipped with SAED and EELS
capabilities. Infrared spectroscopy (FTIR) was performed using an Bruker AL-
PHA Platinum Attenuated Total Reflectance infrared spectrometer. A home
built Thermal Desorption Spectroscopy setup, described in detail by Vons
[30], was used to evaluate the hydrogen content of the as-produced particles.
No activation steps were performed. To prevent evaporation of Mg a max-
imum temperature of 573K was used.

5.4 Results

5.4.1 Production Rate and Yield

Production runs of 5 to 10h yielded a grey-black powder at production rates
of 0.1 to 1.1mgh−1. Figure 5.2 shows the production yield in mass per en-
ergy, defined as production rate divided by the power input into the plasma,
at constant charging current of 15mA. By plotting the production yield rather
than the production rate, we correct for the higher breakdown voltage of H2.
With higher hydrogen concentrations the production rate and yield initially
increase, but drop when the argon concentration approaches 0%. The in-
creased yield is an important result, as energy efficiency is perhaps the most
critical challenge in plasma ablation based nanoparticle generation methods.
We must emphasize that the presented production rates are of the collec-

ted product, not electrode mass loss as is sometimes reported. Because of
the lengthy bake-outs required after opening the system, electrode mass loss
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Figure 5.2 Power input (open symbols, left axis) and production yield (filled
symbols, right axis) for increasing H2 concentrations. black diamonds: 𝑑gap=
1.5mm, red squares: 𝑑gap= 1.75mm, blue circles: 𝑑gap= 2.0mm, from [30].
The dashed line is a guide to the eye.

was determined at less frequent intervals, typically 3 to 5 production runs.
Average electrode mass loss rates indicate particle losses around 60 to 80%,
which can largely be attributed to diffusional losses of small particles.
The use of production rates results in an underestimation of ablation rates.

More importantly, it removes measurement artifacts due to start up and shut
down of the system, and directly represents the characterized product. Abla-
tion rates can be especially skewed when large particles are formed but not
collected. Because of the increasing contribution of surface energy, mass
production rates in plasma based ablation methods drop with decreasing
particle size. In spark discharge, part of the product consists of large spher-
ical particles formed by liquid ejection [54]. These large particles constitute
5 to 10% of the mass of the product2. As such, while being system depend-
ent, collection rates represent the steady state rate of nanoparticle production

2In unpublished experiments, we deposited the splash droplets in a medium/low pressure
impactor. Because the aerodynamic diameter of a large spherical particle is much larger
than an open agglomerate, the pressure can be set such that only the spherical particles are
deposited. From image analysis on electron micrographs, we found a lower limit of 5% m/m
of splash droplets in the collected product.
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more accurately than electrode mass loss measurements.

5.4.2 Mobility measurements

Figure 5.3 shows the mobility size distribution of Mg nanoparticles formed
in 100% Ar in comparison to prior results by Vons [30]. The DMA measures
the aerodynamic size of the agglomerates, and gives little information on the
primary particle size; mobilties are calculated with the assumption of unit
charge. Neglecting multiply charged particles is very reasonable for bipolar
charging of <50nm particles [89], while 9% of 100nm particles is doubly
charged. An excess of positively charged particles is measured, but the new
measurements show a decreased total number of charges, and a 6 times lower
charge ratio 𝑛+/𝑛−. Additionally, the mode of the distributions has shifted
in opposite directions for the two polarities.
Size distributions for different H2 concentrations are shown in Figure 5.4.

Adding H2 greatly reduces the excess of positive charges, and results in smal-
ler modes. When H2 is present, the mode of the distributions shifts slightly
to larger sizes with increasing H2 concentration. At ≥50% H2, the positive
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and negative distributions are near equal.

5.4.3 Morphology and Structure

TEM

Figure 5.5 shows a micrograph of powder produced under 5%H2 atmosphere.
The particles are nanostructured agglomates, with morphologies typical of
spark discharge. The particles are surrounded by an MgO shell, which leads
to sample charging in the electron beam. Moreover, the electron beam in-
duces desporption of hydrogen. Because of the drift caused by charging and
hydrogen evolution we could not acquire high resolution images for these
samples. The CMD of 127 primary particles is 14 nm with a geometric stand-
ard deviation of 1.5. A fine structure with protrusions of several nm in size
can be observed on the surface of the agglomerates (Figure 5.5a, insert).
Electron diffraction patterns show diffuse rings, confirming the nanocrys-

talline nature of the sample (Figure 5.6). Figure 5.6b shows the averaged ra-
dial profile, referenced to the clear [002] reflection of MgO according to Vons
[30]. This transformation results in a 6% larger reciprocal lattice spacings
measured using the scale bar provided by the TEM software (Figure 5.6a);
this correction is justified by the excellent fit with the principal reflections
of both MgO and Mg. The three characteristic reflections of Mg comprise
speckled rings, as compared to the smooth MgO lines, indicating that Mg is
present in larger domains than MgO. No evidence for the presence of MgH2was found. The TEM results are consistent with earlier measurements [30].

XRD

X-ray diffraction patterns for 5 to 100% H2 are given in Figure 5.7. The
presented results are normalized without background subtraction. Mg is the
dominant species at all concentrations, and broad features indicate the pres-
ence of nanostructured MgO. In the diffractograms for 50% and 75%, broad
reflections occur at 27.815° 2θ, 35.642° 2θ, 39.799° 2θ and 54.542° 2θ, which
were assigned to MgH2 [PDF 74-0934]. For 50% H2 small shoulders were ob-served at 25.530° 2θ and 37.9° 2θ, which correspond well with the 26.605° 2θ
and 37.75° 2θ reflections of γ-MgH2 [PDF 35-1184]. The main [111] reflec-tion at 31.478° 2θ is however missing, and the gamma phase of MgH2 cannotbe assigned. The diffraction patterns for 5%, 25% and 100% are of poor
quality due to low sample quantities, and merely suggest the presence of Mg
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Figure 5.5 TEM micrographs. (a) 5% H2/Ar, 20 nm scale bar; insert: detail
of highlighted area, 5 nm scale bar. (b) Mg produced in pure Ar, 50 nm scale
bar, reproduced from [30].
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and MgO. Crystallite sizes as determined using the Scherrer formula, correc-
ted for instrument broadening and using a structure factor of 0.9, are reported
in Table 5.1.

Table 5.1 Scherrer crystallite sizes

50% H2 75% H2
Angle Species FWHM 𝑑𝑐 FWHM 𝑑𝑐
° 2θ ° 2θ nm ° 2θ nm
27.82 MgH2 1.15 7.4 1.69 4.9
32.10 Mg 0.44 19 0.36 23
34.31 Mg 0.45 18 0.38 22
36.53 Mg 0.48 18 0.34 25
39.80 MgH2 0.77 11 — —
54.54 MgH2 1.06 8.4 0.95 9.4

Rietveld analysis (Figure 5.8) is complicated by the overlapping of the
sample holder reflections at 28.15° 2θ and 44.30° 2θ with the broad reflec-
tions of MgH2 at 27.814° 2θ and MgO at 42.83° 2θ, respectively. γ-MgH2 hadto be excluded from the analysis to prevent the regression from diverging. In-
dicative mass fractions calculated from the refinement are given in Table 5.2.

Table 5.2 Mass fractions in % m/m as determined
by Rietveld analysis.

50% H2 75% H2
𝑓Mg (25.0± 0.1)% (12.1± 0.1)%
𝑓MgH2 (38.2± 0.3)% (20.7± 0.2)%
𝑓MgO (36.9± 0.8)% (67.2± 0.1)%

𝑅𝑤𝑝 3.4% 3.4%
𝜒2 12.4 3.9
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FTIR

The transmission spectra of MgH2 produced at various H2 concentrations aregiven in Figure 5.9. The spectra of spark generated samples are in good
agreement with the ball-milled reference sample. The broad band from 1600
to 900 cm−1 centered around 1160 cm−1 is typical for MgH2 [121].
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5.4.4 Hydrogen content

The hydrogen content of the samples was determined by integrating the sig-
nal from the mass spectrometer from the Thermal Desorption Spectroscopy
setup. This is done under the assumption that complete dehydrogenation oc-
curs, hence the values reported in Table 5.3 represent a lower limit for the
hydrogen content. Assuming that all hydrogen in the sample exists in the
form of MgH2, the as-produced samples comprise 6.8 to 56% m/m of MgH2.No correlation was found between hydrogen content in the gas and in the
final product.
For a detailed investigation into the hydrogenation properties of spark-

generated MgH2 the reader is referred to the dissertation of Anastasopol[101]. In short, the material comprises a large fraction of α−MgH2, i.e. asolid solution of H in hexagonal Mg, which shows enhanced hydrogenation
kinetics without the need for a catalyst. The spark-generated materials are
unique, in that the α−MgH2 persists over multiple cycles, along with theenhanced hydrogenation rates.

Table 5.3 Initial hydrogen content determined
by TDS. See text.

H2 in gas % m/m H2 est.% m/m MgH2
5% 0.52% 6.8%
50% 4.31% 56%
75% 2.72% 36%
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5.5 Discussion

5.5.1 Particle charging

From themobility measurements in Figure 5.3 it is apparent that self-charging
in a high purity Ar spark does not follow the bipolar equilibrium distribution
typically observed in aerosol charging, which is characterized by approxim-
ately equal positive and negative charges. In equilibrium chargers, ions are
continuously generated in the charging volume. In contrast, the charge car-
riers in spark discharge are formed coincidentally with particle formation,
and can be depleted before equilibrium has been reached. Ion-forming elec-
tronegative species are essentially absent in high purity noble gases, and the
dominant negative charge carriers are free electrons. The mobility of free
electrons is much larger than that of the gas ions, resulting in excess neg-
ative charges in absence of electric fields [122]. When an electric field is
applied the free electrons rapidly disappear, resulting in an excess positive
space charge and a positively charged aerosol. In the simple spark discharge
circuit this electric field is applied as the cathode potential rises during capa-
citor charging.
The two sets of mobility measurements recorded in pure Ar (Figure 5.3)

were performed in essentially the same experimental setup, but show a drastic
difference in charge ratio 𝑛+/𝑛−. Vons [30] used a dedicated Ar bottle, and
measured 𝑛+/𝑛− = 20. In this work the gas composition was controlled
by changing the mix ratio between two gas bottles, and 𝑛+/𝑛− = 3.5 was
obtained. After each change in gas composition the system was flushed with
the spark on for >15min, i.e. 45 residence times. This reduces the levels of
residual H2 in the system to negligible levels, and residual H2 cannot account
for the observed differences. The likely cause of the decreased charge ratio is
partial hydrogenation of the Mg electrodes due to atomic hydrogen formed in
the spark3. A small surface layer of MgH2 on the electrode surface increasesthe persistence of hydrogen in the system: Only a small quantity of hydrogen
is liberated with each spark, enhancing the H2 concentration in the vapour
cloud until the surface layer has been completely etched away.
The presence of H2 in noble gases influences the charge distribution be-

cause the hydrogen atom is weakly electronegative with an electron affinity
3In a separate experiment, a second spark generator with two Nb electrodes was placed

12 cm downstream of the first spark [123]. See also chapter 6. We observed catastrophic
failure of the Nb electrodes due to hydrogen embrittlement when sparking Mg in 5% H2,
even though the Nb electrodes were at room temperature, grounded and inactive.



5.5. Discussion 89

of ∼0.754 eV, and readily forms a negative ion [56]. As such, one can ex-
pect the charge distribution in H2/Ar mixtures to more closely resemble the
bipolar charge distribution (Figure 5.4). The addition of H2 results in a sig-
nificant drop in total charge, likely because the increased H2 concentration
enhances ion recombination. There is little difference between the various
hydrogen concentrations, apart from a slight shift of the mode, which grows
for both polarities by ∼40% from 25% to 100% H2. The number of charges
at 25 to 100% H2 qualitatively follows the production yield (Figure 5.2).
Because the number concentration of neutral particles is unknown, is is not
possible to draw strong conclusions about the charge fraction in the aero-
sol. Further work is needed to determine whether the apparent paradox of a
growing mode with a constant charge-to-mass ratio is caused by a change in
charge fraction, multiple charging, or particle morphology.
The modal sizes of the positive and negative particles in Figure 5.3 do

not coincide for either data set. In the old dedicated Mg+Ar setup the mode
of positive particles (𝜇+) is smaller than that of the negative particles (𝜇−),
while the opposite result, 𝜇+ > 𝜇−, is observed in the gas mixing setup. Vons
demonstrates that the low 𝜇+ is the result of a large fraction of multiply
charged positive particles. However, multiply charged negative particles as
an explanation for 𝜇+ > 𝜇− is unlikely, as positive charges are still in ex-
cess. Instead, it appears that the large particles are preferentially positively
charged. This effect can be qualitatively understood if we consider the spark
as a system where coagulation occurs simultaneously with diffusion charging
by a finite supply of ions. As the vapour cloud generated by the spark starts
to condense, collisions occur between atoms, particles and gas ions. Larger
particles pick up charges faster than smaller particles [66], similar to bimodal
coagulation (see chapter 7). At some point the negative ions are effectively
depleted, while the remaining positive ions preferentially charge the larger
size fraction of the growing aerosol.

5.5.2 Structural Characterization

The synthesized product is not pure MgH2. At ∼30 to 70% m/m, MgO is
present in comparable concentrations to when no H2 is present. The import-
ant contributions to oxidation in the system come from trace impurities in the
carrier gas, and from outgassing and permeation of the materials (steel, glass,
ceramic, PTFE, etc.) of the experimental system [30]. Additionally, even
though the powders are handled under a protected atmosphere, the ∼1m3
glove box with <0.1 ppm O2 represents a problematic amount of oxygen for
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small sample volumes. Working with larger product volumes and incorporat-
ing a closed loop gas recycle (chapter 2) tackle the largest sources of oxygen.
Preferably, some form of encapsulation or passivation of the product to avoid
further oxidation is included in further process design.
More hydrogen desorbed than detected in the form of crystalline MgH2.Considering that MgO is inactive, and assuming there is no amorphous frac-

tion, the Mg–MgH2 mixture would have an overall compositions of MgH1.77and MgH2.2 for 50% and 75% H2, respectively. This is very high whencompared to the relative abundance of Mg and MgH2 obtained from XRD(Table 5.2). This excess hydrogen is either present as a solid solution within
hexagonal Mg, or in the form of an amorphous hydride.
Since no catalysts were included, it is highly unlikely from a kinetics point

of view that such a high H2-loading was achieved by room temperature expos-
ure of Mg nanoparticles on the collection filter. The MgH2 must have formedduring the spark. A mechanism for the formation of MgH2 is provided in afollowing section.
From TEM results of Vons, Anastasopol, Legerstee, et al. [10], we know

that Mg primary particles formed by spark discharge in pure Ar sinter to form
chain-like agglomerates surrounded by a thin oxide shell. Two types of do-
main were identified: elongated structures 7 to 15 nm wide and up to 50nm
long, and in smaller numbers hexagonal domains of 20 to 200nm. From the
TEM results in this work, we can conclude that the presence of hydrogen
during spark formation inhibits sintering. In the as-produced samples the
hexagonal domains are mostly absent, and the surface of the agglomerates is
not smooth, having protrusions 3 to 4 nm in diameter (Figure 5.5a, insert).
An explanation lies in the nature of the Mg−H bond, which is considered to
be somewhere between ionic and covalent. Compared to a metallic system,
which is characterized by delocalized covalent bonds, the atoms in MgH2have less freedom to move, resulting in increased melting and sintering tem-
peratures versus Mg metal.

5.5.3 Production Rate and Yield

An increase in production rate has been observed for other metals in other
plasma based systems for hydrogen concentrations up to 50%, among others
by Tanaka and Watanabe [124] and Förster, Wolfrum, and Peukert [125]. In
prior work, no compensation was done for any increased power input. Four
causes are often proposed in literature to explain the increased production
rate:
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1. Bubbles formed through recombination of hydrogen atoms in molten
metals,

2. High thermal conductivity of hydrogen,
3. Formation of intermediate compounds such as hydrides,
4. Activity modification by hydrogen in the molten metals.

In our case, the first three effects undoubtedly contribute to the increased pro-
duction rate, but none can account for the observed decrease in production
rate for pure H2.
Watanabe, Itoh, and Ishii [126] demonstrated that high heat conductiv-

ity of hydrogen and the recombination of H2 within the metal play a minor
role in the formation of nanoparticles by arc discharge. They instead attrib-
ute the enhanced evaporation rate to the formation of intermediate products,
i.e. hydrides, or an “activity modification by hydrogen in molten metals”.
However, they found no evidence of hydride formation in a H2/Ar arc, even
for hydrogen active materials such as Ti and V. It is likely that in the current
work a surface hydride formed on the electrodes, which affected the physical
properties thereof. A lowered thermal conductivity and a reduction in Mg–
Mg bond strength due to interstitial hydrogen would both contribute to an
increased vaporization efficiency.
A similar trend with H2 concentrations as in Figure 5.2 was observed for

the vaporization rate with a constant current DC arc for Fe in He-H2 mixtures
by Noma, Ueshima, Fukui, et al. [127]; for Fe in Ar-H2 insufficient data is
provided to identify if a maximum exists [128]. The production rate in 0%
and 50% H2 in Ar increased by two orders of magnitude, but resulted in BET
particle size growth from 9nm to 33nm . Simultaneously, the yield, calcu-
lated from published data, increases from 9× 10−11 to 7× 10−9 g J−1 with
increasing H2 concentrations [128]. Molecular hydrodynamics simulations
indicated the higher specific heat of H2 results in a thermal pinch, focusing
the plasma energy and raising the plasma temperature in H2/He mixtures.
No explanation for the drop in production rate was provided.
The particle formation mechanism in spark discharge is still poorly un-

derstood, but two processes can provide for sufficient energy transfer from
the plasma into the electrodes to explain the observed evaporation rates (Z.
Geretovsky, personal communication, 23 Jan 2014). Joule heating rapidly
raises the plasma temperature to 104 K, and the electrode temperature to the
boiling point of the metal, leading to evaporation of the electrode material.
The evaporation rate should be proportional to the energy input, and does
not explain the drop in production yield. The second process is sputtering,



92 Chapter 5. Synthesis of MgH₂ by Spark Discharge

where ions in the plasma are accelerated by the oscillating electric field, and
impinge on the electrode surface. The sputtering rate, 𝛾sput, depends on the
kinetic energy of the impinging ion, 𝐸𝑖, and the weighted relative atomic
numbers of the impinging and target atoms, ̄𝑍𝑡, according to [56]:

𝛾sput ∼ 0.06
𝐸𝑡

√ ̄𝑍𝑡 (√𝐸𝑖√𝐸thr) , with (5.2)

̄𝑍𝑡 = 2𝑍𝑡
(𝑍𝑖/𝑍𝑡)2/3 + (𝑍𝑖/𝑍𝑡)2/3 ,

where subscripts 𝑖 and 𝑡 denote the incident and target atom/ion, respect-
ively, 𝐸𝑡 is the surface binding energy, and 𝐸thr is a threshold energy. Al-
though Equation 5.3 was developed and tested for low pressure systems, it
does provide an explanation for the observed dip in production yield. 18Ar+
and 2He+ have a ̄𝑍𝑡 versus 12Mg of 11.6 and 6.7, respectively, while for 1H+̄𝑍𝑡 = 4.4. At very high H2 concentrations sputtering becomes less effective
due to the decrease in ̄𝑍𝑡, which under constant power conditions translates
to a reduced production rate. While more research is required to quantify the
relative contributions of Joule heating and sputtering to ablation rates, the
current results show that sputtering cannot be neglected in spark discharge
production of nanoparticles.

5.5.4 Hydride formation

Metal hydrides can form in H2/Ar arcs, if the metal hydride is stable enough.
Using Equation 5.1 we can define an equilibrium temperature, 𝑇eq., at which
the hydrogen partial pressure of the hydride matches that of the working gas.
Table 5.4 showsΔ𝐻,Δ𝑆 and 𝑇eq. for metals that can form hydrides, and have
been used in H2/Ar arcs. Under conditions4 where metallic Mg is produced,
the hydrides of TiH1.9, CeH2, and Sm3H7 are produced [129, 130]. TiH2,
CeH2, and Sm3H7 are more stable than MgH2, while CeH3 is less stable. Theequilibrium temperatures of these hydrides obtained from the van ’t Hoff
relation (Equation 5.1), are presented in Table 5.4. The hydrides formed
in the arc have equilibrium temperatures >640K, while the hydrides with
equilibrium temperatures <530K did not form. The maximum temperature
of a DC arc in 50% H2 in Ar is calculated to be about 2.5× 104 K [128],
although the temperature at the evaporation zone is typically lower. Quench

4TiH1.9 and Mg form under 50% H2, CeH2, Mg, and Sm3H7 under 20% H2.
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rates of 104 to 105 K s−1 are quoted for this system [129]. The estimated time
required to cool the cloud to below the equilibrium temperature of MgH2 is
then 10−1 to 10−2 s.
Table 5.4 ∆𝐻 and ∆𝑆 and equilibrium temperatures of selected arc-generated
metal hydrides. ∆𝐻 and ∆𝑆 from the provided references, given per mol H2

Metal Δ𝐻 Δ𝑆 Ref. [H2] 𝑇eq. Hydride
hydride Jmol−1 JK−1mol−1 K formed?𝑎

CeH3 −51 −114 [131] 20% 400 no
MgH2 −74.4 −135 [117] 50% 501 no
MgH2 20% 529 no
Sm3H7 −78 −108 [132] 20% 641 yes
TiH2 −142 −174 [133] 20% 790 yes
CeH2 −156 −78 [131] 20% 1710 yes
𝑎 [129, 130]

In contrast, MgH2 was obtained by spark discharge in 50% H2 (Table 5.3).
The peak temperature of ∼2× 104 K [31] lasts for a few µs, after which the
plasma is quenched by turbulently mixing with with the carrier gas. Due to
this discontinuous nature, the quench rates in spark discharge are estimated
at −107 K s−1 [42], and the equilibrium temperature of MgH2 is reached in
10−4 to 10−3 s. Considering the fact that excited species of atomic H, with
energies of 10 to 11 eV, can have lifetimes of 10−4 to 10−1 s [118], we pro-
pose the following formation mechanism for hydrides in plasma evaporation
systems.
Particles form by condensation as the metal vapour cloud formed by the

plasma, comprising various species of metal, hydrogen, and possibly an inert
gas, is supercooled. Metal hydrides can form as long as the partial pressure
of H2 exceeds the equilibrium pressure of the hydride (Equation 5.1). This
often occurs at a relatively low temperature, which results in slowed reaction
kinetics according to the Arrhenius relation. However, in cases where hydro-
gen splitting is the rate-limiting step, such as Mg, the presence of atomic H
will result in an increased hydrogenation rate. This is exemplified by the two
systems presented here: with arcs the equilibrium temperature is reached on
the same time scale as the life time of the longest-lived species of atomic H,
and only negligible formation of MgH2 can be expected. In spark dischargethe equilibrium temperature is reached much faster, resulting in longer reac-



94 Chapter 5. Synthesis of MgH₂ by Spark Discharge

tion times with larger concentrations of atomic H, allowing the formation of
MgH2.

5.6 Conclusion

MgH2 nanoparticles were synthesized at atmospheric conditions by spark dis-charge in a 0 to 100% H2 atmosphere. The product consists of MgH2 (partlycrystalline, Scherrer size 9 nm, partly amorphous), Mg (20nm), and MgO
(<4nm). Hydrogen desorption experiments show that the product contains
at least 0.5 to 4.3% m/m of H2. The hydride forms early during the coagula-
tion process, reducing the effect of sintering and yielding a reduced primary
particle size. The presence of H2, even in trace quantities, affects the self-
charging process for spark discharge in purified Ar. When H2 is added the
charge distribution shifts from positive excess towards neutral.
A maximum production yield is obtained at H2 concentrations of 50 to

75%. The maximum is consistent with a non-negligible contribution of sput-
tering to the evaporation rate, in addition to the generally accepted Joule
heating mechanism. The energy efficiency of the spark discharge process is a
crucial commercial parameter, and further research on tuning the production
yield with the gas composition, specifically to optimize sputtering efficiency,
is recommended.
The formation of MgH2 is explained by the rapid cooling rate in sparkdischarge, and the longevity of certain species of excited atomic H2. The

atomic species enhance the hydrogenation rate, and MgH2 forms at temper-atures where its formation is thermodynamically favourable, but otherwise
kinetically limited. This observation implies that atomic hydrogen could be
used to increase the low-temperature charging rates of existing metal hydride
systems, and we strongly recommend future research into the use of plasma
based refueling systems.



Chapter 6

Nanoscale Dispersion of Niobium and
its Oxides in Nanostructured Metallic
Magnesium

Nanostructured, hydrogen storage capable niobium-catalyzed
magnesium powders were produced using two spark generators in

series. Niobium-rich clusters of 2 to 10nm size are evenly dispersed within
the nanoparticulate magnesium matrix down to a scale of 50 nm. Oxides
of niobium were formed through the surface ablation of the native oxide
layer on a niobium electrode. While the NbOx nanoparticles are formed in
an aerosol of nano-structured, pyrophoric magnesium, oxygen transfer to
magnesium is not observed. Reduction of NbOx occurs only after hydrogen
cycling at elevated temperatures.

95
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6.1 Introduction

The slow reaction kinetics of MgH2 have inspired significant effort into find-ing suitable catalyst materials [134–139]. These studies however give little
attention to the state in which the catalyst is dispersed, beyond the bulk com-
position and catalyst particle size. This is surprising, as the catalyst dispersion
has a profound impact upon the performance of these composite materials:
large catalyst particles, or even strongly clustered nanosized catalyst particles,
will not be effectively utilized. Diffusion can play an important role when a
shell of magnesium hydride forms during hydrogen sorption. Once this shell
reaches a thickness of ≈20nm, it becomes a blocking barrier due to the slow
diffusion of hydrogen through MgH2 [140]. This implies that only those Mgdomains that lie within ≈20nm of a catalyst particle will benefit from said
catalyst. In-situ TEM investigations confirm that the hydriding reaction is
localized around the catalyst particles [141].
Spark discharge particle generation is a direct method of synthesizing gas-

borne high-purity metallic nanoparticles, and has been used to make hydro-
gen storage materials [10]. Mixing in low quantities of Pd significantly in-
creased the ab- and desorption rates, although the Pd could only be found in
as a Mg6Pd alloy in XRD. The particle generation process is similar to laserablation, but the ablation energy is delivered by a high voltage discharge
rather than a laser. The required electronic components are simple and cheap,
providing better prospects with regards to scaling up production rates.
This chapter presents an approach to producing metal oxide nanoparticles

in oxygen sensitive environments, using the spark generator. This study
also intends to provide controllable means of distributing nanosized catalyst
particles down to a nanometer scale within a nanoparticulate matrix. We use
aerosol based processes in order to allow efficient mixing without the need for
solvents. While we use a spark generator to provide our primary aerosol flow,
we see no reason why this method of depositing catalyst particles could not
be directly applicable to nanoparticulate aerosols produced by other means,
such as electrospray, flame spray pyrolysis, and the like.

6.2 Theory

For a given aerosol, condensation and agglomeration result to a decrease
in particle number and an increase in particle size, eventually resulting in a
(self-preserving) lognormal distribution of particle sizes [66]. Particle growth
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Mg (300Hz) Nb (3Hz)

Spark

Figure 6.1 Schematic process of catalyst addition. A second, low-power spark
produces Nb catalyst particles that are mixed with agglomerates of Mg synthes-
ized in a first, high-power spark.

is defined by the number of particles and the time available for growth.
Whether coalescence occurs or structured agglomerates are formed depends
on the temperature history and the particle size. If a second aerosol is added
at any stage during the first agglomeration process, the newly added particles
will participate in the agglomeration process. This bimodal coagulation is de-
scribed in chapter 7 in context of coating spherical particles.
As we’re primarily interested in the scale down to which catalyst particles

can be mixed homogeneously within the Mg matrix, it suffices to know the
size the agglomerates have grown to by the time they reach the second spark.
The particle number concentration 𝑁 in an aerosol decreases according to

𝑑𝑁
𝑑𝑡 = −𝐾𝑁2, (6.1)

where the coagulation kernel 𝐾 depends on the collision diameter of the
particles, and their diffusion coefficients. For particles 1 to 100nm in dia-
meter𝐾 has a value of 3× 10−16 to 1× 10−15m3 s−1. For a given metal, we
can know the mass ablated by the spark using data on ablation efficiencies
from literature [42]. From the total ablated mass𝑚0, the number of particles,
and assuming bulk density, the mean particle volume is

̄𝑉𝑝 = 𝑚0
𝑁(𝑡) ∗ 𝜌, (6.2)

from which, in the case of spherical particles, the particle size is easily ob-
tained. As 𝐾 is mostly independent of particle size, the particle volume of
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Figure 6.2 Capacitor voltage vs. time and mean capacitor voltage for (a) clas-
sic and (b) pulsed operation modes.

Equation 6.2 is a function only of coagulation time and the ablated mass,
which can be modified experimentally by changing the carrier gas flow rate
or the distance between sparks, or by changing the power input into the spark,
respectively.
Because the residence time of the particles in the spark chamber is six

orders of magnitude larger than the 10 µs spark event, a mean electric field
in the chamber results in electrostatic losses in the time between sparks. In
the classic system, a constant current 𝐼 repetitively charges a high voltage
capacitor 𝐶 the breakdown voltage of the gas (Figure 6.2a). The discharge
frequency 𝑓rep is then determined through the discharge voltage 𝑈𝑑 by

𝑓 = 𝐼/𝑈𝑑𝐶, (6.3)

resulting in an oscillating high voltage field with a mean voltage of 𝑈𝑑/2
within the spark chamber.
To reduce electrostatic losses of primary aerosol in the second spark we

can operate said spark in a ‘pulsed’ mode by periodically stopping the current
from the power supply. The resulting waveform is depicted in Figure 6.2b. In
an ideal system, the mean voltage in the gap is reduced by a factor 𝑡charge×𝑓rep,
while the same discharge voltage and spark energy are achieved. In practice,
fluctuations in discharge voltage lead to an instability in the system, and the
mean field is higher.



6.3. Experimental 99

     

Mg electrodes 
 

Nb electrodes 
  

Pulse 
  

generator 
  

20 nF  
  

10 
 MΩ  
   

++++    

- 

----    

++++    

 

Figure 6.3 Schematic of the double spark generator.

6.3 Experimental

The setup comprises two spark generators in series, as described by Vons,
Anastasopol, Legerstee, et al. for the production of a Mg-Pd composite [10].
The key novelty with regards to the spark generators commonly in use today
[22], lies in the capacitor charging system used in the second spark. A 20nF
capacitor is charged with a current pulse of 1 to 10ms, followed by a dead
time where no electric field presides in the spark chamber. Pulses were gener-
ated using a Technix CCR high voltage current source controlled by a function
generator, and a 10MΩ resistor parallel to the capacitor was used to dissipate
any charge remaining in the capacitor after each discharge. This operating
method allowed us to both directly control the discharge frequency and re-
duce the mean electric field in the second spark chamber by 70 to 99% for
frequencies of 10 to 300Hz.
Niobium and magnesium (99.9%, MaTeck GmbH) rods of 6.35mm OD

were used as electrodes. The Nb electrodes had been exposed to air for several
months, resulting in the formation of a native oxide layer. The gap distance in
the Mg spark was varied between 1.0mm and 2.0mm as noted in Table 6.1.
The Nb electrode pair was placed 12 cm downstream of the Mg electrodes.
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Table 6.1 Operating conditions for Mg and Nb sparks, and Nb content
measured by ICP and EDX. The conditions under #6 are the same as in Ana-
stasopol, Pfeiffer, Schmidt-Ott, et al. [123]. 𝑑gap was 1.8mm for sample #10,
and 1.0mm in all other cases.
ID Mg Nb Nb content
# 𝑑gap 𝐼𝐶 𝑓rep 𝐼𝐶 g Nb/g Mg

mm mA Hz mA ICP EDX𝑎

1 2.0 12.5 10 1.9 0.25 -
2 2.0 12.5 20 1.5 <0.03 -
3 2.0 12.6 40 0.9 0.17 -
4 2.0 12.4 40 1.3 0.08 0.14
5 1.8 12.4 10 0.3 0.13 -
6 1.8 12.4 40 1.2 0.05 0.12
7 1.8 12 100 3.0 1.46 -
8 1.0 8.8 30 1.2 0.24 -
9 1.0 8.1 60 1.9 0.71 4
10 1.8 10.8 100 4.6 - 1.1
𝑎 From the ratio of integrated peak areas (∝ molmol−1), average of
measurements with a ∼1000nm spot size, except for sample #6,
for which a 50nm spot size was used.

The gap distance of the Nb spark was kept constant at 1.0mm unless other-
wise noted. 1 Lmin−1 of 99.999% argon, further purified to minimize oxide
formation as previously described [10], was used as the carrier gas.
An SMPS systemwas used tomeasuremobility distributions of self-charged

agglomerates, i.e. without the use of a neutralizer. Particles were collected on
a membrane filter (Millipore HVHP0047) at typical rates of 0.1 to 0.3mgh−1,
yielding samples of 1 to 2mg for further analyses. X-ray diffraction patterns
were recorded on a PANalytic X-pert Pro diffractometer at the Cu(K𝛼,1) spec-
tral line, 𝜆 = 0.15415nm.
The local distribution of catalyst particles was investigated using a trans-

mission electron microscope fitted with a EDX probe (FEI monochromated
Tecnai 200STEM-FEG). Calibration of the EDX was inadequate for quantitat-
ive analysis, therefore the distribution of niobium in the samples was eval-
uated by the ratio of the integrated areas of the peaks of Mg Kα and Nb Lα,
which each are proportional to the molar contents of said element. While we
could not determine the absolute concentrations in the samples, we can com-
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pare the relative abundance of niobium at different locations within a given
sample. This provides an indication of how homogeneously Nb is distributed
throughout the sample. To determine Mg and Nb contents the samples were
dissolved overnight in piranha solution (1:4 H2O2:H2SO4), and analyzed with
ICP-OES (PerkinElmer Optima 5300DV). Except for ICP-OES, all actions were
performed under inert atmosphere (O2, H2O <0.1 ppm).

6.4 Results and discussion

6.4.1 Electrostatic losses

For a Mg spark under the high purity conditions as applied here, positively
charged particles comprise >50% of the total aerosol [30]. In this work, neg-
atively charged particles were ∼20× less abundant than positive particles, in
agreement with prior work [30]. Because of this large charged fraction, the
total production rate of the spark discharge method can be significantly af-
fected by electrostatic losses. The impact of the pulsed charging mode on
electrostatic losses was monitored using a DMA. Figure 6.4 shows mobility
size distributions from the double spark for pure and mixed aerosols of Mg
(200Hz, 2mm gap) and Nb (300Hz, 2mm gap). At these conditions the pro-
duction rate and size distributions of Mg and Nb were approximately equal. A
slight increase in number concentration was found for a single spark running
in the pulsed mode as compared to the continuous mode, where the mean
electric field in the second spark was reduced from 1.0 kV for the continuous
mode to 0.2 kV for the pulsed mode (Figure 6.2a).
For two spark generators in series operated in the non-pulsed mode (Fig-

ure 6.4b, filled circles), the overall yield was equal to or lower than that of
the single spark generators (Nb: Figure 6.4a, filled circles, Mg: Figure 6.4b,
open diamonds)). When the second spark was pulsed (half-filled circles in
Figure 6.4b) the number concentration doubled, i.e. negligible losses of pos-
itively charged Mg agglomerates occured. The count mean diameter of the
mixed aerosol shifted slightly from 42nm to 49nm when the Nb spark was
pulsed. This growth has to be attributed to coagulation between charged and
neutral (agglomerates of) particles. Spark generated agglomerates tend to
have open structures, with fractal dimensions, 𝐷𝑓, as low as 1.8 [39]. Mg
agglomerates in this size range have a 𝐷𝑓 of 2.1 to 2.4 [30], and we can
estimate that the shift in particle size corresponds to a growth of 30 to 40%
by volume. This likely is the result of large, neutral Mg agglomerates that
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Figure 6.4 Effect of pulsing the Nb spark on the size distributions of positively
self-charged agglomerates. (a) Nb only, 2mm gap, 300Hz 𝑓rep. filled circles
𝑡charge = 𝑓rep−1, open diamonds 𝑡charge = 0.3 µs. (b) open diamonds Mg only,
2mm gap, 200Hz 𝑓rep; filled circlesMg+Nb, 𝑡charge = 𝑓rep−1, half circlesMg+Nb,
𝑡charge = 0.3 µs. Lines represent lognormal fits

obtain a charge through collision with charged Nb particles, rather than the
growth of a new mode. The mobility measurements paint only a general pic-
ture of the agglomeration process in the dual spark. No correlation was found
between mobility measurements and the Nb content of the nanocomposites
discussed below.

6.4.2 Bulk composition

ICPmeasurements show that Nb:Mg ratios of 0.03 to 1.46 g g−1 were obtained
(Table 6.1). Figure 6.5 compares the measured Nb:Mg ratio (points) with the
values expected from the relative ablation efficiencies of Nb and Mg (dotted
line). The discrepancy between predicted and measured values is probably
related in part to electrostatic losses, i.e. samples with high Nb:Mg ratios
have high losses of Mg. Samples #7 and #9 produced at 100Hz and 60Hz,
respectively, fall in this category. In general the Nb:Mg ratio seems randomly
distributed, and likely was significantly influenced by the poorly defined flow
conditions within the reactor chamber, which lead a broad residence time
distribution due to recirculation.
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Figure 6.5 Mass ratio of Nb to Mg vs. relative power input. Nb gap: 1.0mm
(blue circles), 1.8mm (red squares), and 2.0mm (black diamonds). The dotted
line indicates the expected ratio based on ablation efficiencies in literature [42].
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Figure 6.6 Normalized (y-axis ∝ intensity) X-ray diffraction pattern of
Mg+Nb composite powder from early (black) and late (red) production runs.

The powder diffractogram of several pooled samples synthesized under
conditions of #5 in Table 6.1 is shown in Figure 6.6 (black line). Reflections
belonging to Mg, MgO, Nb, NbO2 and Nb2O5 were identified through Rietveld
analysis (Table 6.2). Mg is easily identified from its three characteristic peaks
at 32.009° 2θ, 34.226° 2θ and 36.436° 2θ. Metallic Nb Particle sizes were
estimated using Scherrer’s equation, giving 23 to 133nm domain sizes for Mg
and 45nm for Nb. The broad bump at 42.953° 2θ is characteristic of the MgO-
shell of spark-generated Mg [30]. X-ray diffractograms of other samples show
similar trends, but were of insufficient quality to allow Rietveld analysis.
From the results of Rietveld refinement of the XRD patterns, we learn

that crystalline Mg and MgO are present in nearly equal amounts in the as-
produced samples, in strong agreement with prior results [10]. It is important
to stress the limitations in quantitative interpretation of XRD-patterns for nan-
oparticulate powders. Many metals produced in the spark generator contain
a significant amorphous fraction, which can lead to their underestimation in
quantitative analysis. Niobium oxides exist in a plethora of crystal structures,
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Figure 6.7 Normalized (y-axis ∝ intensity), background-corrected X-ray dif-
fraction pattern of Mg+Nb composite powder before (black) and after (red)
hydrogen ab- and desorption.

Table 6.2 Results of Rietveld analysis before and after hydrogen sorption ex-
periments for particles made from partially oxidized Nb rods, compared to the
phase identification in particles made from clean Nb. Composition of the nano-
composite expressed in %-wt. of the crystalline fraction.

Phase Native oxide Clean Nb
before after

Mg 15 % 10.8% yes
MgO 15 % 70.2% yes
Nb FM3M 33.2% 0.5% some
Nb IM3M 0.7% 1.1% some
NbO2 29.3% 2 % no
Nb2O5 5.8% 8.1% trace
MgH2 P42MNM - 5.1% no
NbH0.89 PNN2 - 2.2% no
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many with low symmetry that quickly disappear in the background noise. On
the other hand, MgO will only assume a simple cubic structure, in domains
as small as 0.5 nm (TEM), and must be considered highly crystalline.
The oxides of niobium are far more abundant than those of the more elec-

tropositive magnesium, whereas one would expect that the niobium would be
reduced by the magnesium [142, 143]. Indeed, in the samples that were used
for hydrogen storage experiments [123], the niobium oxides disappeared in
lieu of MgO after cycling at 300 °C.
Under our pure conditions, >1× 104 Mg atoms were ablated per oxygen

molecule present in the carrier gas. The magnesium spark is placed up-stream
of the niobium spark, and any gas phase oxygen is likely scavenged before it
reaches the second electrode pair. Selective oxidation of niobium can there-
fore only occur if a second oxygen source, such as the ablated electrode sur-
face, is present. During discharge, the shockwave caused by the forming
plasma channel pushes away the magnesium aerosol, leaving a niobium va-
pour. Any oxygen evaporated from the surface is then present in high local
concentrations of Nb, resulting in the preferred oxidation of Nb over Mg.
Many metals form native oxide layers when exposed to air, and in the case

of niobium, a stable ≈6nm Nb2O5 layer develops over the course of several
days [144]. The volume ablated by a single spark can be estimated from
the mass loss per spark event (≈1× 108 g spark−1 [42]) and the diameter
of the hot spot of the spark (≈50µm [145]). The ablated volume can be
approximated as a 1 µm-thick disc 50 µm in diameter, i.e.much thicker than
the native oxide layer. For such thin layers, one expects to find a mixture of
different oxides and the metal, but only for a brief time, as the native oxide
layer is rapidly cleared by the sparks. However, during the growth of the
Nb2O5 layer, defects can form to the large volume expansion associated with
the pentoxide growth; oxygen penetrates deeper into the surface along these
defects and NbOx, with 𝑥 ≈ 1 up to 100nm and 𝑥 ≈ 0.2 up to 1 to 10 µm are
formed [146]. Unpolished rods with a ‘rough’ surface texture were used here,
allowing the oxide to penetrate deeper into the rod. One can expect that the
volume occupied by the µm-thick oxide layer was sufficiently thick to result
in a high oxygen content in the vapour plume.
On the other hand, the surface of the magnesium electrodes had been thor-

oughly refreshed through >100h of prior use in a low-oxygen environment,
and can be considered essentially oxygen free. As the electrodes wear down
through continued use in the spark generator, the oxygen layer on the Nb
electrode depletes. This is seen in later samples, where the niobium oxides
has mostly disappeared from the product (Figure 6.7, red line). Two things
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can be concluded. Firstly, electrodes should undergo surface treatment to re-
move surface oxides, if metal nanoparticles are desired. Secondly, (partially)
oxidized electrodes, formed by deliberately exposure to air, anodization, or
compaction of powders [47], could be used to produce of metal oxide nano-
particles in the presence of less noble metals.

6.4.3 Local composition - catalyst distribution

TEM shows typical structures observed for magnesium nanoparticles pro-
duced by spark discharge [10]. Domains of coalesced primary particles are
encased in a ≈2nm thick oxide shell. The size of these primary domains can
be approximated with a lognormal distribution with a count median Feret’s
diameter of 13 to 20 nm (𝜎g = 1.5), in agreement with the Scherrer crystallite
sizes obtained from XRD. Dark particles of 3 nm (𝜎g = 1.45) in size were iden-
tified as niobium compounds using EDX. Small quantities of niobium were
also be found in some of the lighter areas in some samples, although no spe-
cific domains were observed.

(a) Mg 1.8mm, Nb 40Hz.

A
AK

��*

(b) Mg 1.0mm, Nb 60Hz. Nb
dots visible.

Figure 6.8 TEM images of Mg-Nb composites.

The local degree of catalyst distribution was qualitatively evaluated using
TEM/EDX. Due to the lack of calibrated EDX, no one-to-one relation between
the EDX and ICP was obtained for the Nb:Mg ratios (Table 3.1). The relative
abundance of Nb and Mg was measured on selected areas ranging from 10
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to 1000nm in size (Figure 6.9). On a scale of 100 to 1000nm, niobium is
mostly distributed evenly within each investigated sample, although some
areas with either lack or excess of niobium can be found. Throughout sample
#6 (𝑑gap,Mg = 1.8mm, 𝑓rep,Nb = 40Hz) the abundance of niobium observed
with a 50nm spot size was independent of location at a ratio of 0.032± 0.002
Nb/Mg ((0.112± 0.004) g g−1). When the same sample is observed with a
10nm spot size a ratio of 0.107± 0.065 (g g−1) was found, indicating that
the niobium was no longer distributed homogeneously.

(a) Mg 2.0mm, Nb 40Hz. EDX
Nb/Mg ratios: A = 0.19, B =
0.00 g g−1.

(b) Mg 1.8mm, Nb 100Hz. EDX
Nb/Mg ratios A-E: 1.60, 1.19,
1.43, 1.15 and 0.11 g g−1.

Figure 6.9 Elemental composition of Mg-Nb agglomerates by TEM/EDX.

Particles of unequal sizes show enhanced coagulation in comparison to
equally sized particles (see chapter 7), and it is reasonable to expect that
Nb particles rapidly deposit on the surface of Mg agglomerates when both
aerosols are mixed. The scale down to which Nb can be distributed within the
Mgmatrix is then directly related to the size the Mg agglomerates have grown
to as they reach the Nb spark. The residence time of the aerosol between the
two electrode pairs was ∼16 s. From Smoluchowski theory [66], we estimate
a particle number concentration of 1014m−3 for Mg at the Nb spark. The
ablation rate of the Mg spark is 1× 10−9 to 1× 10−8mol s−1, as estimated
from evaporation efficiency data [42]. The average cluster thus comprised
6× 105 to 3× 106 atoms of Mg, giving a mass equivalent sphere of 30 to
50nm.
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Figure 6.10 Normalized fits of hydrogen desorption of spark-generated MgH2doped with Nb (red) and Pd (blue) catalyst.

The particles formed by the spark are not spheres, but agglomerates with
a fractal dimension, 𝐷f, of 2.1 to 2.4 [30], consistent with growth by Dif-
fusion Limited Aggregation (DLA) [147]. The radius of gyration 𝑅𝑔 of the
fractal-like agglomerate is calculated from 𝑅𝑔 = 𝑟pp (𝑁pp/𝑘f)

1/𝐷f , where 𝑘f
is a pre-factor and 𝑟pp and 𝑁pp the radius and number of primary particles
in the agglomerate, respectively. Using Eggersdorfer, Kadau, Herrmann, et
al.’s values for DLA, 𝐷f = 2.25 and 𝑘f = 0.82, 𝑅𝑔 of the Mg agglomerates is
estimated at 18 to 40 nm. This is consistent with the observation that Nb no
longer was homogeneously distributed at a scale below 50nm

6.4.4 Hydrogen storage properties

The hydrogen ab- and desportion kinetics of the Mg-Nb nanocomposite are
similar to those obtained for palladium-catalysed magnesium, desorbing most
of the stored H2 in 20 h (Figure 6.10). A detailed analysis of the hydrogen
storage properties of these spark generated catalyzed materials is reported by
Anastasopol, Pfeiffer, Schmidt-Ott, et al. [101, 123].
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In short, the observed desorption rates could not be adequately explained
through the conventional homogeneous nucleation and growth mechanism as
seen in bulk and thin films. Nucleation and growth of MgH2 were strongly af-fected by the nanostructure of the material. Instead of assigning a single rate
constant to domain growth, a better description of the desorption behaviour
was found if a distribution of rate constants was used. This distribution of rate
constants reflects the non-homogeneous nature of particulate systems, which
are defined by the properties (size, shape, structure, etc.) of the primary
particles, and their interfaces.

6.5 Conclusions

Catalyst nanoparticles in the form of niobium and niobium oxides could be
homogeneously dispersed down to a scale of 50 nm in a magnesium matrix,
forming a functional hydrogen storage material. Although one could expect
the catalyst content to be related to the relative production rates of the two
sparks, no significant correlation was found. This can be attributed in part to
poor design of the reactor, which is inducive of diffusional and electrostatic
losses. A better defined mixing zone, perhaps such as described in chapter 7,
and higher flow rates would benefit process control.
Even though niobium oxides were formed in the presence of metallic mag-

nesium, no significant oxygen transfer to the more electropositive magnesium
was observed. After hydrogen cycling at elevated temperatures the NbO2 re-
flection at 26.70° 2θ disappears, and the signal for MgO increases.
The degree of distribution of Nb throughout the composite was evaluated

using TEM/EDX. The ratio of Nb:Mg is constant down to a scale of ∼50nm
throughout the studied samples. This is consistent with the estimated size of
Mg-agglomerates as they reach the Nb spark.



Chapter 7

Coating of Nanoparticles using Spark
Discharge

Applying well-defined coatings to nanoparticles allows novel func-tions to be introduced to nanostructuredmaterial designs. Existingmeth-
ods rarely focus on small (<50nm) nanoparticles, and often are poorly trans-
ferable to other substrate and coating materials.
A physical method of coating nanoparticles as small as 10 nm with a 1

to 2 nm thin metal coating is described. The vaporized metal deposits on
substrate particles in a bimodal coagulation process. There, the deposited
domains can grow by surface diffusion, finally yielding smooth or patchy
coatings depending on the surface energies, 𝛾, of the two materials. The
coating is smooth if the substrate particle is also a metal, and fully surrounds
the core if 𝛾coat < 𝛾substrate.
Aerosols of spherical nanoparticles of Ag, Au or polystyrene latex (PSL)

were mixed with supersaturated metal vapours in a hollow electrode spark
generator. Au deposits on 80nm PSL in the form of mostly unagglomerated
<10nm clusters, while it forms a single patch on 20nm Ag cores. The method
employs mild operating conditions and is – apart from the coating morpho-
logy – independent of material properties, allowing it to be easily applied for
a broad range of substrate and coating materials.
Based on T. V. Pfeiffer, P. Kedia, M. Valvo, M. Messing and A. Schmidt-Ott “Coating of

nanoparticles using Spark Discharge” Some Journal (2014), manuscript in preparation.
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7.1 Introduction

Many applications for nanoparticles benefit from surface functionalization,
in the form of protective, conductive, or chemically (in)active coatings, or
improved dispersion in or adhesion to a final product matrix [148]. The
functionalization can be performed by chemical conversion, such as the par-
tial oxidation of metallic nanoparticles [149] , or the formation of a CdSe
shell in PbSe quantum dots by ion exchange [150]. Particles suspended in a
liqiud can also be coated by reduction of metal ions [151, 152]. Gas phase
methods have the environmental benefit of not requiring solvents or surfact-
ants. In chemical vapour deposition (CVD), gaseous precursor molecules are
decomposed to form condensing species. Typical substrates are metal oxides
such as SiO2 and TiO2, which are coated by decomposition of organometal-
lic complexes, forming oxides such as SiO2 [153] and Fe2O3 [154], or noble
metals such as Pt [155]. Carbon encapsulated particles can be made by de-
composition of hydrocarbons [156, 157].
The use of complex precursors is avoided with physical vapour deposition

(PVD), i.e. the evaporation or sublimation of a material, and its subsequent
condensation onto a substrate. Evaporation furnaces are suitable if the melt-
ing point of the substrate particle is significantly higher than that of the coat-
ing material, such as for the deposition of Ga on Au [158], or L-leucine on
NaCl or lactose [159]. Organic molecules can be deposited on silver nano-
particles, with lower melting point materials having the tendency to form
more uniform coatings [160]. Methods that apply focused heating, such as
the axial hot wire used to decorate 10 to 50 nm SiO2 particles with 1 to 3 nm
Au domains, can in theory be used with lower melting point substrates [161].
Models describing CVD coating in the gas phase are based on bimodal ap-

proaches to Smoluchowski coagulation [162]. The large substrate particles
preferentially scavenge the smaller coating particles. Jain, Fotou, and Kodas
take both coagulation and reaction kinetics into account for the decomposi-
tion of SiCl4 on TiO2 particles 1 µm in size [163]. Buesser and Pratsinis study
the surface roughness of SiO2 coatings, taking into account the decomposi-
tion of precursor, growth of coating particles and dilution quenching of the
flame [164].
We can expect that the formation of a coating by PVD on a substrate

particle will have similarities with the well-understood epitaxial growth of
thin films by PVD [165]. The flat, thin films grow as coating atoms and
clusters adsorb on the substrate and coagulate by surface diffusion. The mor-
phology of the coating depends on growth kinetics and on the surface free
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energy,𝛾, of the materials used1. If the surface free energy of the substrate
is larger than that of the coating 2D growth is energetically more favourable,
and a smooth layer forms. In the reverse case 3D growth occurs, and so called
metal island films form. If the surface energies of both materials are similar,
as is the case for Au (𝛾Au ≈ 1.50 eV [166]) and Ag (𝛾Ag ≈ 1.25 eV [166]),
combined 2D-3D growth can occur [167]. Metals have high surface energies,
while oxide and organic compounds have lower surface energies, implying
that a smooth metal coating on an organic core is difficult to achieve. In
certain cases thin layers form even if the two materials are deposited simul-
taneously rather than sequentially, such as evidenced by carbon/metal core
shell structures formed by CVD [168] and PVD [32, 169]. In such cases,
surface energy dominates.
At small sizes, metal nanoparticles are (partially) liquid at room temperat-

ure [170]. The depression of the melting point is caused by the large Laplace
pressure due to the curvature of the particle surface. For Au and Ag, this is
true for particles up to ≈3nm in diameter [171].This effect has been indir-
ectly observed with spark discharge generated Au nanoparticles, which are
spherical below 5nm [38], and structured agglomerates above 5 nm. The
liquid-like particles can be expected to have a large surface mobility, allow-
ing smooth layers to form upon deposition.
This chapter discusses the coating of nanoparticles with metallic clusters

formed by spark discharge. The method is similar to that used to add Pd and
Nb catalyst particles to agglomerates of Mg (see chapter 6 and ref. [123]),
except that substrate particles are brought in much closer proximity to the
spark by means of hollow electrodes. A simple bimodal coagulation model
that assumes perfect sintering due to the low melting point of small metallic
clusters is compared with experimental results. Different coating morpho-
logies are observed, and are related to the surface energy of substrate and
coating. The main benefits of this method comprise a great flexibility with
respect to coating material, due to the use of a spark as a vapour source, and
a great flexibility in substrate materials due to the mild operating conditions
in the system.

1In this text, the terms surface free energy (eV) and surface tension (Jm−2) are (falsely)
used interchangeably. For pure liquids, the surface tension is equal to the surface free energy;
for solids, it is undefined. The error is mostly in semantics, and we use surface free energy to
explain general trends for our <3nm clusters, which arguably are solid nor liquid proper.
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7.2 Theory

7.2.1 Smoluchowski Coagulation

Coagulation in a monodisperse aerosol can be described using Smoluchow-
ski’s model, with the corrections suggested by Fuchs [66]. Brownian motion
is responsible for particle collisions, and a coagulation rate

𝑑𝑁
𝑑𝑡 = −𝐾𝑁2 (7.1)

can be calulated from the particle flux on the surface of a given particle [66].
𝑁 is the number concentration of the aerosol. 𝐾 is a size dependent para-
meter, the coagulation kernel. In the continuum regime (2𝜆𝑝 < 𝑑𝑝), 𝐾 is
given by the expression

𝐾 = 4𝜋𝑑𝑝𝐷. (7.2)
The diffusion coefficient 𝐷 is calculated using the slip correction factor
according to Allen, Bayles, Gile, et al.’s approximation [66, 172]. Hinds
provides tabulated values for𝐾, which vary from 3× 10−16 to 12× 10−16m3 s−1
for particles <1µm if Fuchs’ correction is applied [66].
When considering coagulation of particles of two different sizes 𝑑𝑖 and 𝑑𝑗,

Equation 7.2 is expanded to
𝐾ij = 𝜋 (𝑑𝑖 + 𝑑𝑗) (𝐷𝑖 + 𝐷𝑗) (7.3)

Because 𝑑 increases with decreasing 𝐷, the collision kernel for particles of
unequal size is much greater than that of equally sized particles. The fact that
smaller particles preferentially collect on big particles can be conveniently
used to coat particles.
For the particle sizes in use here, the continuum model is invalid. Instead,

𝐾𝑖𝑗 is calculated using the Dahneke approximation for the transition regime
and free molecular regime [173, 174].

𝐾𝑖𝑗 = 𝐾continuum
2 + 𝜅

2 + 𝜅 (2 + 𝜅), (7.4)

where 𝜅 is the ratio of coagulation kernels in the continuum and free molecu-
lar regimes.

𝜅 = 𝐾continuum
𝐾free molecular

= 𝜋 (𝑑𝑖 + 𝑑𝑗) (𝐷𝑖 + 𝐷𝑗)
𝜋
4 (𝑑𝑖 + 𝑑𝑗)2 √ ̄𝑣𝑖

2 + ̄𝑣𝑗
2

(7.5)
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̄𝑣𝑖 is the mean thermal velocity of a particle of mass 𝑚𝑖

̄𝑣𝑖 = 8𝑘𝐵𝑇
𝜋𝑚𝑖

(7.6)

7.2.2 Coalescence of Metal Nanoparticles

When two particles touch, they will attempt to reduce their surface energy
by coalescence or sintering. A small particle size and a large surface free en-
ergy both contribute to fast sintering [70]. In the case of small metal clusters,
which have a lowered melting point compared to bulk [170], this can oc-
cur around room temperature. Because the small particles sinter faster than
larger ones, and a small cluster deposited on a large substrate particle will
rapidly spread out and disappear [147].
If the cluster is of different composition than the substrate particle, the dif-

ference in surface free energy, 𝛾, must be taken into account. We can treat the
substrate/coating/gas interfaces analogously to contact angle measurements
on the solid/liquid/gas interface [175], where

𝛾𝑠𝑔 = 𝛾𝑙𝑠 + 𝛾𝑙𝑔 𝑐𝑜𝑠 𝜃, (7.7)
with the subscripts indicating the interface energy between the solid (𝑠), li-
quid (𝑙), and gas (𝑔) phase. To obtain a smooth coating the contact angle 𝜃
must be less than 90°, i.e. the cluster must wet the surface. The liquid will
spread out and fully cover the solid surface, providing a smooth and homo-
geneous coating, if 𝜃 = 0°, i.e.

𝛾𝑠𝑔 − 𝛾𝑠𝑙
𝛾𝑙𝑔

≥ 1. (7.8)

Average values for the interface energies in pure elements are readily
found in literature (Table 7.1). Some error is introduced when using the
tabulated values at room temperature, but the temperature dependence of
surface energies is ∼10% from 0K to the melting point [176]. The difficulty
lies in finding a value for 𝛾𝑠𝑙 for different substances, which is poorly access-
ible by experiment. Considering that silver and gold readily alloy, that the
bond strengths of Ag-Ag, Ag-Au and Au-Au are similar, and that they have
approximately equal 𝛾𝑠𝑙’s in elemental form, we assume that 𝛾Ag-Au is sim-
ilar to 𝛾𝑠𝑙 of the elements, i.e.∼0.1 Jm−2. The ratio of surface energies in
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Table 7.1 Interface energies for silver and gold in Jm−2, at the melting point
(mp.) or at 0K.

Element 𝛾𝑙𝑔,mp. [177] 𝛾𝑠𝑔,0 [176] 𝛾𝑠𝑙,mp. [178]
Ag 0.9 1.32 0.11
Au 1.1 1.54 0.13

Equation 7.8 is ∼1.6 for Ag on a Au substrate, and ∼1.1 for Au on a Ag sub-
strate. Thus, provided no spontaneous alloy formation occurs, we can expect
2D growth of a smooth Ag film on Au, and combined 2D-3D growth for Au
deposited on Ag
Polymers havemuch lower surface energies thanmetals, e.g. 𝛾sg = 0.04 J m−2

for polystyrene [179]. This means that metals deposited on polymers usually
have a contact angle >90° (Equation 7.8), and will not wet the polymer sub-
strate.

7.2.3 Coating model

A substrate aerosol is coated by mixing in a supersaturated metal vapour in
a small volume (Figure 7.1). For clarity, we’ll refer to the smaller coating
particles as clusters to distinguish them from the larger substrate particles.
For simplicity, perfect mixing and immediate quenching is assumed, and the
repetitive sparks are treated as a continuous vapour source. Bimodal coagula-
tion results in growth of metal clusters and nanoparticles, as well as preferen-
tial coating of the substrate particles with the metal. We assume that clusters
below 5nm coalesce [38], and that they do so instantaneously, allowing us
to consider all particles as perfect spheres. The final coating morphology is
however determined by relative surface energies of the substrate particle and
the coating metal as described in subsection 7.2.2.
Coagulation is tracked using the concentration of particles, 𝑁𝑖, and atoms

𝑛𝑖. The particles that form the coating are labelled with index 1, substrate
particles with index 2. Index 𝑐 refers to coating particles collected on the
substrate particles. Collisions involving a cluster result in the consumption of
one cluster, i.e. a cluster and a substrate particle yield one substrate particle.
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Figure 7.1 Schematic model of the coating procedure using a hollow spark. A
vapour cloud formed by spark discharge is brought to the substrate aerosol using
a He sheath flow. Coating morphology is determined by the surface energy of
both materials.
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Coagulation can be described with the four differential equations,

𝑑𝑁1
𝑑𝑡 = −𝐾11𝑁2

1 −2𝐾1,2𝑁1𝑁2 − 𝑑𝑁𝑤,1
𝑑𝑡 (7.9a)

𝑑𝑁2
𝑑𝑡 = −𝐾22𝑁2

2 − 𝑑𝑁𝑤,2
𝑑𝑡 (7.9b)

𝑑𝑛1
𝑑𝑡 =−2 𝑛1

��𝑁1
𝐾12��𝑁1𝑁2 − 𝑛1

𝑁1

𝑑𝑁𝑤,1
𝑑𝑡 = − 2𝐾12𝑛1𝑁2 − 𝑛1

𝑁1

𝑑𝑁𝑤,1
𝑑𝑡
(7.9c)

𝑑𝑛𝑐
𝑑𝑡 = 2 𝑛1

��𝑁1
𝐾12��𝑁1𝑁2, = 2𝐾12𝑛1𝑁2 (7.9d)

𝑑𝑁𝑤,1
𝑑𝑡 signifies a wall loss term, and 𝐾𝑖𝑗 is the coagulation kernel between
particles 𝑖 and 𝑗 [66]. For 𝑁2 << 𝑁1 the self-collision rate and diffusional
losses of substrate particles are small, and Equation 7.9b is neglected in the
calculations. Diffusional losses are estimated using Hinds’ approximation of
the empirical expression by Gormley and Kennedy for laminar flow [66],

ℙ = 𝑁in
𝑁out

= 1 − 5.50𝜇2/3 + 3.77𝜇, with (7.10)

𝜇 = 𝐷𝑙
𝑄 , (7.11)

where ℙ is the fraction of particles passing through the tube, 𝑄 is the volu-
metric flow rate, and 𝐿 is the length of the tube. Equation 7.11, which is
accurate to <1% for 𝜇 < 0.009, is size-dependent, and is evaluated taking
the variable size of the clusters into account.
The size of clusters, coated particles and coating thickness are given by

𝑑1 = ( 𝑛1
𝑁1

𝑀1
𝑁𝐴𝜌1

)
1/3
,

𝑑2 = (𝑉2,0 + 𝑛𝑐
𝑁2

𝑀1
𝑁𝐴𝜌1

)
1/3
, and

̄𝑥𝑐 = 𝑑2 − 𝑑2,0

respectively, where 𝑉2,0 = 𝜋/6 × 𝑑2,0
3 is the initial volume of the substrate

particles.
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7.3 Experimental

7.3.1 Coating setup

The setup consists of three sections: substrate particle formation, coating,
and particle collection (Figure 7.2).
Spherical substrate particles of Ag were formed by sintering of agglom-

erates formed by spark discharge [39, 42]. Sintering temperatures in the
tube furnace were 1073K for Ag and 1173K for Au. Alternatively, 80 nm
(±18%) polystyrene-latex (PSL) spheres (Duke Scientific 5008A) were aero-
solized from suspension using a pressurized jet atomizer, followed by a dif-
fusion drier [66]. Size selecting the generated aerosol using a differential
mobility analyzer (DMA) is possible at this stage, but requires a neutralizer
after the DMA to avoid electrostatic losses in the coating zone. Nitrogen was
used as a carrier gas with a flow rate of 1.6 Lmin−1.
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Figure 7.2 Process schematic including substrate particle generation, particle
coating, and size selection and collection. DMA - Differential mobility analyzer,
ESP - Electrostatic precipitator

The coating zone is built from stainless steel, and consists of a NW-35CF
tee with two axially aligned tubes of 4mm inner and 6mm outer diameter.
Cylinders∼1 cm in length of Au and Ag (99.99%, MaTeck GmbH) of the same
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diameters were attached to the tips of the steel tube by means of compression
in a small brass ring. A sheath flow of 2 Lmin−1 He is introduced at the
start of the tee. Otherwise, the spark is essentially identical to that described
by [42], using a 2 nF capacitance, 15mA charging current, and 0.3 kV (Ag)
and 0.7 kV (Au) mean voltage. The coagulation zone consisted of 0.2m steel
tubing, giving a residence time of ∼40ms.
After coating, the excess clusters are filtered out using a differential mo-

bility analyzer (DMA) [180]. The DMA was operated at a broad transfer
function (1:2 aerosol:sheath ratio) to ensure high transmission of the coated
particles. The spark generator generated a sufficiently charged aerosol to
avoid the need for a neutralizer. Particles were collected in an electrostatic
precipitator on 200 mesh copper TEM grids with 50 µm holey carbon foil (SPI
Supplies) for off-line analysis.

7.3.2 Characterization

Aerosol concentrations and mobility size distributions of Ag and Au and
PSL core particles were measured using the DMA as a Differential Mobility
Particle Sizer (DMPS), with a CPC (TSI-3776) as detector. Transmission elec-
tron microscopy (TEM) was performed using a FEI monochromated Tecnai
200STEM-FEG operated at 200 kV, and a JEOL JEM 1400 operated at 100 kV.
HRTEM and energy dispersive X-ray spectroscopy (EDX) were performed on
a JEOL 300F with a FEG, operated at 300 kV. Image analysis was performed
using the public domain ImageJ software package [86]. Coagulation simula-
tions were performed using MATLAB software (The Mathworks, Inc.).
Raman spectroscopy was performed on a Renishaw inVia Raman micro-

scope, using excitation wavelengths of 532 nm (0.5mW) and 633nm (0.05mW).
The spectra were recorded as 20 cumulative 20 s scans under 50x magnifica-
tion, and were calibrated from the 520.6 cm−1 reflection of monocrystalline
[100] Si.

7.4 Results

7.4.1 Coating model

Figure 7.3 shows the dependence of 𝐾12, scaled to the monodisperse coagu-
lation kernels, on the size ratio of substrate particle to coating particle. In the
size range of interest, 10 to 100nm, 𝐾12 exceeds 𝐾11 by one to four orders
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of magnitude, indicating that the substrate particles will scavenge the coat-
ing particles [162]. In practice 𝑁1 >> 𝑁2, and the coagulation rate for 1-1
collisions will exceed that for 1-2 collisions (Equation 7.9a & 7.9b), resulting
in non-negligible growth of the clusters.

The simulated growth of Au clusters and coating on 20nm Ag particles is
plotted in Figure 7.4 for initial concentrations of 𝑁1,0 = 2× 1020m−3, and
𝑁2,0 = 1.5× 1013m−3. The initial concentrations for coating and substrate
particles mimic experimental concentrations as estimated from the ablation
efficiency [42], and measured by DMPS, respectively. The number concen-
tration and diameter of clusters evolves essentially identical for 10 to 80nm
substrate particles. Minor differences in coating thickness exist because small
particles are more sensitive to volume change than the bigger particles. In
fact, 𝑛𝑐 scales with the square of the substrate particle size, i.e. the available
surface area. For the ∼40ms residence time of the experiment, a coating
thickness of 0.6 to 0.8 nm is predicted, while clusters have grown to a size of
3.5 to 3.7 nm.
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Figure 7.4 Coagulation results for Ag cores coated with Au. 𝑁1,0 =
2× 1020m−3, 𝑁2,0 = 1.5× 1013m−3. (a) Cluster consumption (blue), cluster
size (red) and coating thickness (black) vs. time. (b) Coating thickness vs. cluster
size. solid: 𝑑2,0 = 10nm, dash: 20 nm, dash-dot: 40 nm, dots: 80 nm.

7.4.2 Au on PSL

Figure 7.5 shows TEM micrographs of gold coated PSL spheres collected dur-
ing one hour. The PSL substrate spheres had diameters of (67± 6) nm, i.e. in
the lower end of the stated 80nm particle size. The large difference in dens-
ity between PSL and Au results in high contrast, and dark Au domains are
clearly visible on the PSL spheres. The dark domains show lattice spacings of
0.23 to 0.24 nm. No size-selection was performed, resulting in a large (25%)
surface coverage of Au on the carbon film. The majority of PSL particles
has deposited on top of the carbon film, or as agglomerates (Figure 7.5a,
insert), making it impossible to distinguish on what surface the Au cluster
has deposited. These particles are ignored, and measurements are performed
on PSL particles suspended over the holes in the carbon film. This gives a
surface coverage of Au on PSL of 12.5%, measured over 1.1× 104 nm2, i.e.
∼ 3 particles.
The surface equivalent particle size of deposited Au clusters was obtained

from their projected surface area. Figure 7.5c shows size distributions of Au
deposited on PSL particles for spherical (circularity > 0.8) primary particles
and non-spherical (circularity ≤ 0.8) agglomerates. ‘Agglomerates’ below
∼1.3 nm in size are included for consistency, although the image resolution
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Figure 7.5 Gold-decorated PSL spheres. (a) and (b) TEM micrographs, scale
bars 10 nm and 20nm. (c) Size distribution of spherical and agglomerated
clusters deposited on PSL.

through the 80nm PSL particle precludes an accurate shape measurement.
The size distributions for Au particles deposited on the film are shown in Fig-
ure 7.6. The image resolution provided a lower cut-off at 2.2 nm, resulting
in an estimated modal primary particle size of 2 to 4 nm) Part of the agglom-
erates will have formed on the TEM grid, by particles depositing on already
deposited particles. In addition to the single PSL spheres, indication of neck-
ing was observed on a number of PSL spheres (Figure 7.5b). It is uncertain
whether this neck formed by sintering in the spark, or under influence of the
electron beam.
Several unexpected structures were observed during the TEM investiga-

tions, that warrant a separate discussion. Firstly, Figure 7.7a shows a fibrous
structure several micrometers in length, with a mean diameter of 50 nm. The
large size of the fiber indicates that it is an entrained agglomerate that formed
on the reactor walls. The dense packing and alignment suggests the fiber
formed under influence of an electric field [181], probably just downstream
of the electrode gap.
Secondly, at high spark energy several spherical gold particles, formed by

melt pool ejection [42], were observed (Figure 7.7b). The Au spheres were
0.1 to 0.5 µm in diameter, and were decorated with 5 to 20nm Au particles.
These ’wetting droplets’ had partially sintered with the larger particle, con-
sistent with a liquid-like surface of small particles. Lattice fringes with a
periodicity of 0.2355nm, corresponding to the [111] plane of Au, were ob-
served for the smaller particles. These results confirm that there is an upper
limit, <5nm, to the coating cluster size, if a smooth coating is desired.
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Figure 7.6 Clusters and agglomerates of Au, and several PSL spheres collected
on carbon foil. (a) TEM micrograph, 200nm scale bar, (b) size distributions of
Au primary particles and agglomerates.
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Figure 7.7 Other observed structures. (a) Branched wires, insert: overview.
(b) ‘Splashed’ microdroplet of Au with Au coating, inserts: (1) detail: [111]
lattice fringes, (2) overview . Scale bars (a) 100 nm (insert: 200 nm), (b) 10 nm
(insert 2: 100nm).
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Figure 7.8 Au-coated Ag nanoparticles observed by TEM. (a) TEM micro-
graph, scale bar 50 nm. (b) Corresponding size distribution of Ag substrate
particles. The solid line is a log-normal approximationSize distribution of Ag
substrate particles observed via TEM. The solid line is a log-normal approxima-
tion.

7.4.3 Au on Ag

Figure 7.8 shows Ag core particles partially coated with a cap of Au, visible
as a dark patch on a lighter core. The size distribution of 116 particles with
well-resolved coatings appears to be bimodal, with mean sizes of 8.2 nm and
21nm (Figure 7.8b). A significant number of small particles with a count
median diameter of 3.6 nm can be seen throughout the samples (Figure 7.9a).
These are identified as gold clusters that have passed through the DMA due to
the broad transfer function of the DMA and their high diffusivity. The clusters
are approximately equal in number to the coated particles (Figure 7.8b).
High resolution images of the patchy particles are given in Figure 7.9.

EDX of the light zones shows the presence of Ag and S, as well as some Au. Ex-
cluding sulfur, 10 individual particles had a Au content of (17± 13)%, with
no notable correlation between particle size and Au content. The particles
contain Ag and S in an atomic ratio ranging from 1.1:1 to 3.2:1, on average
corresponding to the composition of Ag2S. As the samples were stored in airprior to analysis, and silver easily tarnishes in air to form Ag2S (see chapter 4),it is likely that the sulfide formed after synthesis. Partial sulfidation during
synthesis could however not be excluded. Lattice spacings of 0.167 nm in the
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Ag2S

Au

(b)
Figure 7.9 HRTEMmicrographs of Au-coated Ag nanoparticles. (a) 20 nm Ag,
with dark Au patch (arrow), and smaller Au clusters (circled), scale bar 20 nm.
(b) Lattice fringes, scale bar 2 nm.

light zones, assigned to either the [041] or [033] plane of Ag2S, confirm thatthe substrate particles consist of sulfidated silver (Figure 7.9b).
The dark spots were observed on all particles larger than 7nm, the major-

ity of which had exactly one spot per particle. The dark spots cover 10 to 90%
of the projected surface area of their substrate particle. Elemental analysis
on the dark spots confirms the presence of gold. Unlike silver, gold is known
not to form a tarnish, even when alloyed [182]. The observation of lattice
fringes with a spacing of 0.231 nm, assigned to the [111] plane of either Ag
or Au, confirms that the dark spots comprise metallic gold (Figure 7.9b).
From particles where the dark spot is on the edge of the particle, and

appears to envelop the silver core, we conclude that the dark spots are a coat-
ing of the heavy Au on the lighter Ag cores, as opposed to doublets aligned
parallel to the electron beam. This is consistent with observations by SEM.



7.4. Results 127

 0

 10

 20

 10  100

C
o
u

n
t

Particle size, 10
-9

 m

(a) (b)
Figure 7.10 TEM micrographs of Ag-coated Au-core nanoparticles. (a) Ag-
glomerate; insert: size distribution within the agglomerate, (b) Singlet. Scale
bars indicate 50 nm and 10nm.

7.4.4 Ag on Au

TEM shows that the Ag-coated Au particles consist of a large fraction of
agglomerates (Figure 7.10a), and a small number of spheroid singlets and
doublets (Figure 7.10b). The inter-particle connections within the agglom-
erates are in various states of sintering, indicating that agglomeration was
occuring in the sintering oven, as well as after the sintering oven. The con-
tinued coagulation is due to the high aerosol concentration of Au, which has
larger ablation efficiency in spark discharge than Ag [42]. EDX and lattice
fringe measurements confirm that the particles are Au. No silver was detected
by EDX on single particles.
Some of the Au particles appeared to be surrounded by a smooth shell,

(1.5± 0.3) nm thick (Figure 7.11). The Au particles appear to always touch
(Figure 7.11c), suggesting that the layer surrounds the agglomerates, rather
than the primary particles . This would indicate the layer formed after co-
agulation. Since the layer could not be detected under high resolution TEM,
and no silver was detected, this layer is considered an organic contaminant
that formed by decomposition of volatile species on the Au surface.
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Figure 7.11 TEM micrographs of the Ag-coating on Au nanoparticles. (a)
particle with thin shell, (b) Scale bars indicate 10 nm (insert: 20 nm).
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Figure 7.12 Background corrected, normalized Raman spectra for Au-coated
Ag and vice versa. (a) 532nm excitation, (b) 633 nm excitation.

7.4.5 Raman spectroscopy

To test if any silver below the detection limit of EDX had deposited on the
gold substrate particles, Raman spectroscopy was performed on the collec-
ted particles. Our approach is similar to in surface-enhanced Raman spec-
troscopy, where the excitation of the surface plasmon resonance of metal
nanoparticles results in strongly enhanced Raman scattering by molecules
adsorbed on their surface [183]. Upon exposure to air, any Ag deposited
on a Au core particle will tarnish, forming e.g. Ag2O or Ag2S (chapter 4). Ifthe Raman scattering of the silver tarnish compound is sufficiently enhanced,
even low Ag concentrations could be detected, demonstrating that some Ag
deposited on the Au particles.
Both types of Ag-Au composite particles show a strong Raman signal un-

der 532nm and 633nm excitation. Under 532nm excitation, the Ag and Au
core particles show a dominant mode at 1575 cm−1 and 1540 cm−1, respect-
ively. Under 633nm excitation, vibrational modes at (111), 146, 539, 635,
(1243), ∼1396 and 1529-1550 cm−1 can be identified for the Au cores. The
stronger of these features are for the Ag cores, shifted by ∼5 cm−1 to lower
wavenumbers. The Au core particles show a broad fluorescence in the range
1800 to 3000 cm−1 under both excitation wavelengths.
The main Raman features of the silver tarnish compounds Ag2S, Ag2O

and AgCl occur in the range 100 to 500 cm−1 [184–186]. Getting a good
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Raman spectrum for these compounds is difficult, as they have weak vibration
modes and are prone to photo-degradation under the excitation laser [186].
The characteristic band around 220 cm−1 of Ag2O is absent (Figure 7.12).
The signals at 111 cm−1 and 146 cm−1 match well with Ag lattice vibrations
in Ag2S and Ag2SO3, but no Ag-S modes were observed [187]. The higherwavenumber signals could not be attributed to any specific species, but are
considered to originate from organic surface contaminants. Given that Ag2Swas observed by TEM on the Ag core particles (Figure 7.9b), it is plausible
that the vibrations at 111 cm−1 and 146 cm−1 indeed correspond to Ag2S.

7.5 Discussion

The simulations show strong competition between 1-1 and 1-2 collisions, res-
ulting in rapid growth of the coating clusters. In order to achieve a homogen-
eous coating, it is important that these coating clusters stay sufficiently small
to be mobile. This should be the case for clean gold and silver clusters smal-
ler than about 2.5 nm, at which size they have a melting point around room
temperature [170, 171]. Thus, from Figure 7.4b we can expect smooth coat-
ings up to 0.8 to 1.0 nm in thickness for a wetting coating. The experimental
cluster size of 2 to 5 nm (Figure 7.5c) fits well with the 3.6 nm obtained from
the model. The presence of <1nm clusters confirms that cluster growth and
substrate coating occur simultaneously.
From the TEM results we find that the volume of gold clusters deposited on

PSL spheres is 4.8× 103 to 6.9× 103 nm3, or 1× 105 atoms per sphere. The
model slightly overestimates coating on PSL spheres, predicting 7× 105 atoms
per particle. The size of the Au patches on Ag core particles as determined by
EDX corresponds to a conformal shell with a thickness of 1.1 to 1.3 nm Com-
parison with Figure 7.4 shows that the model underestimated the coating rate
for silver cores.
Several factors contribute to the observed deviations from theory. The

presence of large agglomerates of PSL spheres, which scavenge a dispro-
portionate amount of Au, and the substrate size being slightly smaller than
modeled, both explain why less gold than expected deposited on PSL. On the
other hand, the Ag substrate particles are rather small. This could lead to
the model underestimating their loss by diffusion to the wall, increasing the
Au:Ag ratio, i.e. coating thickness, of the final product. More importantly, the
model does not take polydispersity into account. From the decent agreement
between model and observation we do however conclude that conceptual ap-
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proach of the simple model, i.e. bimodal coagulation of a metal vapour with
substrate particles, is valid.
It is unlikely that no Ag deposited on the Au cores. Low concentrations

of silver on the Au cores can be understood from its lower ablation rate
[42]. The Ag vapor concentration in the hollow spark is estimated to be
2× 1019m−3, a factor 10 lower than that of Au At the same time, again due
to the difference in ablation rates, the Au core particles were both larger in
size and more abundant. The net result is less coating material being spread
out over a larger surface area, resulting in a thinner coating. One or a few
layers of Ag or Ag2S would be impossible to detect via TEM, and the con-tribution of Ag to the EDX signal would be negligible compared to the bulk
of the Au core particles. Thus, despite the possible presence of Ag2S in theRaman spectra, the presence of Ag on the Au substrate particles could not be
confirmed conclusively.
The Ag coating on Au particles is homogeneous and smooth, and we con-

clude that the freshly deposited Ag clusters are (partially) liquid-like, allow-
ing their constituent atoms to spread over the substrate. The ‘wetting droplet’
features found on the Au splash droplet (Figure 7.7b) likely consist of a single
Au particle that collided with the substrate particle; surface diffusion of mul-
tiple clusters would result flatter structures. This shows that even ∼6nm Au
clusters are not rigid solids under the conditions in the system. It is somewhat
striking that unagglomerated <1nm Au clusters could be observed on PSL,
indicating that the surface mobility of Au on PSL is low.
In contrast, gold forms a single but smooth patch on silver. These obser-

vations match well with the predictions of Equation 7.8, which shows that
Ag fully wets Au, while the contact angle of Au cluster on a Ag substrate has
a contact angle close to 0°, resulting combined 2D/3D growth to form the
observed partial coating. The case of silver on gold, which should form a
homogeneous layer that fully covers the substrate particle, was not observed
due to the low silver content.
The temperature history of the coated aerosol will affect both substrate

and coating morphology. The aerosol is at room temperature when it enters
the coating zone, and is rapidly heated up by the spark. About 20% of the
spark energy is converted to thermal energy of the plasma [29], and under
the assumption of ideal mixing and no heat conduction through the tube walls
we find that the mean temperature of the gas cannot exceed 330K. The PSL
spheres appear to be largely unaffected by sintering effects, with only minor
apparent necking occuring (Figure 7.5b). The glass transition temperature of
PSL is ∼373K [188], and it is unlikely that heat from the spark caused the
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observed sintering. The sintering is most likely caused by the UV radiation
emitted by the spark, which is strongly absorbed by polystyrene and leads to
physical and chemical changes [188].
The transmission of charged particles through the coating setup is very

poor due to the electric field around the gap, requiring the use of a neutral-
izer downstream of the atomizer. To obtain a more narrow distribution of
coated particles, it is desirable to place a DMA before the coating zone. A bi-
polar charger downstream of that DMA will be effective to neutralize aerosols
with particle sizes ≤100nm [89]. A significant fraction of the particles exit-
ing the coating chamber is partially charged, a phenomenon typical of spark
discharge [42], which allowed size selection and particle collection without
applying additional charging.
A final remark must be made on the efficiency of the coating process. For

the conditions used in this paper, 0.1 to 5% of the ablated coating material
deposits on the substrates, 21% is lost by diffusion to the reactor walls, and 74
to 79% of the ablated mass ends up in the form of free clusters. The coating
efficiency can be improved by increasing the available substrate area through
𝑑𝑝 or 𝑁2. Increasing the residence time will result in a further growth of the
coating clusters, and can adversely affect the quality of the coating.

7.6 Conclusion

Ag and Au coatings of ∼1nm thickness were deposited on substrate particles
using a novel hollow spark configuration. The morphology of the film is
defined by the surface energies of the different materials: high surface energy
metals will form a multitude of small clusters on a low surface energy organic
substrate, while metals of similar surface energy will form smooth coatings.
In the case of Au deposited on Ag an incomplete but smooth coating covers
the substrate like a cap. The inverted case, which would give a conformal
coating, could not be confirmed.
The simple coagulation model shows that particles from 10nm to several

hundreds of nanometers in diameter can be coated, and that the coating effi-
ciency is only weakly dependent on material properties. Combined with the
spark as a flexible vapour source, this in principle allows the method to be
extended to the deposition of any metal. Despite the high temperature in the
spark, quenching is sufficient to result in near room temperature deposition.
This allows the use of ‘soft’ substrates, in addition to any of the more usual
substrate materials.
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Samenvatting

Ondanks de duidelijke voordelen van duurzame energie vormen hernieuw-
bare bronnen slechts een klein deel van onze huidige energievoorziening.
Fossiele brandstoffen zijn gemakkelijk en vooralsnog goedkoop, terwijl elke
strategie voor duurzame energie haar eigen unieke set problemen en techni-
sche uitdagingen heeft. De kern van het probleem voor de meeste strategieën
voor duurzame energie ligt in het vinden van het juiste materiaal. Vaak is een
zeer specifieke combinatie van fysische, mechanische, optische, elektronische
en/of magnetische eigenschappen nodig, en vaak is het zo dat dit ideale ma-
teriaal nog niet bestaat.
Als we accepteren dat we niet kunnen specialiseren, maar een aantal com-

plementaire strategieën moeten adopteren, zien we dat het onaantrekkelijk is
om te proberen door middel van trial-en-error voor iedere toepassing afzon-
derlijk het perfecte materiaal te vinden. Liever ontwikkelt de ingenieur het
gewenste materiaal door bouwstenen met specifieke functies te combineren,
om zo een materiaal met de juiste samenstelling van eigenschappen te ont-
werpen. Zulk een aanpak is met name aantrekkeljk als de bouwstenen in ten
minste één dimensie slechts nanometers groot is: Bij deze groote, ten hoogste
enkele tientallen atomen dik, spelen oppervlakteinteracties een dominante
rol, wat vaak leidt tot een dramatische verschuiving in materiaaleigenschap-
pen. De ingenieur is in dit ontwikkelingsprocess gebaat bij flexibele methoden
om haar bouwstenen, nanodeeltjes, in een verscheidenheid aan samenstellin-
gen, vormen en grootten te produceren.
Vonkverdamping of vonkablatie is een veelzijdige methode voor het gene-

reren van nanodeeltjes in een continu proces. Een vonk is een tijdelijk, hoog-
energetisch elektrisch plasma met een temperatuur van 2× 104 tot 6× 104 K,
en heeft een levensduur van enkele microseconden. Door de hoge tempera-
tuur kan elk materiaal worden verdampt tot een damp van atomen. Gebrui-
kelijk worden geleidende materialen, in het bijzonder metalen, toegepast. De
korte levensduur leidt tot snelle afkoeling van de gevormde metaaldamp, re-
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sulterend in nucleatie en groei van bijzonder kleine deeltjes. Afhankelijk van
de omstandigheden waaronder de vonk wordt gedoofd, kan een aerosol met
een deeltjesgrootte reikend van een enkel atoom tot enkele tientallen nano-
meters worden verkregen. Vonkverdamping is in principe een fysisch proces,
waarbij een vaste stof omgeven door een inert gas met behulp van slechts
elektrische energie wordt omgevormd tot nanodeeltjes Als zodanig is het een
inherent groen proces, waar geen oplosmiddelen of vervuilende bijproducten
bij betrokken zijn.
In de aerosolfase kunnen deze nanodeeltjes op vele manieren gemanipu-

leerd en gemodificeerd worden. Men kan aerosoldeeltjes laten agglomereren,
om grote, pluizige fractaal-achtige structuren te vormen, en die vervolgens
weer omsmelten tot bolvormige deeltjes; hun oppervlakte modificeren, bijv.
door chemische conversie of physische depositie van een deklaagje van een
ander materiaal; ze sorteren op basis van hun mobiliteit, een aan de deeltjes-
grootte gekoppelde grootheid, om een smallere deeltjesgrootteverdeling te
verkrijgen. Wellicht het allerbelangrijkst is dat aerosol nanodeeltjes eenvou-
dig op of in een substraat afgezet kunnen worden, om zo een nanogestruc-
tureerd functioneel materiaal te vormen, dat de unieke grootteafhankelijke
eigenschappen van de nanoschaal overbrengt naar de macroscopische wereld.
Dit proefschrift dekt twee aspecten van industriële toepasbaarheid van

vonkverdamping: Is het schaalbaar, en is het nuttig? Het behandelt een wer-
kend prototype van een in het tijdsdomein opgeschaalde generator, en het
toepassen van met vonken gevormde deeltjes in nanogestructureerde, functi-
onele materialen voor duurzame energie.
In hoofdstukken twee en drie wordt een opgeschaalde vonkgenerator ge-

presenteerd. De opschaalstrategie bestaat uit het verhogen van het aantal
vonken per tijd, waarbij het typische korte, snel oscillerende gedrag van de
vonk behouden blijft. Dit is bereikt door de spanning op de condensator los te
koppelen van de doorslagspanning, met behulp van een serie van schakelaars.
Het blijkt dat de gebruiksspanning van het systeem significant verlaagd kan
worden, wat het gebruik van goedkopere componenten mogelijk maakt, door
een ‘gloeistroom’ toe te passen.
De gloeistroom houdt lading vast in de vonkzone, zodat er altijd een over-

maat van elektronen aanwezig is wanneer het elektrisch veld wordt opge-
legd. Als de afstand tussen de elektrodes klein genoeg is, zorgt de hoge ach-
terblijvende ruimtelading ervoor dat vonken vormen zonder tussenkomst van
een voorontlading (streamer). Twee types gloeistroom zijn waargenomen: een
quasi-stabiele gloei en herhaalde micro-ontladingen.
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De maximaal haalbare herhalingsfrequentie is niet langer bepaald door de
eigenschappen van het plasma, maar door het ontwerp van het elektronisch
circuit en de thermische stabiliteit van de componenten. Het gebouwde proto-
type werkte stabiel bij een herhalingsfrequentie van 8 kHz, terwijl er geduren-
de korte tijd een maximum herhalingsfrequentie van 17 kHz is behaald. Bij
hogere herhalingsfrequenties moet het debiet van koelgas proportioneel mee-
geschaald worden om te zorgen dat de elektrodes voldoende gekoeld worden.
De productiesnelheid schaalt lineair met de verhoogde herhalingsfrequentie,
terwijl de typische productmorfologie –agglomeraten van <10nm primaire
deeltjes– behouden blijft. Om lucht-gevoelige nanomaterialen te kunnen ma-
ken, moet de opstelling wel in een handschoenenkast worden ingebouwd.
Hoofdstuk 4 toont een aerosolaanpak voor het produceren van laagjes

die opppervlakte-plasmonresonantie tonen. Door condensatie van een zilver-
damp geproduceerde agglomeraten zijn gesinterd in een oven om ∼100nm
spheroïden te vormen, die vervolgens elektrostatisch zijn neergeslagen op
zonnecellen van amorf silicium. De plasmonresonante deeltjes zijn effectieve
lichtverstrooiers, die licht in de zonnecellen vangen. De werkzame doorsne-
de van de deeltjes is dusdanig groot dat een oppervlaktebedekking van 10%
voldoende is om de stroom bij belichting van de cel te verhogen.
De verstrooiingseigenschappen verslechteren door onzuiverheden in de

deeltjes. Een deel van de vervuiling is afkomstig van de initiële dampbron,
waar deze verdampt van de warme oppervlakten in de reactor. Door als damp-
bron in plaats van een buisoven een vonkgenerator, waarbij alleen het bron-
materiaal verwarmd, toe te passen kan deze vorm van vervuiling met een
ordegrootte verlaagd worden. De tweede vorm van vervuiling vindt plaats
bij blootstelling aan lucht, door de hoge reactiviteit van het oppervlak van
nanodeeltjes. Op de zilverdeeltjes vormt zich een aanslag van Ag2S, wat leidttot een roodverschuiving van de plasmonresonantie en een verlaagde ver-
strooiingsintensiteit.
Naast de matige verstrooiing door de onzuiverheden in de deeltjes, heb-

ben de zonnecellen matige elektrische eigenschappen. De lage spanning bij
open circuit en de lage shuntweerstand tonen aan dat er defecten zijn ontstaan
in de zonnecel. Hierdoor is er, ondanks de verhoogde stroom bij belichting,
geen netto verbetering in de prestaties van de zonnecel. Naar verwachting
kan er een significante verbetering behaald worden door blootstelling aan de
buitenlucht te voorkomen, bij voorkeur door het nieuwe neerslagproces te in-
tegreren in het vacuumsysteem waar de zonnecellen geproduceerd worden.
Het gebruik van vonkverdaming om op magnesium gebaseerde waterstof-

opslagmaterialen te produceren staat beschreven in hoofdstukken vijf en zes.
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Ten eerste is MgH2 gesynthethiseerd door vonkverdamping van Mg in meng-sels van Ar met H2. Magnesium hydride is stabiel bij kamertemperatuur, maar
vormt niet door de langzame reactikinetiek met moleculair waterstof. In de
vonk worden waterstofmoleculen opgebroken tot atomair waterstof, wat de
vorming van MgH2 nanodeeltjes tijdens het doven van het plasma mogelijkmaakt. In vergelijking met vonkgeproduceerde Mg nanodeeltjes is de deel-
tjesgrootte iets kleiner. Het product bevat tot 4.3% m/m waterstof; meer dan
verwacht uit de met röntgendiffractie bepaalde MgH2 concentratie. Er wordtverondersteld dat de overmaat van waterstof aanwezig kan zijn als een amor-
fe Mg-H fase, of in de vorm van een vaste oplossing.
Ten tweede is er een nanocomposiet van op Nb gebaseerde waterstofsplij-

tende katalysatoren in een matrix van Mg gevormd. Om diffusielimitatie bin-
nen het metaalhydride te voorkomen, behoort de katalysator homogeen door
het product verspreid te zijn. Door twee vonkgenerators in serie te plaatsen,
worden de deeltjes die van beide vonken komen gemengd in verschillende
stadia van hun groei. In dit geval vormen de katalysatordeeltjes zich in de
aanwezigheid van Mg-agglomeraten met diameters van ∼50nm. De katalysa-
tordeeltjes en de Mg-agglomeraten agglomereren verder om zo een fractaal-
achtig composietproduct te vormen waar de verhouding Mg/Nb constant is
op een schaal van 50nm en groter, d.w.z. tot de grootte van het oorspronke-
lijke Mg agglomeraat. Echter, het wisselende elektrisch veld binnen de reac-
torkamer van de vonkgenerator leidt in combinatie met een ongedefinieerd
stromingsveld tot onvoorspelbare elektrostatische verliezen, wat het ingewik-
keld maakt om de algehele productsamenstelling te sturen.
Opmerkelijk is dat niobium oxide en magnesium metaal naast elkaar be-

staan in het product, hoewel niobium oxide alsnog door Mg gereduceerd
wordt na opwarmen of bij op- en ontladen van waterstof. Gezien dat de
Mg vonk bovenstrooms is geplaatst, en dat Mg sterk elektropositief is, zou
men verwachten dat de vers gevormde Mg damp alle beschikbare zuurstof
opneemt. De zuurstof in de niobiumoxides is afkomstig van de oxidelaag die
zich bij blootstelling aan lucht op het opppervlak van de Nb elektrode had
gevormd. Mettertijd is deze oxidelaag uitgeput, wat leidt tot een verschuiving
naar metallisch Nb.
Hoofdstuk zeven beschrijft hoe aerosol nanodeeltjes bedekt kunnen wor-

den met metalen in een vonkgenerator met holle elektrodes, door een proces
dat conceptueel vergelijkbaar is met dat van hoofdstuk zes. Door de axiale
configuratie worden de kerndeeltjes met diameters van een tiental nanome-
ters dicht bij de bekledende damp gebracht. Het neerslaan van de damp op
de kerndeltjes is beschreven met een bimodaal coagulatiemodel. Clusters van
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de bekledende damp groeien en nemen deel in het bekledingsproces. Als deze
clusters voldoende klein zijn, –in het geval van Ag en Au ∼3nm– gedragen
zij zich als een vloeistof, en kunnen ze over het oppervlak van het deeltje
migreren. Deze clustergrootte beperkt de dikte van de deklaag die verkregen
kan worden tot ongeveer 1 nm in een enkele stap, hoewel meerdere vonken
in serie geplaatst zouden kunnen worden om dikkere deklagen te verkrijgen.
Met goud, zilver, en polystyreenlatex is aangetoond dat de morfologie van

de deklaag –gedispergeerde deeltjes, een kap, of volledig dekkend– afhanke-
lijk is van de relatieve oppervlakte-energie van de beide materialen.
Veel toepassingen, waaronder de omzetting van zonne-energie, waterstof-

opslag, katalyse, batterijen, enzovoorts, worden beperkt door de eigenschap-
pen van beschikbare materialen. Vonkverdamping produceert deeltjes die
dusdanig klein zijn dat materiaaleigenschappen drastisch veranderen ten op-
zichte van de bulk. Via hun grootte, vorm, samenstelling en structuur kunnen
we deze deeltjes afstemmen op specifieke functies, en vervolgens de verschil-
lende deeltjes combineren om functionele materialen te ontwerpen. De nieu-
we vonkgenerator maakt de bouwstenen direct uit de elementen, zonder ver-
vuilende bijproducten, en in dusdanig grote hoeveelheden dat ze toegepast
kunnen worden in reële toepassingen. De kracht van de techniek ligt in de
flexibiliteit met betrekking tot zowel materiaalkeuze als de wijze waarop de
bouwstenen gecombineerd worden, wat het een krachtig gereedschap maakt
in het ontwerpen van materialen.





Summary

Despite the obvious benefits of renewable energy, renewable sources make
up only a small fraction of our current energy supply. Fossil fuels are con-
venient and still cheap, while each renewable energy strategy has it’s unique
set of complications and technical challenges. A core issue for most renew-
able energy strategies lies in finding the right material. Often very specific
mix of physical, mechanical, optical, electronic and/or magnetic properties
is needed, and often the ideal material does not exist. Yet.
Considering that we cannot specialize, but must adopt a number of com-

plementary strategies, a trial-and-error approach to finding the perfect ma-
terial for each application is unattractive. Preferrably, the desired material is
engineered by combining building blocks with specific functions, to end up
with a material with the right mix of properties. The engineering approach
is especially attractive if these building blocks have at least one dimension
as small as a few nanometers: At this size, at most a few tens of atoms thick,
surface interactions play a dominant role, often resulting in a dramatic shift
in material properties. Such an engineering approach benefits from flexible
methods to produce its building blocks, nanoparticles, in a wide variety of
compositions, shapes and sizes.
Spark discharge or spark ablation is a versatile method for generating

nanoparticles in a continuous manner. A spark is a transient, high energy
electric plasma with a core temperature of 2× 104 to 6× 104 K, and a life-
time of several microseconds. Because of the high temperature, any material
can be ablated and evaporated down to its constituent atoms. Generally, con-
ductive materials, in particular metals, are used. The short lifetime leads to
rapid quenching of the ablatedmetal vapour cloud, resulting in the nucleation
and growth of extremely small particles. Depending on the quenching con-
ditions, an aerosol with a particle size ranging from a single atom to several
tens of nanometers can be obtained. Spark ablation is in principle a physical
process, where a bulk solid is reshaped into nanoparticles, using only electric

155



156 Summary

energy in an inert gas environment. As such it is an inherently green process,
devoid of solvents and pollutant by-products.
In the aerosol phase, these nanoparticles can bemanipulated andmodified

in a myriad of ways. Aerosol particles can be left to agglomerate, forming big,
fluffy fractal-like structures which in turn can be reshaped to spheres; their
surface can modified, e.g. by chemical conversion or physical deposition of
a coating material; they can be selected on their mobility, a size-dependent
property, to obtain a more narrow size distribution. Perhaps most import-
antly, aerosol nanoparticles are readily deposited onto or into a substrate,
to form a nanostructured functional material that transfers the unique size-
dependent features of the nanoscale into the macroscopic world.
This dissertation covers two aspects of the industrial applicability of spark

discharge: Is it scalable, and is it useful? A working prototype of a generator
scaled in the time domain is presented, and the application of spark gener-
ated particles in nanostructured, functional materials for renewable energy
is discussed.
In chapters two and three, a scaled up spark generator is presented. The

scale-up strategy consists of increasing the number of sparks per time, while
retaining the typical short, rapidly oscillating nature of the discharge. This
was achieved by decoupling the capacitor voltage and discharge voltage, us-
ing a series of switches. It was found that the operating voltage of the system
could be significantly reduced, allowing the use of cheaper components, by
use of a ‘glow’ current. The glow current retains charge in the spark gap,
so that an excess of seed electrons is always available when the electric
field is applied. At sufficiently small gap spacings, the high residual space
charge allows sparks to form without a preceeding streamer. Two modes
were observed for the glow current: a quasi-stable glow and repeated mi-
crodischarges.
The maximum attainable repetition rate is no longer determined by the

plasma properties, but by the design of the electronic circuit and the thermal
stability of the components. The assembled prototype was operated stably at
a repetition rate of 8 kHz, although a maximum of 17 kHz was achieved in
short-term operation. At higher repetition rates, the quench flow rate should
be scaled proportionately to make sure the electrodes are cooled adequately.
The production scales linearly with the increased repetition rate, while the
typical product morphology –agglomerates of <10nm primary particles– is
retained. In order to produce air-sensitive nanomaterials, the setup still needs
to be incorporated into a glove box.
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Chapter four presents an aerosol approach for producing surface plasmon
resonant films. Agglomerates produced by condensation of a silver vapour are
sintered in a furnace to form ∼100nm spheroids, which are deposited elec-
trostatically on amorphous silicon solar cells. The plasmon resonant particles
scatter light effectively, trapping light in the solar cells. Due to their large
scattering cross sections a 10% surface coverage is sufficient to give an in-
creased photocurrent.
The scattering properties degrade due to impurities in the silver particles.

Part of the contaminants originates from the initial vapour source, where they
evaporate from the hot surfaces in the reactor. This form of contamination
is reduced by an order of magnitude compared to a tube furnace if a spark,
in which only the target material is heated, is used as the vapour source.
The second type of contamination occurs upon air exposure, due to the high
reactivity of nanoparticle surfaces. The particles tarnish to formAg2S, leadingto a redshift of the surface plasmon resonance, and lower scatter intensity.
In addition to the poor scattering due to the particle impurities, the solar

cells have a poor electrical performance. In particular, the low open circuit
voltage and the low shunt resistance indicate that there are defects in the solar
cell. Thus, despite the increased photocurrent, there is no improvement in
overall solar cell performance. It is expected that a significant improvement
can be made by avoiding air exposure, preferrably by incorporating the new
deposition process in the vacuum system used to deposit the solar cells.
The use of spark discharge to produce magnesium-based hydrogen storage

materials is described in chapters five and six. First, MgH2 was synthesizedby spark ablation of Mg in mixtures of Ar and H2. Magnesium hydride is
stable at room temperature, but does not form due to the slow reaction kin-
etics with molecular hydrogen. In the spark, molecular hydrogen is conver-
ted to atomic hydrogen, allowing MgH2 nanoparticles to form as the plasmaquenches. Compared to spark-generated Mg, slightly smaller particle sizes
are obtained. The product contains up to 4.3% m/m hydrogen; more than
expected from the concentration of MgH2 detected by XRD. It is hypothes-ized that the excess hydrogen is present as an amorphous Mg-H phase, or as
a solid solution.
Secondly, a nanocomposite of Nb-based hydrogen splitting catalysts in a

matrix of Mg was formed. To avoid diffusion limitations within the metal
hydride, the catalyst should be distributed homogeneously throughout the
product. By placing two spark generators in series, particles originating from
both sparks are mixed at different stages in their growth. In this case, the cata-
lyst nanoparticles form in the presence of ∼50nm agglomerates of Mg. The
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catalyst and Mg particles agglomerate further to form a fractal-like composite
product where the ratio of Mg/Nb is constant down to a scale of 50 nm, i.e.
the size of the original Mg agglomerate. However, the varying electric field
inside the spark generator chamber combined with an undefined flow field
result in unpredictable electrostatic losses, making it complicated to control
the overall product composition.
Remarkably, niobium oxides and metallic magnesium were found to coex-

ist in the product, although the niobium oxide is reduced by Mg upon heating
or hydrogen cycling. Given that the Mg spark was placed upstream, and that
Mg is strongly electropositive, one would expect the freshly ablated Mg va-
pour to scavenge all the available oxygen. The source of the oxygen that
ended up in the niobium oxides was the native oxide layer that had formed
on the Nb electrode surface. With time, this oxide layer was depleted, result-
ing in a shift towards metallic Nb.
Chapter seven describes how aerosol nanoparticles can be coated with

metals using a hollow electrode spark, in a process conceptually similar to
that of chapter six. Due to the axial configuration, the core particles with
diameters of several tens of nanometers are brought into close proximity of
the coating vapour. The deposition of the vapour on the core particles is
described by a bimodal coagulation model. Clusters of the coating vapour
grow and participate in the coating process. If these clusters are sufficiently
small –in the case of Ag and Au ∼3nm– they show liquid-like behaviour,
and can migrate and coalesce across the particle surface. Because of this size
limitation a coating thickness of about 1 nm can be obtained in a single pass,
although multiple sparks could be placed in series to achieve thicker coatings.
Using gold, silver and polystyrene latex, it is demonstrated that the coat-

ing morphology –dispersed particles, capped or conformal– is dependent on
the relative surface energies of both materials.
Many applications, including solar conversion, hydrogen storage, cata-

lysis, batteries, etc., are constrained by the properties of available materi-
als. Spark ablation produces particles in the size range where their material
properties shift drastically from their bulk counterparts. Through their size,
shape, composition and structure we can tune these particles to perform spe-
cific functions, and then combine the different particles to design functional
materials. The new spark generator makes the building blocks directly from
the elements, without wasteful by-products, and at large enough quantities
to be useful in real applications. Its true strength lies in flexibility regarding
both material choice and the way in which the building blocks are combined,
making it a powerful tool in materials design.
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