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Chapter 1

Introduction

1.1 Nanoparticles

Particles with dimensions smaller than 100 nm (10°m) are generally termed nanoparticles.
One cubic nanometer is roughly 20 times the volume of an individual atom. Small
nanoparticles containing fewer than 10* molecules or atoms are referred to as clusters. Table
1.1 gives an idea of particle size range and the number of atoms they contain (Yacaman et al.,
2001). Since Heisenberg’s Uncertainty Principle', applies only to the subatomic particles, the
quantum mechanical calculation by this principle places no limit on how well atoms and
molecules can be held in place (Mansoori, 2005).

If the primary particles contact each other at surfaces and edges, they form aggregates with
probably ionic, covalent or metallic bonds which can not be broken down further by shear
forces. When the particles contact each other at points, they form agglomerates with weak
bonds which may be due to van der Waals forces or ionic, covalent bonds operating over
small contact area. The particle properties are determined by the laws which are dependent on
the size of the particles. In addition to size, other important characteristics of nanoparticles
are composition, morphology, distribution of phases in the case of multi-phases, and the
nature of the interfaces.

In crystalline solids, the atoms are arranged in a long-range order throughout the crystal.
However in amorphous materials (i.e. glass, wax), the atoms have short-range order and the
regularity persists only over unappreciable distances.

In the solid state, metals mostly form close-pack lattices; thus Ag, Al, Au, Co, Cu, Pb, Pt and
Rh are face-centered cubic (fcc) and Mg, Nd, Os, Re, Ru, Y and Zn are hexagonal close-
packed (hcp). Some other metallic atoms crystallize in body-centered (bcc) lattice, and few
such as Cr, Li and Sr, depending on temperature, crystallize in all three structure types
(Poole, 2003). In close packed structures, an atom has 12 nearest neighbors. For fcc lattice,
these 13 atoms can be considered as the smallest theoretical nanoparticle. If these 13 atoms
are covered by a layer of 42 atoms, a 55-atom nanoparticle with the same shape will be
obtained. In this way, by adding more layers, larger particles can be formed all having the
same shape. In this fcc nanoparticle, for (n) layers the number of atoms (N) called structural
magic numbers, is given by the formula (Poole,2003):

N=§[10n3—15n2+11n—3] (1.1)

and the number of atoms on the surface Ny 1S:

N

surf

=10n> —20n+12 (1.2)

! Quantum mechanical Heisenberg’s Uncertainty Principle states that the position and momentum of an object
can not simultaneously and precisely be determined.
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Table 1.1 Diagram showing the atom number and size scale of various particles
(by courtesy of Yacaman et al., 2001)

Atoms Number Size (mi}

and the diameter of the particle is (Poole,2003):

dparticle = (2n - l)d (13)

d:/ﬁ (1.4)

where d is the distance between the centers of nearest-neighbor atoms, and a is the lattice
constant.

Table 1.2 lists the total number of atoms, as well as the percentage of atoms on the particle
surface in metallic nanoparticles with fcc structures (Poole, 2003). Sequences in cluster
formation are intimately related to the nucleation and growth processes, which are governed
by the often competing bonding and packing factors. While these processes may be
kinetically or thermodynamically controlled, and hence sensitive to experimental conditions,
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the fact that bonding effects are electronic in origin and packing factors are steric in nature
implies that magic sequences result from successive fillings of electronic or atomic shells,
respectively (Feldheim, 2002).

Table 1.2 Number of atoms in metallic nanoparticles with fcc structures
(reproduced from Poole, 2003)

Shell number | Diameter | Number of fcc nanoparticle atoms
Total | On surface | % Surface
1 1d 1 1 100
2 3d 13 12 923
3 5d 55 42 76.4
4 7d 147 92 62.6
5 9d 309 162 524
6 11d 561 252 44.9
7 13d 923 362 39.2
8 15d 1415 | 492 34.8
9 17d 2057 | 642 31.2
10 19d 2869 | 812 28.3
11 21d 3871 | 1002 25.9
12 23d 5083 | 1212 23.8

d for A1 0.286, Au 0.288, Cu 0.256, Fe 0.248, Pb 0.350, Pd 0.275

Due to the nature of the forces such as surface tension, nanoparticles may assume shapes and
structures different from those of bulk material, and shape is not necessarily constant because
the energy of nanoparticles may show many local minima configurations, corresponding to
different structures, where a small excitation may be sufficient to induce transitions on the
particles (Yacaman et al., 2001).

Usually as a surface energy becomes a minimum, the polycrystalline particles and amorphous
particles become spherical in shape (Waseda, 2004). Crystalline particles smaller than 20 nm
look almost spherical while larger ones often display pronounced crystal habits (Granqvist,
1976).

If particles are non-spherical, an equivalent diameter is defined that is the diameter of the
sphere having the same value of a particular physical property as that of irregular particle.
Average properties of particles can be approximated by integrating over the size distribution.

1.1.1 Properties

Small sizes of nanoparticles imply quite a high population atoms or molecules located on the
surface. For example, as can be seen in Figure 1.1, a fcc metallic particle of 1.5 nm size has
76.4% atoms on the surface and since these surface atoms are chemically unsaturated they
introduce special properties which differ from bulk properties (Waseda, 2004). The
difference can also be partially due to volume effects in which the number of atoms
composing a particle is insufficient for bulk properties to manifest (Wu et al., 1993).

The high surface to volume ratio in nanoparticles provides a tremendous driving force for
diffusion, especially at elevated temperatures so sintering can take place at lower
temperatures, over shorter time scales than for larger particles.

The surface free energy affects the chemical potential and hence the thermodynamic
properties. A simple example is the reduced melting point of nano-scaled particles
(Goldstein, 1997).
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Nanoparticles show an increased solid-solid phase transition pressure, a lower effective
Debye temperature’, a decreased ferroelectric phase transition temperature (Kruis, 1998), and
modified physical properties (Table 1.3). For example, copper nanoparticles smaller than 50
nm are considered super hard materials that do not exhibit the same malleability and ductility
as bulk copper. Pellets made of small Au and Pd nanocrystals exhibit nonmetallic behavior
with specific conductivities in the range of 10° Q'cm™. An increase in the diameter of the

nanocrystals, however, increases dramatically the conductivity (Schwarz, 2004).

Decreasing
particle size

Semiconductors are a unique class of materials which can exhibit characteristic properties of
both metals and insulators depending on conditions that determine the electronic nature of the
valance and conduction bands. In the ground state, the valance band is completely filled and
separated from the conduction band by a narrow band gap (E;). When sufficient energy is

Table 1.3 General effects of decreasing particle size (Gutsch, 2002)

Higher the catalytic activity (Pt@AL,O5)

Higher the mechanical reinforcement (carbon
black in rubber)

Higher the electrical conductivity of ceramics
(CeO,)

Lower the electrical conductivity of metals (Cu,
Ni, Fe, Co, Cu alloys)

Initially increasing and later decreasing magnetic
coercivity, finally superparamagnetic behaviour
(Fe,05)

Higher the hardness and strength of metals and
alloys

Higher the ductility, hardness and formability of
ceramics; the lower the sintering and superplastic
forming temperature of ceramics (TiO,)

Higher the blue-shift of optical spectra of
quantum dots (quantum confinment of Si)
Higher the luminescence of semiconductors (Si,
GaAs, ZnS:Mn*")

? Debye temperature is the temperature of a crystal’s highest normal mode of vibration

Figure 1.2 Particle size via total surface
area of the particles contained in one
mole of Pt (from Waseda, 2004)
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applied to a semiconductor, it becomes conducting by excitation of electrons from the
valence band into the conduction band. This excitation process leaves holes in the valance
band, and thus creates electron-hole pairs. In the presence of an external electric field, the
electron and the hole will migrate in the conduction and valance bands, respectively.
Reducing the size of semiconductors to nano-scale leads to obtaining a fascinating class of
novel materials that exhibit properties of quantum confinement (Rotello, 2004). This is
observed in nanoparticles with radii smaller than the average distance between the electron
and the hole, known as the bulk exciton Bohr radius (e. g. approximately 11 nm in the case of
CdSe nanocrystals). Thus, nano-sized semiconductors show larger band gaps relative to the
bulk material and have discrete excitable states (Rotello, 2004).

Band gap energies of nanoscopic semiconductors are strongly size dependent, such that as the
radius of the nanocrystal decreases, the band gap increases. This allows tuning the emission
wavelength of the nanoparticle by adjusting its size within the quantum-confined regime
(Rotello, 2004).

Bulk Semiconductor Semiconductor Nanocrystal
Conduction Band } ..................................... LUMO
Bulk EPI Nanocrystal E,
Valence Band } .................................
HOMO

Figure 1.3 Electronic states in a bulk semiconductor compared with a nanoparticle-based semiconductor
(HOMO denotes highest occupied molecular orbital, LUMO denotes lowest unoccupied molecular orbital),
(reproduced from Rotello, 2004)

The change in properties is not always desirable. Ferroelectric materials smaller than 10 nm
can switch their magnetisation direction using room temperature thermal energy, thus making
them useless for memory storage. Small particles of magnetic and even nonmagnetic solids
exhibit a totally new class of magnetic properties marked by quantum effects (Table 1.4).

Table 1.4 Size effect in magnetic properties of some metals (Edelstein-1996)

Metal Bulk Cluster

Na, K Paramagnetic Ferromagnetic

Fe, Co, Ni Ferromagnetic Superparamagnetic

Gd, Tb Ferromagnetic Rotors/ superparamagnetic
Cr Antiferromagnetic  Frustrated paramagnetic
Rh Paramagnetic Ferromagnetic

Cluster sizes 2 to 300 atoms

Ferromagnetic and antiferromagnetic multilayers have found to exhibit giant
magnetoresistance (GMR), which arises because of the differences in spin dependent electron
scattering from the ferromagnetic and antiferromagnetic layers (Goldstein, 1997). This effect
can also occur in particle precipitates of a magnetic material in a non-magnetic matrix. The
smaller the particle size, the bigger the GMR effect is. It is a large decrease in the electrical
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resistivity of certain materials when exposed to magnetic fields. GMR is observed in
immiscible metals, such as Co-Cu, Fe-Ag, Fe-Cu, Fe-Au, and Co-Ag (Kruis, 1998).

The electronic quantity most easily accessible to experiments is the ionization potential. The
studies on ionization potential of clusters of various elements show that the ionization
potentials at small sizes are higher than the bulk work function and show marked fluctuations
as a function of size (Goldstein, 1997).

Enhancement of the nonlinear optical properties by quantum size effects is also of great
interest. In nonlinear optical materials, the refractive index can be changed either by carrier
injection or by applying electrical fields (Kruis, 1998).

Another feature of nanosized materials is higher chemical reactivity compared to bulk
material.

Shapes of nanoparticles also play a role in determining properties such as reactivity and
electronic spectra. For example, the position of the plasmon band of metals is sensitive to the
aspect ratio (Gogotsi, 2006).

1.1.2 Applications

Great impacts of nanoscience on applied technology have resulted in intense interdisciplinary
efforts. The dependence of properties on size on the nanoscale has been effectively utilized to
control the chemical and physical properties of nanoparticles and to tailor them for specific
applications.

Structure size
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Figure 1.4 Threshold of nanotechnology as basic sciences converge to the nanoscale
(from Lu-2004)

For instance biomaterials have found applications in approximately 8000 different kinds of
medical devices (Gogotsi, 2006). Drug and gene delivery, molecular motors, such as protein
Fi-AT phase, monitoring living systems by nanosensors are nanostructure applications in
biology.

In recent years, biodegradable polymeric nanoparticles, particularly those coated with
hydrophilic polymer such as (poly ethylene glycol) PEG known as long-circulating particles,
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have been used as potential drug delivery devices because of their ability to circulate for a
prolonged period of time, target a particular organ as carriers of DNA in gene therapy, and
their ability to deliver proteins, peptides and genes (Mohanraj, 2006).

Nanoporous materials as a subset of nanostructured materials possess unique surface,
structural, and bulk properties and underline their important uses in various fields such as ion
exchange, separation, catalysis, sensor, biological molecular isolation and purifications. They
have the ability to absorb and interact with atoms, ions, and molecules on their large interior
surfaces and in the nanometer sized pore space (Lu, 2004).

Nanomaterial-based membrane technologies, adsorbents, and catalysts can be utilized to
advance water pollution control, groundwater remediation, potable water treatment, and air
quality control.

In microworld the ratio of the surface area to the volume of a component is much larger than
in conventional-sized devices. This makes friction more important than inertia. Another
characteristic of the microworld is that molecular attractions between microscale objects can
exceed mechanical restoring forces. Microelectromechanical systems (MEMS) which are
based on a mechanical response to an applied electrical signal, or an electrical response
resulting from mechanical deformation represent a mature technology and many of the
different behaviors observed in the micromechanical world could well apply to the nano-
regime, thereby providing a basis for the design of nanomachines which are in the early
stages of development. Some examples of nanoelectromechanical systems (NEMS) are
actuators and molecular and supramolecular switches. Actuators are devices that convert
electrical energy to mechanical energy, or vice versa. It is known that single-walled carbon
nanotubes deform when they are electrically charged. This property can be utilized in an
actuator. Molecules which display switching behavior might form the basis for information
storage and logic circuitry in computers using binary systems. For example cis-to-trans UV-
light-induced isomeration of azobenzene can be regarded as a switch behavior (Poole Jr,
2003).

Novel methods of fabricating patterned nanostructures as well as new device concepts are
constantly being discovered. Lithography is a method for printing on a smooth surface. It can
also refer to photolithography, a microfabrication technique used to make integrated circuits
and MEMS.

Quantum dots can be used to produce light emitters of various colors by “band gap tuning”
using particle size effects rather than the current complex techniques of synthesizing
compound semiconductors (Kruis, 1998). Applications of semiconductors nanostructures as
resonant tunneling devices in nanoelectronics have already demonstrated success in
multivalued logic and memory circuits. Functional devices based on quantum confinement
would be of use in photonic switching and optical communications (Gogotsi, 2006).

The ordered alloys Co-Pt and Fe-Pt are particularly interesting for magnetic recording
because of their very high magnetocrystalline anisotropy, making these materials especially
useful for practical applications such as magnetic memory devices as well as in biomedicine
(Schwarz, 2004). Cobalt, iron, and nickel are interesting as magnetic nanomaterials in
ferrofluids, and microwave composite materials (Weisner, 2007).

Using heterojunctions between p-and n-type semiconducting oxides allows developing new
sensing mechanisms for gas and humidity sensors. For semiconductor-type gas sensors, the
use of materials with a mean particle size well bellow 50 nm significantly improved the gas
sensing properties (Knauth, 2002).

Consolidated nanocomposites and nanostuctures enable production of ultrahigh strength,
tough structural materials, strong ductile cements and novel magnets. Dirt-repllent materials,
scratch-proof coatings, environmentally friendly fuel cells with highly effective catalysts are
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some utilities of nanostructured materials (Gutsch, 2002). Nanostructured electrode materials
could improve the capacity and performance of Li-ion batteries.

Typical capacitances’ of nanocrystals are in the range of 10™"® F. At such low capacitances,
successive charging events are no longer continuous but are discrete. It has been proposed
that by using nanocrystals, single-electron devices such as supersensitive electrometers and
memory devices could be fabricated (Schwarz, 2004). ). Gold particles are expected to
become a material for single-electron devices (Nakaso et al., 2002).

Carbon nanotubes are being used as tips in scanning microscopes and also as efficient field
emitters for possible use in display devices. Since SWNTs can be metallic or semiconducting,
many applications exploiting their electronic structure can be expected. Very high tensile
strength (~100 times that of steel) of ropes made of SWCNTs has recently been determined
experimentally (Mansoori, 2005).

Silver, gold and copper are essentially used for their color, yellow to red, due to their
plasmon resonance located within the visible domain of the electromagnetic spectrum.
Palladium, platinum, and ruthenium are largely used for heterogeneous catalysis (Weisner,
2007).

1.1.3 Health Impacts

The ability of some nanomaterials to photochemically produce reactive oxygen species
(ROS) that may be used to oxidize contaminants or inactivate microorganism may present a
risk of toxicity to organism. In fact, not all nanomaterials are benign and some have the
ability to cause adverse biological effects at cellular, subcellular, and molecular levels. These
potentially harmful effects could be enhanced by the ability of nanoparticles to be taken up
and travel through the body, deposit in target organs, penetrate cell membrane, lodge in
mitochondria, and trigger injurious responses (Wiesner, 2007).

Since the plethora of nanosized materials may not be biodegradable, rigorous ongoing
investigation is required to determine what their behavior will be in various ecosystems, in
terms of absorption or desorption, biotic uptake, and accumulation in plants and animals.
Biological activity of nanoparticles may be affected by their surface area, shape, oxidant
generation, surface charge, solubility, surface functionalization, and chemical composition
(Castranova, 2009).

Pulmonary toxicity studies in rats demonstrate that lung exposures to ultrafine or
nanoparticles produce greater adverse inflammatory responses compared with larger particles
of identical composition at equivalent mass concentrations (Warheit, 2004).

Surface properties and free radical generation by the interaction of particles with cells appear
to play important roles in nanoparticle toxicity. The respirability of aerosol particles depends
on particle size (Jenkins et al., 2003). Particle deposition in human respiratory tract is shown
in Figure 1.5.

Regarding the fullerenes’ or buckyballs (C-60 molecules), it is reported that exposure can
cause extensive brain damage and alter the behavior of genes in the liver cells of juvenile
large mouth bass. It was also reported that inhalation of carbon nanotubes can damage the
lungs (Theodore, 2005). Raw single walled carbon nanotubes (SWCNT) contain high levels
of metal contamination (30% by weight) which are often used as catalysts in synthesis
processes. Raw SWCNT generate reactive oxygen species in the presence of bronchial
epithelial cells (Castranova, 2009).

3 The charging energy (Ec), for example the energy barrier that has to be overcome to transfer a single electron
from an initially neutral cluster to a neutral nearest neighboring cluster is dependent on the the inter-particle
capacitance (C), as follows from Ec=¢*/2C where e is the charge of the electron (Simon et al., 1998).

* Fullerene is one of the four allotropes of carbon (graphite-nanotube-fullerene-diamond)
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Figure 1.5 The fractional deposition of particles in human respiratory tract (2, 150 mL tidal volume)
(adapted from Jenkins et al., 2003)

High temperature acid treatment effectively removes the contamination from the SWCNT
and the purified sample fails to generate oxygen radicals in vitro and is much less toxic to
bronchial epithelial cells in culture (Castranova, 2009). Diesel nanoparticles have been found
to damage the cardiovascular system in a mouse model (Koch, 2007). Thus far, metal oxide
nanoparticles have been shown to generate hydroxyl radicals in vitro and produce acute
inflammation in vivo (Castranova, 2009). Few data exist regarding the health risks of dermal
or oral exposures to nanomaterials (Warheit, 2004).

1.1.4 Synthesis

There are two basic approaches for the synthesis of nanostructured materials, top-down
approach, which involves breaking down the bulk material into particles with nanometer-
sized grains, and the bottom-up approach in which individual atoms or molecules are put
together to form the nanoparticles.

The fabrication method is of significant importance because it determines the particle
composition, structure, size and size distribution. All particle synthesis techniques fall into
one of the three categories: vapor phase, solution precipitation, and solid-state processes.
Mechanical alloying, high energy ball milling, equal channel angular pressing, high pressure
torsion, and accumulative roll bonding are mechanical processes (Koch, 2007). The
disadvantages of mechanical attrition processes for nanoparticle synthesis include impurity
pick up, lack of control on the particle size distribution, and ability to tailor precisely the
shape and size of particles in the 10 to 30 nm range, as well as the surface characteristics
(Gogotsi, 2006).

Particle synthesis in solution or mixture involves chemical reaction between the reagents (e.
g. reduction of metal ions in solution) which leads to the formation of nuclei followed by the
growth of particles. Homogenous nucleation does not involve foreign species as nucleating
aids. Heterogeneous nucleation, however allows formation of nuclei on foreign species.
Factors such as supersaturation, nucleation and growth rates, colloidal stability, and
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recrystallization and aging processes have effects on the particle size and microstructure.
Supersaturation generally shows predominant influence on the morphology of precipitates. At
low supersaturation, the particles are small, compact and well-formed, and the shape depends
on crystal structure and surface energies. At high supersaturation, large and dendritic particles
form. At even higher supersaturation, smaller but compacted agglomerates form (Koch,
2007).

Particles synthesized by precipitation and the sol-gel method may require subsequent heat
treatment for dehydration, removal of organics, and controlled crystallization to form
particles with desirable structure and crystallite size. A detailed review on nanochemistry of
metals has been written by Sergeev (2001).

Most synthesis methods of nanoparticles in the gas phase are based on homogeneous
nucleation in the gas phase and subsequent condensation and coagulation. The attractive
forces between molecules in a vapor lead to the formation of molecular clusters which are
unstable and continuously disintegrate. If the vapor is supersaturated, the number
concentration of the clusters increase as well as the collisions which result in clusters
exceeding a threshold size (Kelvin diameter’). Clusters having this critical diameter are stable
and grow by condensation to form particles. The rate of growth depends on the saturation
ratio, particle size and particle size relative to the gas mean free path (Hinds, 1999). For
particle larger than the gas mean free path, growth depends on the rate of diffusion of
molecules to the droplet surface (Hinds, 1999).

The small particles dispersed in the fluid move randomly due to Brownian motion and collide
with each other along their trajectories. Assuming strong adhesive forces, characteristic for
small particles, or chemical bonds, these collisions result in coagulation (Gutsch, 2002).
Smoluchoweski derived an expression for the collision frequency of spherical particles in
Brownian motion (Hinds, 1999). In this theory, the particle collision rate is assumed to be
diffusion limited process, and collision is followed by instantaneous coalescence.
Subsequently, Fuchs extended Smoluchowski’s theory to the free molecular regime where the
particle sizes are smaller than the mean free path of the gas (Fuchs, 1989). The widely
applied synthesis methods of nanoparticles in the gas phase, using solid precursors, are inert
gas condensation, ion sputtering, pulsed laser ablation and spark discharge generation
(Swihart et.al., 2003).

Gas-phase synthesis has the advantage of high purity due to the absence of liquid solvents
and the higher thermal stability of gases with respect to liquids makes the approach very
flexible. Gas phase synthesis usually delivers crystalline particles, which is desirable for
many applications. Another important feature is the fact that aerosol routes for particle
production are continuous, whereas liquid processes are usually batch processes.

1.2 Thesis Organization

Motivated by the above-mentioned general advantages of particle synthesis in the gas phase,
we focused on the spark discharge technique which is simple, compact, and a versatile
method to produce nanoparticles from conductive materials. Besides, the synthesis is
performed at atmospheric pressure which is quite economic in comparison with vacuum
methods and has the potential of being scaled up.

The objectives of this work were to investigate on:

> The diameter of the droplet that will neither grow nor evaporate at saturation pressure on the particle surface

10
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Working principles in the spark discharge generator

Features of nanoparticles produced by the spark discharge technique

The ability of the spark discharge to generate internally mixed nanoparticles from
miscible and immiscible metals

V" Particle formation by the spark discharge from theoretical points of view

ANENEN

Each of these topics is covered in a separate chapter.

In spite of the fact that spark discharge has been widely used to produce nanoparticles for
basic studies, there is a lack of a systematic study on this technique in previous work. Thus in
the next chapter the performance of the spark discharge generator at various operating
conditions is studied and our observations are discussed qualitatively.

In chapter three, emphasis is placed on the synthesis and characterization of various types of
nanoparticles. Bottle-necks encountered in practice are explained and discussed. To
investigate the applicability of the particles, a preliminary study on the hydrogen storage
properties of Mg and Pd nanoparticles is reported in this chapter.

The spark discharge method has previously been utilized to produce metallic particles, metal
oxide, and carbon nanoparticles. The ability of this method to generate mixed metallic and
composite nanoparticles is expected to open a new field of applications for this technique.
Therefore, we investigated on the mixing ability of spark discharge process for miscible
systems in chapter four. Since the main mechanism of particle formation in spark discharge is
evaporation-condensation, systems with large and small differences in the evaporation rates
are studied. Furthermore, the mixing behavior of spark at different operating conditions is
investigated in this chapter.

Recent studies show that the heat of formation of alloy nanoparticles is dependent not only on
composition but also on size (Xiao et al., 2006) and some immiscible systems exhibit alloy
formation as the particle sizes reduce to a critical size (Ouyang et al., 2006). Furthermore, the
nonequilibrium condition® may lead to an enhanced defect density and solid solubility (Dirks,
1985). Thus in chapter five alloy formation from immiscible systems is studied.

To produce mixed particles, various types of electrodes (a pair of single element electrodes,
compacted, sintered, and alloyed electrodes) with different degrees of premixing have been
applied (Figure 1.6).

Alloyed electrodes

W b h) ) A Compacted and sintered electrodes
_ Compositionally different electrodes

Figure 1.6 Different level of premixing in the applied electrodes

In generation of bimetallic nanoparticles, it is essential to distinguish a physical mixture of
compositionally different nanoparticles from internally mixed particles (Figure 1.7). So
characterization methods are of crucial importance. Thus in chapter four and five various
techniques are utilized to characterize the particles.

Due to the difficulty of incorporating the aerosol dynamics in the fluid dynamic, mass and
heat transfer regimes, accurate prediction of primary particle size distributions and their

% The cooling rate in a welding arc is about 10’ K/s (Jenkins, 2003), thus in a microsecond the vapor is cooled
about 10 K.

11
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aggregates in the gas phase is not straight forward especially noting that the coalescence rate
is strongly dependent on the local gas temperature. Nevertheless, aerosol dynamics can be
used to explain the trends in experimental particle size data (Bandyopadhyaya et al., 2003).

B
.’ A+B

B
A+B A+4B

(a) Physical mixture of (b) Internally mixed

nanoparticles nanoparticles

Figure 1.7 Different level of mixing in nanoparticles

Thus in chapter six, on the basis of a model derived by Lehtinen et al. (1996), the collision
and coalescence characteristic times for some examples are calculated and the predicted
primary particle sizes are compared with the experimental results. The key parameters
causing close primary particle sizes synthesized from various materials by spark discharge
are discussed.
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Chapter 2

Spark Discharge Generator

2.1 Introduction

Aerosol production from electrical discharges has already been observed in 1907 (Hemsalech
et al.). A nanoparticle generator based on this principle was developed by Schwyn ef al. in
1988. The method can be applied to any conductive material including semiconductors. It
produces particles very similar to laser ablation (Ullmann et al., 2002), but is simpler and in
contrast to this method it has the potential of being scaled up to produce larger quantities. No
crucible is required, there is no melting point limitation and the method does not require
expensive precursors. The same set-up can be used for production of different nanoparticulate
materials. This technique has been widely used but it has insufficiently been studied
systematically. The objective of the study presented in this chapter is to gain a better
understanding of the method in order to obtain a better judgment of its potential.

2.1.1 Previous Work

In the work by Schwyn et al.(1988), the combination of spark discharge and electrical
classification led to the generation of monodisperse particles down to 1.3 nm diameter in a
concentration of 3x10° cm™. Dilution of the aerosol by injecting the carrier gas through a
nozzle at the region of particle formation avoided particle agglomeration.

A study on the physical properties and the chemical composition of spark-generated aerosol
and the corresponding erosion craters was undertaken by Watters et al. (1989). They stated
that in order to avoid chemical biases due to melting point differences, the time that electrode
materials exist in the molten liquid state should be minimized by a rapid vaporization. They
showed that the size distributions of particles generated by the spark fell into at least two
groups. The first group consisted of spheres 0.0lum in diameter and the second group
consisted of spheres up to several micrometers in diameter. It was suggested that the spark
frequency and current might play an important role in determining the relative population of
these groups.

A study by Helsper et al. (1991) on soot-like particles produced by the spark discharge
between two graphite electrodes in argon showed that the particle mass flow varied from 20
pg h' to 7 mg h™' by changing the spark frequency. The mass production exhibited a linear
relationship with the spark frequency. Primary particle size was in the range of 5 nm, forming
agglomerates between 50 and 200 nm. In their study the electrode consumption was
automatically compensated by a belt driven mechanism, which gradually closed the gap
sufficiently to attain a constant breakdown voltage hence a constant operation.

Regarding the effect of carrier gas type on the spark, Mikeld et al. (1992) reported that
particle size and stability of concentration mainly depended on the carrier gas, and nitrogen
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as a carrier gas led to a much higher output concentration stability compared to air. By
varying the capacitance from 0.4 to 20 pF, the mean diameter was shifted from 10 to 15 nm.
To measure the original ions produced by the spark generator', they detected the carrier gas
ions produced by the aerosol charger. They stated that most of the particles of 2-4 nm were
not initially charged in the spark generator.

A reactive spark erosion technique was utilized by Hsu et al. (1994) to produce titanium
carbide particles in a carbonic dielectric liquid (pentane) with titanium electrodes. The
particles showed a bimodal size distribution (5-50 nm and 5-20 pm).

In a study performed by Ullmann et al. (2002), a comparison was made between the aerosols
generated by spark discharge technique and laser ablation method. It was demonstrated that
for silica, alumina, titania, iron oxide, tungsten oxide, niobium oxide, carbon, and gold
generated by laser ablation, the primary particle size ranged between 4.9 and 13 nm and for
spark discharge generated particles, the primary particle size was in the same range with even
less variation between the materials.

In another study by Horvath et al. (2003), carbon nanoparticles were produced in a low
voltage spark generator using a Tesla transformer. The capacitor was charged to voltages of
about 100 V for the discharge. The decoupling of charge, voltage and frequency enabled
choosing the operating conditions. A very stable and continuous operation for tens of hours
was reported.

In production of carbon using a commercial spark generator (PALAS), Evans et al. (2003)
showed that an increase in the spark frequency enhanced the total particle number production,
the agglomerate modal diameter and the aerosol mass concentration. Structures of the
agglomerates were studied using the fractal geometry.

Seipenbusch et al. (2003) studied the kinetics of the primary particle growth and restructuring
of the agglomerates of Ni and Pt generated by the spark discharge technique. They observed
no dependence of the particle diameter on capacitance (varying from 20 to 100 nF) and
nitrogen flow rates (varying from 1 to 5 L/min). They observed an increase in the aerosol
mass concentration roughly by a factor of 3 while the capacitance was changed by a factor of
5.

Utilizing the commercial spark generator (PALAS), Roth et al. (2004) produced carbon,
metal, metal oxide particles with lognormal size distributions and agglomerate modal
diameters in the range of 18-150 nm and geometric standard deviation of about 1.5. Each
material used for the generation of nanoparticles was observed to be associated with a certain
morphology (for example spherical, nonspherical particles, and chain agglomerates) and
surface area. They reported that each discharge consisted of 10 single oscillating sparks of 4
us duration and different polarity.

Copper oxide aerosol particles were generated from copper electrodes by Kim et al. (2005).
The inter-electrode gap and the gas flow rate were used to control the particle mass density.

Hinot et al. (2007) used spark discharge method to investigate the effectiveness of the contact
between Pt nanoparticles and soot in lowering the catalytic soot oxidation temperature. For
this purpose they studied Pt-doped soot (applying one electrode of Pt and the other electrode

"In the size range about 2 nm the ions from the carrier gas generated by aerosol charger may distort the
electrical measurement of generated distribution (Mékeld ef al.,1992).
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of carbon) and separately generated soot and Pt and showed that the distance between soot
and Pt particles plays a key role.

Oh et al., 2007 produced titania nanoparticles from titanium electrodes via spark discharge
method under an air atmosphere. The size and concentration of the particles were controlled
via spark frequency, capacitance, gap distance, and gas flow rate. The aggregated particles
were amorphous and composed of necked primary particles of few nanometer sizes.

The scattered information obtained from the previous work on the spark discharge generator
(SDG), hardly reveals features of general validity. This task is dealt with in the present
chapter. To begin with, an introduction to the electrical breakdown of gases and formation of
plasma is given below.

2.1.2 Breakdown in Gas

When a low voltage is applied on a gaseous dielectric, a small current flows between the
electrodes and the insulation retains its electrical properties. If the applied voltage is high, the
current flowing through the insulation increases sharply and electrical breakdown occurs. The
breakdown voltage is the maximum voltage applied to the insulation at the moment of
breakdown. The electrical discharges in gases can be of non-sustaining or self-sustaining
types. Spark discharge is a transition of a non-sustaining to a self-sustaining discharge
(Naidu, 1995). During the short breakdown period (usually 0.01-100 ps) the non-conducting
gas becomes conductive and generates plasma. Plasma is an ionized gas comprised of
molecules, atoms, ions, electrons, and photons which is electrically neutral on a macroscopic
scale. Depending on the energy of the plasma, the degree of ionization may be so high that
virtually no neutral particles are left. In thermal plasma, local thermodynamic equilibrium
(LTE) exists and Tejectron=Tparticte (for example >10* K), in nonthermal plasma there is a strong
deviation from equilibrium and Tparicle <<Telectron (typically Telectr0n~10 K).

Micro-wave (GHz), radio frequency inductively coupled plasma (rf-ICP,MHz) and dc arc
torches, at atmospheric pressure lead to thermal plasma, while dc to 100kHz ac atmospheric
pressure electrical discharges create nonthermal plasmas (Borra, 2006). All plasmas are
initiated by an electron avalanche for example, multiplication of some primary electrons in
cascade ionization (Figure 2.1.a). This necessitates the presence of a free electron in addition
to a high electric field to accelerate electrons up to a kinetic energy higher than the ionization
potential of the gas molecules (Borra, 2006). The velocity of electron avalanches is about 10’
ms™, crossing a gap of 1 mm distance in about 10°® s (Soldera et al., 2004). In ionization
process, electrons and ions produced from the neutral atoms migrate towards the anode and
cathode, respectively, resulting in high currents.

Anode

d\ffT $

ERReEk

Cathode (a) Cathode (b)

Figure 2.1 Townsend breakdown gap (reproduced from Fridman, 2004) (a), cathode directed streamer
(reproduced from Naidu, 1995) (b)
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Two types of theories are known to explain the breakdown mechanism, Townsend theory and
Streamer theory. According to the Townsend coefficient (o) definition, each primary electron
generated near the cathode produces exp(ad)-1 positive ions in the gap (d is the gap distance).
The positive ions produced move towards the cathode and altogether eliminate y[ exp(ad)-1]
electrons from the cathode in the process of secondary electron emission. The secondary
electron emission coefficient (y) characterizing the probability of generation of a secondary
electron on the cathode by an ion impact, depends on the cathode material, surface state, gas
type, and reduced electric field (E/P where E is the electric field and P the pressure). The
current in the gap given by the Townsend formula is (Fridman, 2004):

_ iyexp(ad)
 1-ylexp(ad)—1]

2.1)

When the electric field becomes sufficiently large, the denominator in equation (2.1) goes to
zero and breakdown occurs. By neglecting the second term in the bracket which is normally
small compared to the first term, Townsend’s breakdown criterion can be written as:

yexp(ad) =1 (2.2)

In electronegative gases, attachment of electrons to neutral atoms or molecules forming
negative ions, results in removing electrons and thus breakdown at high voltages. Oxygen is
such a gas. To include ionization and attachment, the Townsend current growth equation
must be modified for such gases (Naidu, 1995).

Paschen’s Law reflects the Townsend breakdown mechanism in gases (equation 2.3). The
significant parameter is P.d, and suitable parameters (A, B) are chosen by fitting to empirical
data.

BPd (2.3)

V= -
In(PdA) - In[In(— + 1)]
y

The Townsend mechanism explains the breakdown phenomena only at low pressures,
corresponding to P.d (gas pressurex gap distance) values of 1000 torr-cm and below.

The dependence of breakdown voltage on the gas pressure and geometry of the gap could not
be well explained by Townsend mechanism. It predicts breakdown time lags in the order of
107 s, while in practice breakdown is observed to take place after times as short as 10 s.
Moreover discharges were found to be filamentary and irregular. Due to these drawbacks of
Townsend’s theory, Streamer theory was proposed. According to this theory, a single
electron builds up an avalanche that crosses the gap. Since electrons move fast compared to
positive ions, by the time that they reach to the anode the positive ions are still at their
original positions forming a positive space charge at the anode (Figure 2.1.b). This enhances
the field, and photoionization in the space charge region produces a few electrons causing
secondary avalanches. This leads to a further increase in the space charge. Electrons of the
secondary avalanches are pulled by the strong electric field into the positively charged tail of
the primary avalanche creating a streamer propagating fast between the electrodes (Fridman,
2004). This theory can explain the observed filamentary, crooked channels, branching of the
spark channels and breakdown in a high pressure gas across a long gap.

The electrical regimes in discharges at ambient pressure depend on the nature of the
electrodes, the geometry, the excitation mode (pulsed, dc, or ac), and the gas (Borra, 2006).
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2.2 Spark Discharge Generator

The process of spark discharge is initiated by gas breakdown and formation of a conducting
channel, dissociation and ionization of the gas molecules within a very short time. The
plasma channel then thermally expands and a shock wave is formed.

Inert gas inlet

l

[ ——6mm

Insulator

| : Electrode

capacitor — Current
T source

Aerosol outlet l

Figure 2.2 Spark discharge generator

In the final stage charge carriers recombine, the plasma cools and the shock wave is
attenuated to a sound wave (Reinmann et al., 1997). The principal mechanism of spark
generated acoustic waves in solids is the exposure of their surfaces to a strong divergent
shock wave produced by expansion of the discharge plasma (Krylovt, 1992).

The breakdown phase is characterized by very high peak values of voltage and current, and
an extremely short duration. At a very early stage a cylindrical channel develops (for example
40 um diameter) together with a rapid temperature rise to tens of thousand K (typically 20000
K, Reinmann et al., 1997). The pressure jumps up, causing the emission of an intense shock
wave. Thus, the temperature drops as a function of time and the potential energy (dissociation
and ionization) is reconverted to thermal energy. The arc and the glow discharge must always
be preceded by a breakdown phase which provides the conductive path between the
electrodes necessary to start these discharges. As the arc requires a hot cathode spot, there is
also severe erosion (evaporation) of the cathode material. Due to continuous energy losses the
equilibrium kernel gas temperature will be limited to typically 6000 K (Maly, 1979). In glow
discharge overall losses are higher than in the arc and the equilibrium kernel gas temperature
will decrease (for example 3000 K) and the electrode erosion is practically negligible (Maly,
1979). An increase in breakdown energy does not manifest itself in higher kernel
temperatures, instead the channel diameter increases, causing a larger activated gas volume
(Maly, 1979).

Electrode material is evaporated in the vicinity of the spark. This is followed by rapid cooling
initially governed by adiabatic expansion and radiation and below the evaporation
temperature dominated by thermal conduction. Because the vapour cloud is small compared
to other evaporation-condensation processes, the cooling below the boiling point is relatively
fast, and high a concentration of very small particles forms.

Figure 2.2 shows the spark generator that was built in our laboratory for the present project
(Appendix A). It consists of a chamber about 300 cm’ in volume, in which two opposing
cylindrical electrodes are mounted at an adjustable distance. The electrodes are 3 - 6.35 mm
in diameter (supplied by Goodfellow, Sigma Aldrich), and the gap between them is
adjustable from zero to a few millimeters. They are connected to a high voltage power supply
(TECHNIX), and parallel to a variable capacitor with a maximum capacitance of 20 nF. A
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high voltage probe connected to an oscilloscope (TEKTRONIX) was used to record the
voltage across the spark gap during the discharge. The power supply delivers a constant
current, periodically recharging the capacitor after discharge has occurred at the breakdown
voltage.

2.2.1 Electrical Circuit

The capacitance box consists of three copper bars into them holes are drilled for mounting the
capacitors. In order to prevent any stray discharges from the capacitors towards the high
voltage source, ten Silicon Diode IN4007 (or Diode IN4007) provided by RS are used.
Figure 2.3 depicts the capacitor box as well as the electrical circuit diagram. The required
capacitance is obtained by connecting the capacitors in parallel. In this way, at the same
voltage, the total capacitance is the sum of connected capacitances (C1=C;+C;...+Cy).

The 1000:1 voltage divider is obtained by resistors of 100 M Q/100 k Q. For safety reason
the circuit can work only when the box is completely closed. In order to dissipate the

remaining charges on the capacitors in the case that the box cover is opened, additional
resistor (100 k Q) is used.
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Figure 2.3 Capacitance box and the electrical circuit

2.2.2 Spark Frequency

The energy dissipated in every discharge is given by the capacitance C and the discharge
voltage V4 which in turn depends on the electrode gap distance and the pressure. In our
measurements the values of the spark energy E and the charge (CV4) reached a maximum of
250 mJ and 6.25 x10" electrons/spark, respectively. The former is given by:

1

2
== cv, (2.4)

At a fixed inter-electrode gap and fixed capacitance, the repetition frequency is determined
by the constant current I charging the capacitor and the voltage V4 at which the discharge
occurs according to:

av,

[ —cfe 2.5
P (2.5)

V4 is somewhat higher than the breakdown voltage V,, because the discharge conditions
require some time to develop. Vy, is the voltage at which gas breakdown would occur at very
slow increase of the voltage. In the general case V4 =V, +V( where V) is called overvoltage.
Thus the repetition frequency is given by:
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1

A o, (2.6)
The values of Vj are rather unpredictable. This is why we measure the frequency rather than
calculating it. The actual time the gas breakdown (formation of conducting channel) requires
is sensitive to the electric field and thus Vg4 (Sher et al., 1992). The ionisation process is also
affected by gas temperature and pressure, the field configuration, the nature of electrode
surface (Naidu et al., 1995), and the gas composition including impurities.

Typical plots of the gap voltage vs. time are seen in Figure 2.4. From this figure the spark
frequency can be derived. The rising ramp indicates charging of the capacitor with about
dV/dt=2x10* Vs™. Considering the capacitance equation (2.5), and a capacitance of C=2 nF,
this is in agreement with the charging current of 0.04 mA. The rapid voltage decrease that
follows is due to formation of the spark. The spark gap then becomes conducting and the

discharge characteristic is of a weakly damped oscillation, as seen on the scale of Figure
2.4.b.

—measured voltage
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Figure 2.4 Spark frequency (a) and oscillation of the voltage (b), equivalent RCL circuit (c)

This can be explained by the equivalent circuit shown in Figure 2.4.c, where L is the
inductance of the cable used. A fit to the damped oscillation corresponding to this circuit is
indicated by the second line in Figure 2.4.b.

The oscillation has a period of 0.38 pus. For a weakly damped oscillator circuit the period is
roughly T=2n (LC)™. With C=2nF we get L=1.9 pH. This is a realistic value given the
length and type of the cable used in our setup. The damping time constant of the fitted curve
is =0.72 ps. With the formula T = (2L/R) for our oscillator circuit we get R=5.1Q, if we
regard the spark gap as a resistor in an RCL circuit. This indicates that during the oscillatory
period we have a hot discharge of very low resistance, and this is consistent with the
assumption of weak damping R<2(L/C)"”. Note that the assumption of a constant R is a
simplification, but the fit agrees well with the measured curve until the measured oscillation
stops. The fact the fitted oscillation is not yet damped out at this point indicates that the
discharge makes a transition into another mode here. The spikes on the measured curve are a
typical indication of this instability. During the oscillatory discharge the energy according to

20



Chapter 2. Spark Discharge

equation (2.4) of E=3 mlJ is released into the spark during time in order of 2 ps with the
discharge voltage V4=1.8 kV.

Note that the timescale of Figure 2.4.b is orders of magnitude smaller than that of Figure
2.4.a. This is why the actual oscillation cannot be observed in Figure 2.4.a. After the strong
decrease in voltage associated with the spark discharge, Figure 2.6.a reveals a period of
almost constant, slightly decreasing voltage of ~20 ms after the discharge before the next
charging ramp starts again. This strange plateau is associated with the power supply (FUG
HCN 14-12500) that was used.

2.2.3 Experimental Set-up

In order to investigate the effect of operating conditions on the performance of the spark
generator, the experimental setup shown schematically in Figure 2.5 was utilized. It consists
of generation, collection, and online particle size distribution measurement units. A stream of
0.8-10 L/min inert gas (less than 1 ppm impurities) is directed towards the gap. Part of this
stream permanently flushes the inter-electrode gap. This guarantees that all the ions produced
in one spark are removed from the inter-electrode gap before the occurrence of the next
spark. It has been pointed out earlier that this leads to a constant discharge voltage (Helsper et
al., 1993), and our results confirm this (Figure 2.4.a).

A differential mobility analyser (DMA) combined with an electrometer (AEM) built in our
laboratory (Appendix B) measured the particle size distribution on-line. A bipolar neutraliser
(**' Am or *'°Po) was used ahead of the DMA to bring the particles into a charge equilibrium,
which roughly follows a Boltzmann distribution (Hinds, 1999). Data were acquired on a
computer using an analog-to-digital converter and a LabView program.

Each size distribution measurement was repeated at least three times to assure repeatability.
The uncertainties in the measurements were below 5%. The particle mass produced per unit
time, was measured gravimetrically by collecting the particles on a membrane filter. A
Mettler AE200 balance with a readability of 0.1 mg was used. In order to reduce the errors in
weight measurements, sampling times were long enough to collect several mg of particles.
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Figure 2.5 Schematic of the experimental set-up
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2.3 Results and Discussion

2.3.1 Effect of Gas Pressure and Type on the Breakdown Voltage

The breakdown voltage V), has a large influence on the energy delivered to the spark
according to equation (2.4). Paschen’s law relates Vy, of a given gas to the product P.d
(Va’vra et al., 1998), where P is pressure and d is the inter-electrode gap. The spark
characteristic is highly sensitive to the gas composition, and the presence of electronegative
molecules which capture free electrons has a significant influence on the breakdown process”.
This is why we did a measurement instead of relying entirely on theory.

Figure (2.6) shows the measured breakdown voltages at different inter-electrode gaps for four
gases. As the distance between the electrodes increases, the breakdown voltage also
increases. Pressure increase has a similar effect, as can be seen in Figure 2.7. The slopes for
air and nitrogen are steeper than those for argon and helium, thus the sparks in air and
nitrogen are more strongly affected by the inter-electrode gaps and the gas pressures. The
breakdown voltages for air and nitrogen are higher compared to argon and helium, in
agreement with theory. The measured values for air are compared with the Paschen curve
showing fair agreement at lower P.d. The effects of operating parameters on the particle size
distributions will be discussed in the next sections keeping the influence of P, d and gas type
on the spark energy in mind.
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Figure 2.6 Effect of inter-electrode gap Figure 2.7 Effect of pressure on breakdown
on breakdown voltage (1 bar) voltage (1 mm gap)

2.3.2 Effect of Gas Pressure on Particle Formation

The gases applied here, Ar, He and N, have different physical, chemical and thermal
properties (atomic mass, mean free path, thermal conductivity, electronegativity, etc...) as
shown in Table 2.1.

* The atoms or molecules in the attaching gases have vacancies in their outermost shells and have affinity for
electrons. Attachment represents an effective way of removing electrons which otherwise would have led to
current growth and breakdown at low voltages. The electron may directly attach to the gas atom or molecule to
form a negative ion (AB+e — AB’), or the gas molecules may split into their constituent atoms and the
electronegative atom forms a negative ion (AB+e — A+B"). ‘A’ is usually sulphur or carbon atom, and ‘B’ is
oxygen atom or one of the halogen atoms or molecules (for example O,, CO,, Cl,, F,, C,F, C3Fs, C4F o, CCLLF,,
and SFy), (Naidu, 1995).
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Table 2.1 Some properties of the applied gases (Perry, 1984)

Gas Atomic | First ionization Mean free path Thermal conductivity (W m K™
weight energy (kJ mol™) (nm)

Nitrogen | 14 1402 58.8 2.59x107

Argon | 40 1520 62.6 1.77x107

Helium | 4 2372 173.6 15.1x10”

For example, particle growth is influenced by the cooling effect of collisions of these
molecules with the metal vapor. To obtain a better understanding of the gas effect on particle
formation, gold particles were produced under different conditions.

TEM micrographs of Au primary particles in nitrogen, argon, and helium at 1 and 2 bars are
shown in Figure 2.8. Table 2.2 lists the geometric mean diameters of the primary particles,
their geometric standard deviations and the particle number on the TEM images these values
are based on. We define the small round particles seen on the micrograph as primary
particles. They have been formed by collision of smaller particles and have undergone
complete coalescence. Particles formed at a later stage, when the temperature has decreased
below the value allowing rapid coalescence, obtain a non-spherical shape.

Further dilution and cooling by the flowing gas takes place outside the spark gap, where room
temperature can be assumed. In the diluted state, more agglomeration may occur before
deposition of the particles, because the time available is orders of magnitude longer than the
time in the hot zone before dilution. Further agglomeration may occur on the sample holder.
Because the particle surfaces are very clean and adsorbate-free, the metal-metal contact has
no diffusion barrier and leads to neck formation driven by reduction of surface free energy
even at room temperature. This picture is supported by the fact that the surface of particles in
the size range of a few nanometers is liquid-like at room temperature (Buffat ez al., 1976).

(b)

Figure 2.8 TEM micrographs of Au particles produced under Nitrogen, Argon, Helium at 1 (top) and 2 bar
(down), (C=20 nF, d=I1mm, =50 Hz, Q=1.2 L/min)
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Our experiments below show that most of the growth of the large aggregates (sintered
agglomerates) seen on the micrographs must be associated with cold sintering.

This is usually not seen in the coagulation of solid particles and is an indication of extreme
surface purity. Comparison of the primary particle sizes with the sizes measured by mobility
analyser and findings presented below in connection with varied flow velocity support this
model.

It was observed that the primary particles produced under N, were somewhat larger than
those produced in the other gases. Surprisingly, doubling the pressure from 1 to 2 bars did not
have significant effect on the primary particle sizes.

Table 2.2 Gold particle sizes under various atmospheres

N, Ar He
P (atm) 1 2 1 2 1 2
d, (nm) 7.0 | 55 | 47 | 47 | 4.0 | 4.1
Gy 1341135142 | 137 |145| 1.4
Count 35 37 40 44 69 36

Due to the low energy per spark in He, the particle concentrations were relatively small and
could hardly be measured precisely. Typical size distributions of particles produced under Ar
and Nj, measured by the DMA below (Figure 2.9), showed a larger modal diameter for
particles produced under N, as compared to Ar which is in qualitative agreement with Table
2.1. The large aggregates seen in Figure 2.8 exceed the sizes typically seen in the DMA
spectra by far and therefore they have likely been formed on the substrate (Gleiter et al.,
2001).
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Figure 2.9 Size distributions of particles produced Figure 2.10 Collision, coalescence, and cooling
under N, and Ar at early stages of particle growth
(C=5nF, d=1 mm, =10 Hz, Q=10 L/min) (reproduced from Lehtinen, 2002)

Since these are sintered agglomerates (aggregates), this confirms the assumption of sintering
at room temperature.

The following considerations will give a qualitative explanation for the present experimental
findings. At sufficiently high temperatures in the initial phase of particle formation,
coalescence is fast enough to form spherical particles. At lower temperatures, where
coalescence is slow, particle contact evidently forms atomic bonds under the present clean
surface conditions, even at room temperature, and necks between primary particles occur, but
the particles formed are non-spherical. The further process of coalescence is so slow, so that
the fractal-like aggregate shape is frozen (Swihart, 2003).

In the case that is more common than the present one, loose agglomerates are formed, where
the primary particles are held together by van der Waals forces. This occurs for most
materials, especially where surface oxidation or other adsorbates avoid a direct metal-metal
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contact. For further understanding of our results, particularly the weak dependence of the
primary particle size on pressure, the particle formation process can roughly be described in
the following way: The discharge locally heats up the gas to a high temperature in the spark
channel. The electrodes are locally heated to above the boiling point on areas of several
square micrometers.

As in laser ablation, this produces small vapor plumes close to the electrodes that are initially
cooled by radiation and adiabatic expansion and subsequently by diffusional mixing with the
surrounding cold gas. Particle formation occurs well below the boiling point, where mixing
simultaneously reduces the temperature. Because of the extremely high initial temperature, it
is certainly correct to state that the plume is initially pure vapor and that particle formation
takes place under conditions of “high loading”.

It is easily shown that this would even be the case if cooling would exclusively be due to
mixing. Lehtinen and Zachariah (2002), have shown that under high enough volume loading
conditions the heat release of colliding particles due to the reduction in the free energy plays
a decisive role, because the time for cooling due to collisions with gas molecules is longer
than the time between two collisions. This leads to particle heating, which in turn guarantees
complete coalescence between collisions.

Figure 2.10 illustrates the process assumed by Lehtinen et al. (2002), according to which the
cooling time T.o0 1S larger than the collision time. Because of the particle heating effect, the
coalescence (fusion) time 1 , remains smaller than the collision time t. . This guarantees
coalescence until T.0 drops below 1., because mixing with the cold gas reduces the cooling
time and increases the collision time. Another effect continuously increasing the collision
time is coagulation itself, of course. When t.001< 1c , particle temperature falls and coalescence
is stopped. This marks the end of primary particle growth, and subsequent collisions lead to
non-spherical particles. According to this model, the final primary particle size thus decreases
with higher gas pressure (enhanced cooling) and grows with volume loading. This delivers a
qualitative explanation for the weak dependence of the primary particle size on pressure seen
in Table 2.1: pressure increase leads to a higher breakdown voltage, increasing the spark
energy and thus the metal loading. According to Lehtinen et al. (2002), this favours a larger
primary particle size, but the increased cooling associated with the higher pressure evidently
compensates this effect. Looking at the dependence of the primary particle size on the type of
gas used, the largest particles are produced in nitrogen, because this gas has the highest
breakdown voltage leading to higher loading and thus larger particles in agreement with the
model. Increase of metal loading via the spark energy by using a higher capacitance leads to
the same qualitative results, as shown in Figure 2.11 obtained from electron microscopy.
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The particle mass production rates at the same frequency, gap distance and capacitance,
under different atmospheres at 1 and 2 bars are shown in Figure 2.12. In each measurement
the electrodes were carefully wiped off to remove the loose particles and weighed to
determine the mass loss. It can be seen that the production rates increase with pressure. This
is expected, because the breakdown voltage and consequently the spark energy, increases
with pressure.

2.3.3 Effect of Gas Flow Rate on Particle Formation

The gas flow rate is expected to influence cooling as well as dilution. Increased gas flow
should therefore enhance both the cooling and dilution rate, leading to smaller primary
particles. Interestingly, the particle size measured by DMA remains constant when the flow
rate is increased beyond 5 L/min, as Figure 2.14 shows. We explain this by assuming two
different particle growth domains. A high concentration domain between the electrodes,
where flow can be assumed laminar, and a low-concentration domain after turbulent mixing
with the flow, which takes place after leaving the space between the electrodes. The fact that
there is hardly any influence of the flow velocity above 5 L/min is explainable, if particle
formation essentially takes place in the high concentration laminar flow region. Here dilution
is dominated by diffusion and thus flow independent, and vertical displacement of the particle
formation zone has no influence on the process. This means that particle formation is
essentially completed in the laminar flow zone, and the particle diameter that develops here is
close to the primary particle diameter. After turbulent dilution, the time available for further
coagulation is orders of magnitude longer, and the rise of particle size when the flow rates
becomes smaller than 5 L/min is attributed to coagulation in the diluted region. From Figure
2.13 we infer that the geometric standard deviation of the size distribution is 1.28 for 5
L/min, 1.34 for 3 L/min, and 1.48 for 1.5 L/min. The latter value is in agreement with the self
-preserving distribution for spherical particles in the free molecular range, which is 1.46 and
higher for deviations from spherical shape (Vemury et al., 1995). Interestingly, the size
distribution is narrower for larger flow, i.e. shorter coagulation in the diluted zone. The
results thus indicate that the primary particle size distribution is significantly narrower than
the self-preserving value. The subsequent size distribution measurements were carried out at
relatively high flow rates of argon (around 5 to 10 L/min), in order to reflect the primary
particle growth process rather than cold agglomeration of the diluted aerosol.
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2.3.4 Effect of Inter-Electrode Gap on Particle Formation

The relation between the gap distance and spark energy and the data of Figure 2.6 for argon is
shown in Figure 2.15. We replaced the breakdown voltage by the discharge voltage,
assuming that the overvoltage is small. The spark energy increases with the gap distance, but
we expect that energy transfer to the particle production process will be less efficient. To
examine the effect of gap distance on the particle mass production rate, the electrode mass
losses at different gap distances were measured. The electrode mass loss increased with the
gap distance, as shown in Figure 2.16, but the particle mass produced per unit spark energy
(kWh) decreased according to Figure 2.17. As the gap grows, more energy is necessary to
produce the same mass. This is qualitatively understandable, because the spark energy is
distributed over a larger volume if the distance is large, and less efficiently used for
evaporation of the electrodes.

The size distributions of particles produced with different gap distances can be seen in Figure
2.18. As the gap distance grows, the mean diameters of the size distribution curves increase,
as the model (Lehtinen ef al., 2002) predicts for higher vapour loading.
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2.3.5 Effect of Capacitance on Particle Formation

Since spark energy is directly proportional to the capacitance (equation 2.4), increasing the
capacitance results in stronger spark and therefore higher metal vapour loading in particle
growth region. Size distributions of particles produced at different capacitances are presented
in Figure 2.19, indicating that the modal diameters and particle concentrations increase with
the capacitance. TEM analysis results for gold particles produced under N, in Figure 2.11,
qualitatively supports these DMA results.

Variation of mass production rate with the capacitance can be seen in Figure 2.20. The result
is consistent with proportionality. This means that with a fixed gap, the fraction of energy
that is used for evaporation is constant. The energy per spark can be calculated using equation
(2.1), assuming that the residual voltage V is negligible and that the discharge voltage equals
the break-down voltage.

Using the constant ratio of the electrode mass loss and the capacitance from Figure 2.20 and
considering the enthalpy of evaporation for gold (330 kJ/mol) we conclude that less than
0.1% of the spark energy is consumed for particle production. This estimation assumes that
the entire electrode mass loss is due to material evaporation and ignores the material transfer
between the electrodes (see below).
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2.3.6 Effect of Electrode Material on Particle Formation

While a major advantage of the spark discharge method is its versatility concerning materials,
it is clear that the material must have significant influence on the particle formation process.
The spark strikes the electrode and electrical energy is transformed into thermal energy,
causing local evaporation of the electrodes’ as in laser ablation. Thus particle formation is
certainly influenced by thermal properties of the electrode material like the boiling point and
the evaporation enthalpy. Besides, properties that influence the spark formation and
characteristics for example the work function for electron emission have an influence (Naidu,
1995) as well as optical properties, determining absorption of the spark’s radiation. Size

3 In micro-EDM, KT,, (K is the thermal conductivity and T,, the melting temperature), has been used as a
measure of wear resistance of the electrode material (Tsai and Masuzawa, 2004).
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distributions of particles produced from various electrode materials at the same operating
conditions were measured with the DMA. As seen in Figure 2.21, the size distributions
strongly depend on material. Electrode material loss measurements showed that tungsten,
possessing the highest evaporation enthalpy per mole was the most spark resistant material,
while antimony and magnesium having the lowest evaporation enthalpy per mol showed the
highest spark erosions (Figure 2.22). Assuming that the effective area for energy transfer is
the area of the hot spots A (m?) on the cathode and anode (Soldera et al., 2005), the energy
balance around the hot spots can be estimated by the following equation, which relates the
eroded mass due to the evaporation to the physical properties of the electrode material
(Llewellyn Jones, 1950):

SV BT} - gk(T, 1)
m= (2.7)
Cpx(z—;n _T)+AHm +Cp1(T;) _Zn)_'_AHV

The first term in the numerator represents the effective spark energy, with c. (F) representing
the effective gap capacitance and V the breakdown voltage (V). The second term denotes the
heat loss from the hot spots by radiation in which Ty(k) is the boiling point and b=Act (Jk™*)
with ¢ depending on the blackness of the metal (for black bodies o is Stefan-Boltzmann
constant 5.67x10™ Js'm™k™). The time for energy transfer is t. The third term indicates the
heat transfer from the hot spots by conduction, in which k is the thermal conductivity (Wm’
'k™") and g=2(nA)" t (ms) if (r* /Kt)*> <<1, in which K is the thermal diffusivity (m’s") and r
the radius (m) corresponding to A. T is the steady state temperature (K) far from the hot spot
(e. 1. ambient temperature). The first and second terms in the denominator represent the
energy required to heat the electrode material to the melting point Ty, (K), with Cps (J g'k™h
the average heat capacity of the solid, and AH,, (Jg) the enthalpy of melting. The third term
in denominator is the energy needed to heat the liquid to the boiling point, with C,; (J g'k™h,
the average heat capacity of the liquid, and AH, (Jg'") the enthalpy of evaporation. The
evaporated mass is denoted by m (g). The model excludes any chemical reaction and ignores
material transfer between the electrodes. The material constants in the equation are known.
The constants ce, b and g are assumed independent of the electrode material. Since A and t
are not accurately known, we estimate these parameters empirically by fitting equation (2.7)
to our measured mass loss data of Figure 2.22. The discrepancies between theory and
experiment are large, but it should be considered that the model used oversimplifies the
process (Meek et al., 1953). Making the further simplifying assumption that the electrodes
are black bodies gives us the values r~1.5 um and t~1.2 ps. Both values are in the expected
range.

The analysis implies that thermal energy transfer through heat conduction plays a more
important role than radiation. Materials with higher thermal conductivity show less
evaporation, because they are cooled more effectively (Szenete et al., 1994). Equation (2.7)
correctly reflects our results in an approximate sense with respect to heat conduction, boiling
temperature and evaporation enthalpy. It can therefore be used to predict the mass production
rate for any material at the identical gap distance and spark type.
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2.3.7 Effect of Spark Repetition Frequency on Particle Formation

The particle mass production is adjustable over a wide range by means of the spark
frequency, which is given by the electric current via equation (2.6). It can be seen from
Figure 2.24 that the particle production rate linearly increases with the spark frequency and
the production rate can conveniently be controlled through the frequency. This is expected, if
the spark energy is independent of frequency and each spark produces particles
independently. Figure 2.23 shows size distributions obtained at different repetition
frequencies. The distributions widen with increasing frequency, which indicates coagulation.
The particle concentration first rises with frequency but decreases at high frequency. This is
explainable by the fact that at higher frequencies more coagulation takes place at high
concentration and before dilution is complete. If coagulation of the primaty particles is to be
avoided at increased frequency, this could be done by increasing the flow, in order to reach
the plateau as in Figure 2.14.
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2.3.8 Charge State of Particles

Since plasma is an environment containing electrons and ions, it is likely that the particles
produced by spark discharge obtain charge during the synthesis process. Indeed our
measurements showed that the spark discharge generator produced charged particles with
both polarities. In most cases there was a higher concentration of negative particles than
positive particles. Figures 2.25-28 show the size distributions of gold and silver negatively
and positively charged particles exiting directly from the spark generator as well as the size
distributions of all particles. The size distributions of the charged particles were determined
bypassing the neutralizer and calculated under the assumption that each particle carries a
single elementary charge. To obtain the size distribution of all particles, the neutralizer was
used. It establishes a well-known equilibrium charge distribution on the particles according to
the extended theory by Fuchs (Fuchs, 1963; Wiedensohler et al., 1991) and this enables
calculation of the size distribution of all particles, regardless of their initial charge. In both
cases the concentration of negative particles was larger than the positive particles. This may
be attributed to electrostatic precipitation of positive particles to the walls and housing, since
in our setup the positive high voltage was connected to one of the electrodes while the other
electrode and the housing were grounded. Thus there is an electrostatic force on the positive
particles towards the housing, while the negative particles are repelled and survive with a
higher probability. Precipitation of particles to the electrodes also occurs, as can be seen from
the deposits. Figure 2.26 shows that, about 20% of the particles obtain a negative polarity,
and for the smallest particles, this percentage even looks significantly higher. This is of great
significance in view of electrostatic size classification. This technique suffers from the low
charging efficiency of available chargers, and a production technique that delivers a large
fraction of charged particles of one polarity is highly desirable. The charging technique most
commonly used is bipolar charging, which is precisely what our neutralizer does. In Figures
2.25, 2.27 the size distributions of positive and negative particles from the spark generator are
compared with those when using the bipolar charger. The negative particle yield is 3 times
higher, when the original charge from the spark generator is used, and this ratio is apparently
still much higher for the smallest particles of the distribution.
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2.3.9 Particle Losses in the Present Set-up

From the size distribution data, the mass of the gold particles was estimated. The ratio of this
estimation and the gold electrode mass loss was around 5-10 %. For gold, silver and
palladium electrodes the particles were collected on membrane filters mounted in an airtight
stainless steel holder at the exit of the generator. The ratios of the collected masses and the
electrode mass losses were determined to be 22-38%. Thus we lose at least 62% in the
generator and in the ducts. These losses are mainly due to diffusion and would be avoidable
by minimizing the transport times (faster flow). For the charged particles we believe that
electrostatic precipitation in the generator is at least as important.

2.3.10 Material Transfer between Electrodes

It has been reported that the vaporized electrode material travels into the spark gap in the
form of a jet, which is observable via the radiation of the excited metal atoms (Cundall et al.,
1955). Material transfer between electrodes can occur when the vapor jet from one electrode
reaches the other one (Figure 2.29). This causes a reduction in the net mass loss (Cundall et
al., 1955). This fact should particularly be considered in applications where two
compositionally different electrodes are used, because the jet has a mixing effect that can be
used for production of bimetallic particles (see chapter 4). Efficient mixing of the vapors is
possible, if the vapor jets coincide in the inter-electrode gap.

Figure 2.30.a demonstrates material transfer from the cathode (Cu) to the anode electrode
(W). In the course of the spark discharge, electric current is converted into heat and the
electrode surface is intensively heated in the area of the discharge channel. This results in the
formation of a liquid pool, from where the molten metal either evaporates or is explosively
ejected into the surrounding fluid, forming craters on the electrode surface. The area of these
craters is likely the area of energy transfer (Soldera et al., 2005; Llewellyn Jones, 1950)
referred to in the energy balance model above. Figure 2.30.b shows the intense erosion of the
cathode (Cu).

Figure 2.31 shows the surface of the gold anode electrode interacted with the plasma. It can
be seen that platinum from the cathode has been transferred to the gold electrode manifested
in the picture as silverish dots. The inset shows the hills created on the gold electrode surface.
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Figure 2.29 Image converter photographs of 600-amp, 3-usec spark between Zn electrodes, 0.5 usec exposure
(by courtesy of Cundall, 1955)

Redeposition of the nanoparticles on the electrode surface can also be seen as black regions
in the inset.

To study the relative spark abrasion of the electrodes, the mass loss was individually
measured for each electrode under approximately constant conditions (Figure 2.32). Noble
metals were selected to avoid oxidation. In all the cases it was observed that mass loss for
the negative electrode was larger compared to the positive electrode.
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Figure 2.30 Material transfer from Cu Figure 2.31 Surface of the gold electrode in
electrode to W electrode in [W(+)Cu(-)] system (a), [Au(+)Pt(-)] system

Cu electrode erosion (b)
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We observed electrode surface damage for both electrodes however more severe for the
cathode. It is known that positive ions have a larger mass and transfer more energy to the
respective electrode than electrons. Another effect supporting the asymmetry can be
expansion of the plasma diameter at the anode surface, causing a decrease in the local heat
flux (Barrufet et al., 1991).
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Figure 2.32 Electrode mass losses for Au, Ag and Pd
(C=20 nF, d=1 mm, =120 Hz, Q=1 L/min, Ar)
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2.3.11 Aerogel Formation

During the synthesis of carbon aerosol at very small or zero flow, web-like assemblies with a
very low density and high porosity were formed inside the generator. This self-assembled
aerogel is depicted in Figure 2.33.a. Chain-like agglomerates around 12 mm in length bridged
the positive electrode to the grounded housing.

To simulate the electric field inside the generator using the Maxwell’s equations, COMSOL
(3.3) was utilized. Figure 2.34 shows the electric field lines, confirming that the particles are
assembled along the field lines bridging the positive electrode to the grounded housing. It is
likely that particles of both polarities contribute to the formation of these assemblies. This has
been proposed in connection with similar observations in a laser ablation generator (El-Shall
et al., 2003). Neutral particles may also be involved in the formation of the assemblies due to
dielectrophoresis. Chain aggregates become polarized in the electric field, and if the field is
non-uniform a dipole force results.

The aerogel remained stable for a long time inside the generator but partially collapsed when
removed, as in the previous work (Schleicher et al., 1995). The fragile nature indicates rather
weak inter-particle binding forces. Web-like assemblies, were also observed for Pd (Figure
2.33.b), Au and some other metallic nanoparticles. Due to the high surface area and porosity,
such structures may find applications in the field of catalysis, if stabilization is possible.

In order to study the morphology of the assemblies, samples were taken from different
regions for electron microscopy. The micrographs are shown in Figure 2.35. The web like
assemblies contained carbon particles of a few nanometers in diameters and some tube-like
structures with interlayer spacing of around 0.342 nm were found at the tip of the electrode,
where the peak electric field was about 2x10* Vem™. According to the quasi-liquid tip model
for growth of multi-wall nano tubes (Sugimoto, 2000), carbon neutrals (C, C;) and ions(C")
deposit on the cathode and since the temperature is very high, they may go through a
liquefied state. The electrostatic force (Maxwell tension) exerted on liquid-like particles pulls
the surface towards the direction of the field and the tip collects vapour and ions. These
strings elongate as long as the field is sustained and carbon vapour and ions are supplied
(Sugimoto, 2000). Thus the short length of the structures in Figure 2.35 may be due to the
short spark life.
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Figure 2.33 (a) Self-assembly of carbon nanoparticles (plane perpendicular to the electrode), (b) SEM
micrograph of Pd web assembly (scale bar represents 10 um)
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Figure 2.35 TEM micrographs of carbon nanostructures
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2.4 Conclusion

The production of nanoparticles by microsecond spark discharge evaporation has
systematically been studied. The method is of special interest, because it is continuous, clean,
extremely flexible with respect to material and the mean particle size can be controlled via
the energy per spark, which is in turn determined through variable parameters. In contrast to
laser ablation, which has comparable advantages, spark generators require only electric
power and could be scaled up to produce arbitrary nanoparticulate material quantities by
using a large number of electrodes. Separated, unagglomerated particles a few nanometers in
size can be obtained, if the inert gas flow through the generator is high enough with respect to
the spark repetition frequency. In principle, this enables coating of individual particles, if a
vapour deposition step is added. The nanoparticulate mass produced is typically 5 g/kWh*.
On the example of gold we showed that with gases purified at the spot, the method produces
particles that are so clean that sintering of agglomerated particles occurs at room temperature,
leading to branched solid structures. The influence of a number of parameters on the primary
particle size and mass production rate has been studied and qualitatively understood. Due to
the fast and very local evaporation of material, high vapour loading is achieved for a short
time, which makes the model of Lehtinen and Zachariah (2002), applicable. Our findings
agree with qualitative predictions of this model, according to which the particle growth
process under high vapour loading conditions is strongly influenced by particle heating due to
the release of surface free energy in coalescence. The model allows qualitative predictions
regarding particle size, when the energy per spark and the gas pressure are varied. When the
gas flow rate was sufficiently high, the particle size became independent of the flow rate,
indicating that the primary particle production process is shorter than a millisecond and that
this process is not influenced by turbulent dilution, which takes place when particle growth is
practically completed. At slow flow the gas flow rate does have an influence on the final
particle size, but this is due to slow coagulation at room temperature after primary particle
formation. Different electrode materials led to different mean primary particle sizes and mass
production rates, where thermal conductivity, evaporation enthalpy and the boiling point had
a major influence.
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Chapter 3

Technical Notes on Spark-Generated Particles in
View of Applications

3.1 Introduction

Metallic nanoparticles are regarded as a promising class of advanced materials due to their
potential applications in chemical, physical, and biochemical fields. The electronic structures
of metallic nanoparticles show major deviation from that of the bulk'. They have the ability
to store excess electrons (Lahiri et al., 2005) and usually present excellent catalytic properties
(Sugimoto, 2000). Recent studies show that the Surface Plasmon Resonance (SPR) excited in
metallic nanoparticles leads to selective photoabsorption, scattering, and local
electromagnetic field enhancement (Hirai and Kumar, 2006).

In this chapter characterization of particles produced from various metals in a wide range of
physical and chemical properties provides us with valuable information on sintering and
oxidation. Our observation on large particles which are sometimes formed and an explanation
of this effect is given. Moreover, the functionality of our particles in specific applications is
investigated.

3.2 Experimental Set-up for Particle Characterization

For synthesis of monometallic nanoparticles, a pair of identical electrodes was always applied
in the spark generator. All the electrodes were of high purity (> 99.99%). They were rods of
3-6.35 mm diameters with flat ends. The carrier gas was argon (with 99.999 % purity). For
particle collection purposes, the gas flow rate was adjusted to 0.8-1.5 L/min. The inter-
electrode distance was kept around 1 mm and the capacitance was usually 20 nF. The
schematic of the experimental set-up is shown in Figure 2.5.

In order to study the size, morphology, and structure of the particles, transmission (TEM) and
scanning (SEM) electron microscopy were performed on the samples. The transmission
electron microscope was a Philips CM30T with a LaBg filament as the source of electrons
operated at 300 kV.

For the determination of the specific surface areas of the particles N, adsorption isotherms
were measured on a Quantachrome Autosorb-6B.

" The electronic structure of a metal particle critically depends on its size. For small particles, due to
confinement of the electron wavefunction, the electronic states are not continuous, but discrete. The average
spacing of successive quantum levels, 8, known as the Kubo gap, is given by 6=4E¢/3n, where E; is the Fermi
energy of the bulk metal and n is the number of valence electrons in the nanoparticle (Rao et al., 2000). At room
temperature kT~25 meV. For kT> § the particle is expected to behave metallic.
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Figure 3.1 Particle collector (a), and TEM sampler (b)

Particles were collected on a membrane filter (Millipore, Durapore) placed inside a stainless
steel, airtight sampler (Pall), shown in Figure 3.1.a. For electron microscopy, particles were
collected on a carbon coated 3 mm nickel or copper 200 mesh grid which was attached to a
coarse grid (Figure 3.1.b), fixed in a holder and mounted perpendicular to the aerosol flow.

In order to protect the particles from oxidation, these samplers could be isolated from the
system by two valves at both ends.

3.3 Particle Characterization Results and Discussion

Electron Microscopy -Transmission electron micrographs of Au, Ag, Pd and Pt
nanoparticles produced by the spark generator are shown in Figure 3.2. The gold particles
show more pronounced sintering than the other metals. Only the isolated particles remain
spherical and the contacting ones have sintered, forming irregular shapes. In very small
particles most of the atoms are located on the surface. Surface atoms are less restricted in
their ability to vibrate than those in interior, and they are able to make larger excursions from
their equilibrium positions. At higher temperatures these fluctuations can cause a breakdown
in the symmetry of the nanoparticle, resulting in the formation of a liquid-like droplet of
atoms (Poole, 2003). The fact that small metal particles are liquid-like or at least have mobile
atoms on their surfaces explains sintering of the collected particles or of particles that have
collided in the gas phase at room temperature. Evidently, this also happens if only one partner
is small, as the inset in the Au particle micrograph of Figure 3.2 shows. The irregular Au
aggregates seem to become stable when areas of extreme surface curvature are eliminated.
The fact that room temperature sintering is only observed for Au particles can be explained
by the higher inertness of these particles. The other particles may be stabilized by a
monolayer of chemisorbed gas impurities, namely oxygen. Au, Ag, Pd, Pt are noble metals in
bulk form, but their nobility on the nanoscale is uncertain. Compared to the bulk, they have
an increased chemical reactivity due to the enhanced surface area and the reduced number of
nearest neighbours on a curved surface. Since Au,03;, AgO and PtO; decompose at 150, 100,
and 25°C respectively, it is unlikely that these oxides occur during particle formation process
and we assume that any oxide is formed later.

Formation of a thin layer of contamination (for example oxide) around the particles due to
chemisorption of impurities in the system may have a significant effect on the aggregation of
the particles. The surface layer may prevent a pure metal-metal contact, decrease the surface
energy and slow down the sintering kinetics.
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10 nm

Figure 3.2 Electron micrographs of Au, Pt, Ag, Pd, Cu, Nb, Sb, Sn’

2 Cu, Sb, and Sn particles were produced in a joint work with Lafont et al. (2009).
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In a sintering process’, diffusion of material through the contact points results in the
formation of neck between particles with a driving force of reducing the surface area and thus
surface free energy of the system (Ashby, 1974). Among various mechanisms® contributing
to the sintering of bulk crystalline particles only surface diffusion’ and grain boundary
diffusion make a remarkable contribution to nanoscale sintering. In addition, mechanical
rotation, plastic deformation via dislocation generation and transmission and amorphization
of sub-critical grains play a major role in the early stages of nanoscale sintering (Zeng et al.,
1998). Thus sintering kinetics depends strongly on the type of metal observed. Apart from
this, the absence of an oxide layer and the metal-metal contact is a prerequisite for sintering.
Depending on the surface purity of the particles and properties of the material, various
morphologies and different levels of neck formation occur.

Our observations from TEM analysis on different metals show that spark generated particles
are mainly nano sized. The size distribution of the primary particles depends on the material
however particles are usually in the size range of 2-15 nm suggesting that the main
mechanism of particle formation in spark discharge generator is evaporation-condensation
(Appendix C). Beside these, few large particles are often present along with the huge number
of nanoparticles. These are referred to below in the discussion of BET measurements and in
Sec. 3.3.1. Different structures and textures are produced. For example, noble metallic
particles are all crystalline and Nb particles are mainly in the amorphous phase. An
amorphous solid will be formed if the cooling rate is faster than the rate at which atoms
(molecules) can organize into a more thermodynamically favorable crystalline state.

30

25

0
4 5 6 7 8 9 10
Particle diameter (nm)

Figure 3.3 A typical size histogram of metallic nanoparticles generated by the spark discharge

A typical size histogram of primary particles produced by the spark generator, obtained from
TEM analysis is shown in Figure 3.3. It has a geometric diameter of 6.5 nm and a geometric
standard deviation of 1.23 (Appendix C). Most size distributions observed can be
approximated by a lognormal function. For a lognormal count distribution, 95% of the
particles fall within a size range of exp(lnCMD+2Ino,)which goes from CMmD/o;

toCMDxo.. CMD and o, stand for Count Median Diameter’ and geometric standard

deviation, respectively. For a majority of applications o, <1.2 is a sufficiently narrow size
distribution (Hinds, 1999).

? In this text, sintering should be distinguished from coalescence in which two small particles colide and form a
larger spherical particle whereas the former means aggregation and attachment of particles by neck formation.

* Surface diffusion, lattice diffusion from the surface, vapor transport, grain boundary diffusion, lattice diffusion
from the grain boundary, and diffusion through dislocations (Zeng et al., 1998).

> The driving force for surface diffusion is the gradient of the chemical potential along the surface (Wu et al.,

1993)
% The particle size for which half of the total number of particles are larger and half are smaller.
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Figure 3.4 SEM images of Au, Pd, Sb, Cu, W, Mg
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Scanning electron microscopy (SEM) with a much lower magnification than TEM confirms
that the primary particles are mainly in the nano-scale and few large spherical particles are
also present (for example see Sb). The morphologies of the particle assemblies differ from
material to material (for example coral, thread, and grape bunch shapes). Even for the same
material various forms of assemblies can be obtained (Figure 3.4).

In self-assembly processes the affinity of the particles to the substrate as well as repulsive or
attractive interaction between the particles plays an important role. Moreover, depending on
the magnetic and electronic properties of the nanoparticles, an external magnetic or electric
field can affect the structure of the assemblies. An electric field is present in the spark
generator and may favor alignment of particles to form linear assemblies. Dynamics of the
flow can also play a role.

BET Measurements -The high surface area of nanoparticles with respect to their mass is
one important reason for the great interest in them from various fields including catalysis and
hydrogen storage. In the present study the N, adsorption isotherms at 77 K have been
measured to derive the specific surface area (m°g™), using the Brunauer-Emmet-Teller theory
(Rouquerol et al, 1999). Presuming a perfectly spherical (shape factor 6), non-porous
particle, the corresponding particle diameter can be calculated by:

shape factor
Particle diameter = pe J.

surface area * metal density

Table 3.1 Specific surface areas and calculated BET diameters of particles produced from different

electrodes
Electrode BET surface area Calculated BET Mean diameter of
material (rn2 g']) diameter (nm) particles by TEM (nm)
Cu 130 5.1 5
W 72 4.3 4
Au 14 22 5
Sb 65 14 10
Mg 42 39 4
Pd 58 9 4
Ag <10 >57 4
Pt <10 >28 3

For a number of electrode materials, the specific BET surface areas of spark-generated
particles and the corresponding diameters are listed in Table 3.1, where the BET diameters
are compared with the averaged diameters from the TEM analysis. For Cu and W these
diameters agree well. Discrepancies of factors of 2 to 15 on the other hand are observed for
noble metals and Mg.

This is in agreement with the statement made above that oxidation hinders sintering. There is
a larger number of particle-particle contacts in the BET sample than in the TEM micrograph
probes. This qualitatively explains the discrepancy between the two diameters for the noble
metals. Another possible explanation is the formation of a small fraction of large particles as
observed in some of the cases. Large, unagglomerated, round particles were observed by
electron microscopy (for example Figure 3.5). It suggests that parallel to the evaporation-
condensation process, particle formation by solidified droplets emitted from the locally
heated electrode surface may occur.
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Figure 3.5 Electron micrographs displaying sputtered large particles of Au

The size of these particles ranges from tens of nanometers to a few microns. They may form a
substantial part of the total mass, and this may (partly) explain the large values determined
for some BET diameters above.

3.3.1 Explanation of Large Particle Formation

In the breakdown phase of a spark discharge a conductive filament is formed between the
electrodes which leads to a hot arc discharge where the energy transferred to the electrodes
can form deep craters.

Ion Beam

Ion Force

Molten metal displacement

and formation of torus . .
% Diffusion of electrode vapor

Undisturebed electrode surface

Electrode bulk
Molten metal
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Elongation of molten metal I / D1scharge ceased
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Sphere formation still
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—>iz H— Sphere formed and
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Figure 3.6 Formation mechanism of large particle from electrode surface
(adopted from Gray et al., 1974)
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These are formed by Joule heating and ion impact heating causing local melting of the
electrodes. Ejection of molten metal from these microscopic pools is possible under the
action of electric and/or acoustic fields (Petr et al., 1980), plasma pressure and the pressure
created by ion bombardment. According to the erosion model proposed by Gray et al. (1974),
ion bombardment creates a force, acting on molten metal. When the discharge ceases, the
unbalanced recoil force is directed outwards from the electrode. Since the surface tension of
the molten metal acts against this recoil force, it is of great importance. If the recoil force
exceeds the surface tension force, the molten droplet is sputtered. Otherwise it oscillates in
the pool and solidifies (Figure 3.6).

The large solidified droplets are usually not detected in samples which are collected by
diffusion. In our sampling method, particles are captured not only by diffusion but also by
interception.

In a further study on the large particles, two different electrodes, one made of pure Cu and the
other one made of pure W were utilized to produce particles. Figure 3.7 shows two
micrographs containing such big particles whose compositions are shown in Table 3.2.

500 nm

Figure 3.7 Cu-W particles produced from compositionally different electrodes of Cu and W

The EDS elemental analysis shows that the big spheres are almost pure Cu (1280 nm) or pure
W (375 nm). This supports the hypothesis that they are solidified droplets ejected from the
molten metal formed at the tip of the electrodes due to interaction with energetic plasma. If
the particles were formed by vapour condensation, they would be mixed (see chapter 5).

Table 3.2 EDS elemental analysis of the big particles

Figure (3.7.a2) W Cu O
Large sphere (1280 nm) | 0.61 | 97.63 | 1.76
Figure (3.7.b)

Large sphere (375 nm) | 98.37 | 0.64 | 0.99

3.3.2 Approaches to Suppress Large Particles in the Product

The large particles produced from solidified droplets are undesired in some applications.
Means of eliminating them have therefore been briefly studied below.

Impactor- In order to separate the big particles from the small ones, an impactor typically
used ahead of TSI DMAs was applied (Appendix B). However, even for the smallest orifice
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size of these types of impactors (0.0457 cm) the cutoff size was still too big (0.338 um) and
smaller solidified melt particles were transmitted. The induced pressure drop was around 61.2
cm H,O at 1 L/min aerosol flow. The captured big particles, piled up on the impaction plate
were eventually detached from the surface and re-suspended in the flow. This made the set-
up unpracticable for continuous use.

To achieve a smaller cut off diameter, a micro-orifice impactor with large number of
chemically etched nozzles could be a feasible alternative.

Electrostatic precipitation- To separate the small Pd particles from the large ones, the
flowing aerosol was subjected to an electric field between two parallel plates and
perpendicular to the flow. The electric force acting on the charged particles causes a fraction
of particles to deposit on the plates (Figure 3.8). The voltage between the plates was set to
1000 V, the distance between the plates was 1 cm, and the flow rate was kept 1 L/min. The
dimensions of the plates were 3x8 cm and designed such that particles with a single
elementary charge and smaller than 60 nm to be precipitated (Appendix B).

As can be seen in Figure 3.8, deposition of the charged particles on the plates illustrated the
flow pattern inside the precipitator (from bottom-to-top of the figure), indicating a vortex
around the outlet. Particles were mainly deposited on the centerline of the plates along the
flow trajectory. Since the particles were deposited on the both plates, we conclude that the
spark discharge generates bipolar charged particles. The remarkable amount of deposits on
the plates (for example in two hours) indicates that a noticeable fraction of the total particles
are charged. To examine the captured particles, four samples from different regions on both
plates were collected for SEM analysis.

Positive Negative

Figure 3.8 Deposition of Pd particles on the precipitator plates and SEM images of the particles

It was observed that in addition to nanoparticles, big particles up to around 3 pm were also
deposited on the positive plate, indicating that they were negatively charged. These particles
must have many elementary charges which enhance their electrical mobility. The images
show that the small particles are strongly agglomerated, presumably on the surface and
influenced by the action of the electric field.
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Hollow Electrode- According to the above-mentioned erosion model, the big particles come
from molten metal pools. So rapid and efficient cooling of the electrode surface should
suppress their formation. Thus, with the idea of enhancing heat transfer between the carrier
gas and the electrodes, a hole of 3 mm diameter was drilled into a magnesium electrode of 6
mm diameter and the hollow electrode (Figure 3.9.a) was used as the inert gas inlet (or
outlet). By increasing argon flow rates up to 30 L/min, no instability was observed in the
spark and its frequency (Figure 3.9.b, c). The hollow electrode proved to be operational. The
produced particles were sampled and examined under a TEM. The images are shown in
Figure 3.10.a, b. Only agglomerates containing nano particles are observable. A dense
feather-like structure can be seen in Figure 3.10.a, evidently consisting of nano-sized
particles. The solidified melt particles would manifest themselves by a higher contrast. In this
case the hollow electrode was used as the gas inlet. In Figure 3.10.b, the hollow electrode was
used as the gas outlet. As seen in the image there are some low contrast stains. They are
unlikely to be solidified melt entrained from the electrode surface, since their dimensions are
quite small and their contrast too low. To understand these structures more study would be
required.

h T

Figure 3.9 Magnesium hollow electrode (a), spark with the hollow electrode (b), spark frequency at 30
L/min (c)

Figure 3.10 Mg particles using hollow electrode as gas inlet (a), and gas outlet (b)

3.3.3 Notes on Oxidation Behavior

Due to the high reactivity of most metal nanoparticles with some gaseous species like
oxygen, the composition of the processing atmosphere should be controlled. In the case that a
thin passive layer on the particle surface protects the particle from further reaction, a low
concentration of the reactive gas can be beneficial (Nalwa, 2003; Karmhag et al., 2001;
Sanchez-Lopez et al., 1998; Soon Kwon et al., 2004).
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An important criterion to predict the formation of a protective oxide is the Pilling-Bedworth
ratio, defined as the ratio of the molecular volume of the oxide to the atomic volume of the
metal from which the oxide is formed. If this ratio is less than one as in the case of
magnesium (Vmeo/Vmg=0.81), the oxide grows under internal stress leading to a
discontinuous, porous film possessing low protective properties (Kutz, 2002).

According to the theory of oxidation, when more than one type of oxides co-exist with the
metal in the system, a multilayer scale forms on the metal, consisting of oxides of varying
oxygen content, from metal-rich oxides with a low oxygen equilibrium pressure to oxygen-
rich oxides with a high oxygen equilibrium pressure (Xu et al., 2007).

The oxide film growth on a metal is limited by transport of ions and charge-compensating
electrons through the oxide layer, assisted by a built in electric field (Niklasson ef al., 2003).
Oxidation of nickel, for example, takes place by metal cation diffusion through a vacancy
mechanism, predominately in grain boundaries and other linear defects. When the oxide layer
is thick, linear ionic diffusion prevails, a parabolic law is obtained and the square of the oxide
thickness is proportional to time. For thin oxide layers, the ion transport is assisted by the
electric field due to the difference in electron concentration between the boundaries of the
oxide layer (Niklasson et al., 2003). For instance, with a built in potential of 0.1-1 V, the
electric field for a 10 nm oxide thickness is 10°-10° V/cm. Therefore, additional charges on a
particle, for example obtained in the synthesis process, may play a role in the oxidation
process.

Figure 3.11.a shows Mg particles produced and analyzed under the inert gas. Although the
inert gas was of high purity (Ar 99.999%), a small amount of oxygen in the system was
apparently sufficient to oxidize the particles. The oxide layer around the large particle is
clearly distinguishable. Metallic magnesium has a hexagonal close-packed (hcp) structure as
seen in the core of the particle. When the sample was exposed to air for X-ray diffraction
(XRD) analysis, the sample converted entirely to oxide form as there are no Bragg reflections
corresponding to the pure Mg metal (Figure 3.11.b).
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Figure 3.11 TEM micrograph of Mg particles (a), XRD pattern of Mg sample exposed to air showing
only oxide phase (b)

A simple model can be used to calculate the percentage of Mg in particles with various sizes
when the oxide layer grows (Figure 3.12). It implies that when the particles are very small (a
few nanometers), formation of even a thin layer of oxide means that they are almost fully
oxidized.

In order to avoid oxidation of reactive particles, we evacuated the system by a vacuum pump
and baked it by a heating tape. Furthermore the carrier gas was purified by moisture and
oxygen traps for getting rid of traces of oxygen and humidity and attaining a higher gas
purity. Since the particles themselves consume the oxygen of the system, they were also
utilized as oxygen getters by being deposited on the internal surfaces.
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Figure 3.12 Mg atomic percent vs particle size at different oxide layer thicknesses (d)

Additionally some fresh particles were deposited on a spare filter to capture the residual
oxygen and humidity of the system (sampler 1 in Figure 3.13a). Furthermore, in the synthesis
process a certain amount of the pretreated carrier gas was circulated in a closed loop by an
air-tight and oil-free pump. After running the experiments for a sufficient time to clean the

system, the main sample was collected on a separate sampler in the closed loop (sampler 2 in
Figure 3.13.a).
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Figure 3.13 Closed loop for producing unoxidized particles (a), burned Sb particles upon exposure to air (b)

The above mentioned set-up proved to be capable of generating clean particles. Antimony
particles produced in this set-up burned upon sudden exposure to air (Figure 3.13.b). This
indicates the absence of an initial oxide layer on the surface of particles.
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3.4 Examples of Applications

Degradation of particles during synthesis, collection and handling processes can severely
affect the applicability of particles. Moreover, application conditions like high temperature
which may lead to sintering of particles, etc..., can influence the particle behavior. In this
section we briefly test the performance of our particles in the following applications.

3.4.1 Li-Ion Battery

Lithium-ion batteries are rechargable batteries containing an intercalation anode material.
Lithium ions move from the anode to the cathode during discharge and from the cathode to
the anode when charging (Figure 3.14). They exhibit good energy-to-weight ratios, no
memory effect, and a slow loss of charge when not in use. The functional components of a
lithium ion battery are the anode, cathode, and electrolyte, for which a variety of materials
may be used.

Ch
arger Current

-NCurrent L

Anode Separator Cathode

Load

Anode | Separator Cathode

00 ..4—. ( X J

Litium Ion Electrolyte Litium Ion Electrolyte

(a) (b)

Figure 3.14 Lithium ion batteries charging (a), and discharging (b),
(reproduced from NEC TOKIN Co.)

The most common material for the anode is graphite. The cathode is generally a layered
oxide (Dailly et al., 2002), a polyanion, or a spinel. Liquid electrolytes in Li-ion batteries
consist of solid lithium-salt electrolytes and organic solvents. Depending on the choice of
material for the anode, cathode, and electrolyte the voltage, capacity, life, and safety of a
lithium ion battery can change dramatically.

In order to improve the safety as well as the capacity and rate capability of Li-ion batteries,
new anode materials are of interest. Li can alloy with elements like Sb, Sn, Al, and Si
yielding higher theoretical specific capacities than that obtained for graphite. However,
formation of alloy often results in volume expansion occurring in lithiation and as a
consequence a poor cycle performance (Bryngelsson ef al., 2007). To overcome this problem,
one approach can be the use of nanoparticles due to their small absolute volume variation and
superplasticity (Li et al., 2002). Buffering the active metal by a matrix or a layer of passive
material may also be of interest (Simonin et al., 2007). Therefore, different kinds of metallic
nanoparticles were produced in this work and their electrochemical behaviors in Li-ion
batteries were investigated in the framework of a PhD project, carried out by L. Simonin. For
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instance, by modifying the synthesis’ and collection conditions®, samples of antimony and
antimony oxides with different levels of crystalinity and composition were generated and
their behaviors as anode electrodes in Li-ion batteries were investigated. It was observed that
the texture of nanoparticles have an important effect on the insertion of Li ion and the matrix
(oxide phase) should have proper porosity for lithium to interact with antimony (Simonin e?
al., 2007). Details on the characteristics of the samples and their electrochemical behavior are
published by Simonin et al. (2007).

3.4.2. Hydrogen storage

It is known that the primary metal hydrides that meet gravimetric storage density criteria have
high enthalpies of formation exceeding the value (-48 kJ/mol H,) for a desirable metal
hydride (Appendix D). Recent investigations report that the hydrogen storage properties of
metals can be improved by increasing the surface activity induced by reduction in particle
size. The grain size can affect thermodynamic properties like plateau pressures and phase
boundary envelopes as well as the kinetics (Zaluska et al., 1999).

Therefore, the spark discharge technique was utilized in the present work to produce Mg and
Pd nanoparticles, and hydrogen desorption properties of the particles were studied.

3.4.2.1 Mg Nanoparticles

Light metal hydrides show sluggish H, absorption/ desorption kinetics’ and the reaction
occurs at elevated temperatures (350-400 C) over a time scale of hours (Zaluska, 1999). The
slow sorption kinetics and thermodynamic stability of MgH, are the main obstacles in
practical applications.

The formation enthalpy (AHy ) of the Magnesium hydride is large and the Born-Haber cycle
for the bulk magnesium-hydrogen system is shown in Figure 3.15.

Applying Hess law, AHyis expressed by:

AH/=S+ Y IP+ D+EA+Uy,
With sublimation energy (S) of 147 kJ mole”, magnesium ionization potential (YIP) of 2205
kJ mole”, dissociation enthalpy of hydrogen molecule (D) of 436 kJ mole™”, hydrogen
electron affinity (EA) of 72.8 kJ mole™ and lattice enthalpy of 2718 kJ mole™, we get:

AH,~-75 kJ /mol H,

7 For instance, different types of carrier gas (Ar, N,) were applied in the presence/absence of oxygen and
moisture traps.

¥ A slow exposure of sample to air mainly led to the formation of a layer of amorphous oxide on the particle
surface and rapid exposure to air led to the particle burning and formation of crystalline oxide (Sb,03), (Simonin
et al.,2007).

? Kinetic factors of hydrogenation include: surface activity, oxide layer penetration, diffusion rate of hydrogen,
and mobility of metal-hydride interface (Zaluska et al., 1999).
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The large value of AHy indicates that the hydrogen atoms bind strongly with Mg atoms, so
that the magnesium hydride needs to be heated to a very high temperature'® in order to
release the hydrogen.

Mg () +Ha(2) 245 Mgty (s)

A
S D S Sublimation enthalpy
U [P Ionization potential
v v fot D Dissociation enthalpy
Mg(g) 2H (g EA Electron affinity
U, Lattice enthalpy
(g) Gas
v v
2+ -
Mg™ () + 2H(g)

Figure 3.15 Born-Haber cycle for Mg-H, system at standard pressure and temperature

Various approaches are reported to destabilize the magnesium hydride'' and to reduce AHy
(Liang et al., 2004).

The probability of the adsorption of a H,-molecule on the Mg surface is 10 (Oelerich et al.,
2001) and hydrogen molecules do not readily dissociate at the surface of Mg to generate
hydrogen atoms, thus transition metals having different valances can be utilized to catalyse
this process at the surface. Addition of transition metal oxides as catalysts is also reported to
improve hydrogen sorption kinetics of MgH, (Oelerich ef al., 2001). The most effective metal
and oxide particles are transition metals that are immiscible in Mg inducing high interfacial
energies between the nanoparticles and Mg nanograin boundaries (Yavari, et al., 2003).

Since most metallic nanoparticles have a high affinity to oxygen and a surface layer of oxide
can act as a barrier for H, diffusion, the production process has to be very clean and the
collected particles should be handled in an inert atmosphere for example a glove box (Figure
3.16.c). In practice, formation of a thin layer of oxide at the particle surface is usually
unavoidable. Therefore the sample often needs annealing which can result in the activation by
breakage of the oxide layer due to the difference in the thermal expansion coefficients of pure
metal and metal oxide at elevated temperature'>. Magnesium is sensitive not only to oxygen
but also to moisture. The presence of water degrades the oxide film by forming a less stable
hydrated oxide".

' This is about 280 °C in an environment of 1 bar of H,, or 260 °C in TDS studies (desorption in a vacuum
using a linear temperature ramp rate).

" For instance: modification of the Mg lattice by creating stress and strain, formation of Mg solid solution,
doping MgH, with other ions, formation of Mg intermetallic compounds or complex hydrides.

For light metal hydrides the interactions between the pure metal (A) and H atoms are ionic with transferring a
charge from A to the H atom and formation a strong bond. In hydrogen storage alloys, there is a covalent
interaction between B element and the hydrogen atoms, caused by the hybridization of the atomic orbitals to
form molecular orbitals. By mixing elements A and B, the B-H interaction is enhanced while A-H interaction is
weakened. This allows for easier hydrogen desorption (Cooper, 2005). For example in the case of Mg,Ni
relative to the pure Mg, addition of Ni lowers the reaction enthalpy.

"2 The oxide layer on magnesium surface cracks if the temperature exceeds 400°C (Zaluska et al., 1999).

1 Exposure of bulk Mg to air results in the formation of a layer on the pure metal with 20-50 nm thickness,
consisting of Mg, MgO, and 50-60 wt % Mg(OH),. Annealing at temperatures higher than 350 C, causes
magnesium hydroxide to decompose.
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The crystal structure of MgH, is shown in Figure 3.16.a. Nanocrystalline magnesium
hydrides are reported to show improved kinetics due to the high fraction of grain boundaries
that provide fast diffusion paths for hydrogen and heterogeneous nucleation sites for the
hydride phase (Klassen ef al., 2001).

In the present work, magnesium nanoparticles of a few nanometers (4-5 nm) in size were
produced to study their hydrogen storage behavior (Figure 3.16.b). The black color of the
nanoparticulate Mg sample indicates that the particles are metallic (Figure 3.16.c).
Preliminary tests on H, desorption behaviour were carried out in a thermal desorption
spectroscopy (TDS) setup (Figure 3.17.b), which consists of the measurement of the gas
released from the sample by a quadrupole mass spectrometer while the temperature is
continuously increased with time (Castro et al, 2000). The information obtained from TDS
experiments in metal hydride may be difficult to interpret since hydrogen desorption may
take place simultaneously with other processes like surface modifications, amorphous-
crystalline phase transition or solid state reactions (Fernandez and Sanchez, 2003).

Figure 3.18 shows the hydrogen desorption behaviour of magnesium nanoparticles. The
particles were charged under 4 and 8 bar of hydrogen pressure at 480°K for different periods
of time (15 min to 3 hr), then the sample was cooled down to 140°K. The discharge took
place in vacuum (0.1 Pa) while the temperature ramp was set to 1 K min™ (from 140° to 700°
K in 10 hr). All the curves show the maximum hydrogen release at almost the same
temperature around 180°C. This is quite promising, because this temperature is significantly
lower than values reported for larger particles'®. Wagemans et al. (2005) studied the effect of
crystal size on the thermodynamic stability of magnesium and magnesium hydride, using ab
initio Hartree-Fock and density function theory calculations. They predicted a desorption
temperature of 200° C for a crystallite size of 0.9 nm (MgyH;g). Since their predicted
desorption temperature is close to our results, it may infer that the crystal sizes composing
our particles are very small or that the particles are quasi amorphous'> (Wagemans et al,
2005).

A typical hydrogen storage capacity of the produced Mg particles was calculated to be around
6.3 wt.%. As 7.6 wt.% is the theoretical maximum capacity of MgHo, this is also promising.

Black Mg
Figure 3.16 Crystal structure of MgH, (a)'®, TEM image of Mg nanoparticles (b), black Mg deposited on the

filter and handled in the glove box (c)

' For bulk (or ball-milled) MgH,, the TDS spectrum shows a single emission peak at about 530-580 K (Zaluska
et al., 1999; Zaluska et al., 2001; RRR Faculty of Applied Science, TUDelft).

% Distinction between truly amorphous and crystalline phases is difficult if the size of the crystals is very small.
'® The powder diffraction file JCPDS 12-0697 lists a = 0.4517 nm and ¢ = 0.30205 nm.

55



Chapter 3. Technical Notes on Spark-Generated Particles

Figure 3.17 Sample holder (a), thermal deposition setup for hydrogen desorption measurements (b)"”
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Figure 3.18 Hydrogen desorption measurements of Mg nanoparticles
(Tabrizi et al., 2007)

The milled MgH, 5 at.% V composite has been reported to desorb the hydrogen at 473 K
(200° C) under vacuum (Liang et al., 2004). This is close to our results which were obtained
without using any catalyst. It should be noted that spark discharge method has the flexibility
of inserting the catalyst on the particles by using doped electrodes or making advantage of the
mixing properties of the spark (see the next chapter).

'7 These measurements were performed in the Fundamental Aspects of Materials and Energy group, RRR,
Faculty of Applied Sceiences, TUDelft.
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3.4.2.2 Pd Nanoparticles

In comparison with magnesium, palladium is chemically more resistant'® and presents high
hydrogen solubility over a wide range of pressures and temperatures (Lewis, 1967).

The enthalpy and entropy of formation of PdH, at room temperature are 41.1 kJ mol™ and
97.8 T mol™” K™ per mole H, (Zuttel et al., 2000).

Hydrogen can occupy one octahedral interstitial site (r = 0.451 A) and two tetrahedral sites (r
= 0.245 A) per atom palladium in the fcc structure of Pd. Here, r denotes the maximum
sphere radius to be placed in interstitial space. It may be expected that only interstitial sites
with r > 0.4 A can be taken by a hydrogen atom'’ (Zuttel et al., 2000) hence only the
octahedral site can host the hydrogen atom in bulk Pd (Figure 3.19), (Kuji et al., 2002).
However, it was shown in recent studies that also the tetrahedral positions are occupied to a
certain fraction, depending on the conditions (temperature, loading) of the sample (Nanu et
al., 2008; Pitt et al., 2003).

It is reported that in nano crystalline Pd, produced by repeated extrusion-compression cycles,
the miscibility gap (plateau in P-C isotherm) narrowed with decrease in size (Kuji ef al.,
2002), and the maximum hydrogen concentration in the  phase was reduced by almost 50%
(Kuji et al., 2002) indicating that 50% of available interstitial sites disappeared in
nanocrystalline Pd* or the distribution of interstitial site energy was broadened to higher
energy region due to anisotropic strain. One plausible cause explaining that the occupation is
reduced may be the lower binding strength of H at the surface, edges and ridges of particles
(Ziittel et al., 2004).

In the present work, we produced Pd particles of around 4 nm in size to test their hydrogen
sorption behaviour. The samples were handled in a glove box. The charging and discharging
conditions were similar to the magnesium samples.

(100) (111)

e

Figure 3.19 Octahedron in fcc Pd (reproduced from Kuji,2002)

Figure 3.20 shows the variation of pressure vs. temperature. The first broad peak at around
200 K may be attributed to the release of hydrogen from the metal hydride solid solution and
the second peak at 250 K may be due to desorption from the a and B coexisting phases
(Appendix D).

'® Palladium hydride is sensitive to carbon monoxide impurity.
' At low concentrations up to PdH,, the palladium lattice expands slightly, from 3.889 A to 3.895 A. Above
this concentration the second phase appears with a lattice constant of 4.025 A. Both phases coexist until a

composition of PdH ss when the alpha phase disappears.

% The reduced hydrogen solubility can also be due to the fact that the surface atoms provide less interstitial sites
for hydrogen (Ziittel et al., 2001).
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It can be seen that the maximum hydrogen release take place at around 250K. The
temperature of 250 K of the main peak (corresponding to a- [ phase coexistence) is low:
about 70 K lower than for powder Pd samples (Stern et al., 1984). Figure 3.21 depicts the
accumulative hydrogen desorption of our palladium nanoparticles indicating that the
maximum weight percentage of the stored hydrogen is quite close to the theoretical
maximum value (0.56 wt % for Pd Ho).
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Figure 3.20 Variation of pressure vs. temperature for Pd nanoparticles

0.5 -
0.45 -
0.4
0.35 -
0.3 4
0.25
0.2
0.15 -
0.1
0.05 -
0 ‘ ‘ ‘ ‘

150 200 250 300 350

T(K)

m%H2

Figure 3.21 Accumulative hydrogen desorption measurement of Pd nanoparticles

3.5 Conclusion

In this chapter, various metallic particles were synthesized. Electron microscopy and specific
surface area measurements were utilized to characterize them. It was revealed that the
particles were mainly nano-sized with an evaporation-condensation formation mechanism.
The presence of few large particles among huge number of nanoparticles indicated that
parallel to the above-mentioned mechanism, particle formation by ejection of molten metal
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from the electrode surface also occurs. Au particles exhibit pronounced sintering on the
substrate, forming continuous random branched structures and indicating high purity of the
particle surfaces. Evidently sintering stops or continues very slowly, when the minimum radii
of curvature have sufficiently been increased to decrease easy diffusion of surface atoms. In
some cases the deviation between TEM and BET diameters for some materials, mainly noble
metals was attributed to this inter-particle sintering as well as the presence of large particles.
The presence of oxide layers on the particle surfaces evidently hinders sintering. However,
oxidation of metallic particles is undesirable for many applications. To achieve unoxidized
nanoparticles, a special set-up was utilized which produced such clean particles that they
burned out upon sudden exposure to air.

Although the particles produced in this work can potentially have very interesting
applications, we studied only two special cases. The antimony/antimony oxide particles
which were purposely exposed to air were applied as the anode electrode in a Li-ion battery.
Their electrochemical behaviour was studied by Simonin, and it was observed that the texture
of particles had a strong effect on the insertion of Li (Simonin et al., 2007). In view of
improving hydrogen sorption behaviour by reducing particle sizes, we produced Mg and Pd
particles of a few nanometers in size and studied their desorption behaviour. For magnesium
we observed a clearly reduced desorption temperature (180°C). The difference between the
fairly high observed hydrogen storage capacity of 6.3 wt.% and the theoretical maximum of
7.6 wt.% could be due to oxidation. Other samples showed a smaller H, storage capacity, and
this can be attributed to a higher degree of oxidation. Since the spark discharge method offers
the possibility of inserting catalyst on the particles (for example by using doped electrodes),
further improvement could probably be achieved quite easily. With Pd nanoparticles, we also
observed a desorption temperature of about 70 K lower than for Pd powders, and a hydrogen
storage capacity near the value of 0.56 wt.% for bulk Pd.The shape of the thermal desorption
spectra is similar to those for Pd powders.
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Chapter 4

Generation of Bimetallic Nanoparticles from
Miscible Metals

4.1 Introduction

Bimetallic nanoparticles are of fundamental and technological interest due to their size,
composition and structure dependent properties. The relative concentrations of the
constituents of bimetallic nanoparticles can be employed to optimize magnetic properties, to
control the surface plasmon band and to tailor catalyst properties (Regen et al., 2006).
Bimetallic nanocatalysts may offer a synergistic performance leading to enhancement in
activity and selectivity (Hirakawa et al., 2003). Thus, there is a great interest in developing
new methods for synthesis of bimetallic nanoparticles. Therefore, the main objective of this
chapter is to investigate the feasibility of mixed nanoparticle generation by spark discharge.
This may open a new field of applications for this technique.

Bimetallic nanoparticles can be synthesized by physical or chemical routes. Physical
procedures usually involve evaporation-condensation process whereas chemical methods
involve simultaneous or successive reduction of two metal ions in presence of a suitable
stabilizer in the liquid phase. One disadvantage of the latter route is the introduction of
impurities associated with the chemical solvents in contrast to the gas-phase synthesis which
offers high purity. In particular, the spark discharge method offers great flexibility concerning
the product composition by applying suitable electrodes.

The present study is restricted to the metals that fulfil the conditions of forming a
substitutional solid solution in the bulk phase (Hume-Rothery et al., 1954) and are miscible in
macroscopic phases'.

Alloyed electrodes of Cr-Co were applied to produce mixed nanoparticles. The evaporation
rate of Cr is much higher than the evaporation rate of Co (Kubaschewski, 1979; Powell ef al.,
1997). So we deliberately chose a “tough case” to test the fast quenching SDG* method in
view of obtaining a mixed phase. In addition, we studied mixing by the discharge process,
using compositionally different electrodes on the examples of Au-Pd and Ag-Pd. In the case
of noble metals, Au and Pd have a rather similar evaporation rate while Ag and Pd have a
very different one (Kubaschewski, 1979; Powell et al., 1997). It is of interest whether the
mixing behaviour is similar.

The examples we chose have applications in various fields. For instance thin films of Co—Cr
based magnetic alloys have applications as longitudinal high-density recording media (Kahng
et al., 1999). In addition, chromium-cobalt alloys are used in surgical implants, and there is
concern about the long-term internal exposure to the nanoparticulate wear debris generated

! For substitutional solid solutions, according to the Hume-Rothery rules, solid solubility requires a small lattice
constant mismatch (<15%) and identical crystal structures of the two elements. The solute and solvent should
typically have similar electronegativities and maximum solubility occurs when the valence of solute and solvent
are the same. Metals with lower valence will tend to dissolve metals with higher valence (Considine, 2002).

2 Spark Discharge Generation (SDG)
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from these alloys (Papageorgiou et al., 2007). Particles of the composition of the implants are
required for biocompatibility and toxicology studies.

Noble metals (Ag, Au, and Pd) are generally considered as useful alloying metals due to their
low reactivity. Besides, noble metals have numerous applications (Devarajan et al., 2005;
Yang et al., 2006). For instance Au-Pd alloys are reported as the most effective catalysts yet
identified for remediation of trichloroethene (TCE), one of the most troublesome
groundwater pollutants (Nutt et al., 2006). Ag-Pd alloy particles are commonly applied in
electronic devices for their specific electrical properties (Keskinen et al., 2004; Silvert et al.,
1996)) for example in catalyzing electroless copper deposition which is an important process
in circuitry formation for PCB® (Yang et al., 2004). Moreover, noble metal nanoparticles are
known to possess high optical nonlinearities and ultra-fast optical responses, and they may be
utilized in developing nonlinear optical devices (Kim et al., 2003).

4.2 Experimental Method

In the spark discharge process, nanoparticles are generated by an evaporation-condensation
mechanism. If different materials co-evaporate from the electrodes, co-condensation should
lead to formation of mixed particles (Appendix C).

The experimental setup is schematized in Figure 2.5. It consists of the synthesis, collection,
and on-line particle size measurement units. The particles are generated under an inert
atmosphere (Ar, 99.999%), and collected on a membrane filter fixed in an air-tight stainless
steel holder mounted at the outlet of the generator. The carrier gas flow rate is variable from
0.8 to 5 Ipm.

High resolution electron microscopy was performed on a Philips CM30-UT-FEG and a FEI
Tecnai-200FEG. EDS data were acquired on a FEI Tecnai-200FEG using the STEM mode
with a spot size of ~ 0.2 nm, which guaranteed that the measured spectra were only coming
from each single particle. The spectra acquisition, drift correction and data analysis were all
processed using the software TIA (Tecnai Imaging & Analysis). The TEM grid was Ni 200
mesh coated with carbon film. The X-ray diffraction (XRD) measurements were performed
on a Bruker —AXS D5005 diffractometer, equipped with a Huber CuKalpha-1 Ge
monochromator in the incident beam and a Braun Position Sensitive Detector PSD-50M in
the diffracted beam. For the Co-Cr sample, a Bruker-AXS theta-theta diffractometer with a
CuKalpha graphite monochromator in the diffracted beam was used to suppress fluorescence
from the sample. The average compositions of samples were measured in PerkinElmer
Optima 5300 using the ICP-OES technique. N, adsorption isotherms were measured on a
Quantachrome Autosorb-6B for the determination of the specific surface areas of the
particles.

After sampling for electron microscopy, the sample holder was sealed by valves on both sides
to protect the Co-Cr particles from air exposure.

This holder was brought to a glove box, where the TEM grid was transferred to a vacuum
sampler. The latter was brought into the microscope so that the particles could be analyzed
without having been exposed to air.

3 Printed Circuit Board (PCB)
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4.3 Results and Discussion

4.3.1 Study of Various Systems

4.3.1.1 Cr-Co

These particles were produced by using two electrodes consisting of a Cr-Co alloy. Electron
micrographs of the particles and the corresponding EDS spectrum are shown in Figure 4.1
and Figure 4.2. The primary particles were spheres around 4 nm in diameter. As seen in
Figure 4.1, few large round particles in the range of several tens of nanometres were observed
in addition to the nanoparticles. As discussed in the previous chapter, we assume that these
particles are formed by ejection of liquid material from the electrodes.

In addition to Cr and Co, EDS analysis showed also O, Si, and Mo. This is consistent with the
composition of the electrodes, which contained up to 1 wt% Si and 5 wt% Mo. The oxygen-
to-metal atomic ratio varied in different regions of the sample. When the synthesis was
performed under Ar+5% H,, EDS analysis showed a smaller oxygen content. Precise
quantification of oxygen failed due to overlapping of the peak with the metallic species.

Figure 4.1 TEM images of Cr-Co nanoparticles
(C=20 nF, d=1 mm, f=150 Hz, Q=1 Ipm Ar+5% H>)

The oxygen seen in the EDS spectrum is due to O, adsorbates on the TEM grids and/or to a
slight surface oxidation due to O, impurities in the inert gas. The latter is reduced by the
presence of hydrogen. The deposit looked completely black in the glove box, indicating
metallic particles. When exposed to air the colour turned green, indicating formation of oxide
phase(s) as Cr,03, CoO, and CoCr,04 (Fernandez, 2002).

T T T
10 15 z0

Energy (ke

Figure 4.2 EDS spectrum of Cr-Co nanoparticles
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Table 4.1 indicates the ratio of Cr to Co in the nanoparticulate powder, as measured by the
ICP method. It is consistent with the composition of the electrodes. This is an important
result, which shows that Co and Cr behave similarly in the rapid evaporation-condensation
process despite the differences in their relevant physical constants. Temporary local melting
apparently does not lead to any significant segregation.

Table 4.1 Composition of Cr-Co in the electrodes and in the sample measured by ICP

Electrodes | Cr/Co weight ratio in the electrode | Cr/Co weight ratio in the sample
Cr-Co alloy | 0.37-0.51 0.37

Figure 4.3 shows the X- ray diffraction patterns of the Cr-Co sample as measured with the
background subtracted. The sample had been exposed to air before the analysis. XRD
patterns show some sharp peaks superimposed on broad peaks. These sharp peaks confirm
the presence of big particles as seen in the TEM micrograph (Figure 4.1) and the broad peaks
are due to nanoparticles. The area under the sharp peaks is much smaller than the area under
the broad peaks. This indicates that the sample is mainly composed of the nanocrystalline
phase. There are peaks that match the diffraction data of the chromium oxide and cobalt
oxide phases which have evidently been formed by exposure to air. As we neither see any
mixed oxide phase nor any pure metallic phase, we infer that oxidation may lead to
separation of the Cr and Co.

There is also a Co-like pattern with a lattice parameter increased by a factor of 1.0083 which
we interpret as a mixed Co-Cr crystal phase. Chromium has a body-centred cubic (bcc)
structure and cobalt is an allotropic metal with hexagonal close-packed (hcp) and face-
centered cubic (fcc) crystal structures. Although the hexagonal-closed-packed cobalt structure
is thermodynamically favoured, formation of the face-centered-cubic (fcc) cobalt
nanoparticles by flame synthesis has previously been reported (Grass et al, 2006).

In substitutional solid solutions, where the atoms form a common lattice, the constituents
usually possess similar atomic radii. The formation of a substitutional solid solution is
generally accompanied by an expansion or contraction of the lattice parameters of the solvent
(Hume-Rothery et al., 1954).

250

@ Cr-O-dxby:1.
CoO -dx by: 1.

A Co-dxby:1.0083

Lin (Qps)
|

as measured

background subtr.

* 220 311

2-Theta - Scale
Figure 4.3 XRD patterns of the Cr-Co sample
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According to Co-Cr lattice parameters vs. compositions for fcc (a-Co) solid solutions (Predel
et al, 1998), the lattice constant obtained from the X-ray diffraction pattern fitted to about 40
at % Cr, corresponding to a Cr/Co weight ratio of around 0.58 somewhat larger than ICP
measurement, which may be due to the formation of the oxide phases.

Table 4.2 shows the specific surface area of the particles, measured by the BET method
(Rouquerol et al., 1999) and the corresponding BET diameter which was calculated for
spherical shape (shape factor 6) with bulk density between the pure cobalt and pure
chromium. In spite of the presence of some large particles (Figure 4.1), the average particle
diameter observed by electron microscopy agrees with the calculated BET diameter. This
indicates that large particles are rare in the sample, in agreement with the small contribution
of sharp peaks mentioned above to the areas under the peaks. The particles partially oxidize
before the BET measurement, but it is easily shown that this should only have a small
influence on the BET diameter if the density of the metals is used in the calculation.

Table 4.2 Specific surface area of Cr-Co nanoparticles

Electrode | BET surface area (m”/g) | Calculated BET diameter (nm) | TEM average diameter (nm)
Cr-Co 185 4-5 4

The particle size distribution as measured by the mobility analyser (Figure 4.4) showed a
modal diameter of around 7 nm and a geometric standard deviation of 1.41. The discrepancy
with the primary particle size on the TEM micrographs (Figure 4.1) indicates that the
particles agglomerate during the time of a few seconds between production and mobility
measurement. Using coagulation theory (Hinds, 1999), the initial primary particle
concentration close to the spark is estimated to be between 10° and 10'® cm™.
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Figure 4.4 Size distribution of Cr-Co nanoparticles
(C=5 nF, d=Imm, =10 Hz, Q=5 Ipm Ar)

4.3.1.2 Au-Pd

Au-Pd particles were produced by using a gold electrode and a palladium electrode. The
vapours produced at the electrode surfaces are expected to mix at least partially. This mixing
is driven by rapid diffusion in plasma with a temperature up to several thousands K as well as
by electrical forces acting on the ionized species in the plasma which include the metal
vapours. In this context it is important that in the discharge process the voltage across the
electrodes performs a damped oscillation, which means that it reverses polarity. The
capacitive, inductive and resistive elements in the circuit have been chosen to guarantee this
behaviour (Tabrizi et al., 2009). Temporary voltage reversal is also important to achieve
ablation of both electrodes.
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TEM micrographs in Figure 4.5 depict the particles at two different magnifications. The
primary particles, around 6 nm in diameter, form a chain-like network and it is clearly seen
that they are sintered at the contact areas. It was already pointed out (chapter two) that pure
gold nanoparticles produced by the spark exhibit cold sintering. It can be due to purity of the
surfaces of the noble metallic particles and absence of any diffusion barrier such as an oxide
layer. The rapid sintering of ultra-clean nanoparticles is in agreement with molecular
dynamic (MD) simulation results (Koch, 2007). As the network of sintered particles looks
continuous, while the DMA spectrum indicates units of a few nm, sintering must have taken
place on the substrate and at room temperature. Sintering was not seen in the case of Co-Cr
particles, and it can be attributed to chemisorption of gas impurity molecules at the particle
surface, probably oxygen (see above).

The SEM images of Au-Pd particles showed that primary particles self-organized in coral-
like structures, growing in all directions as well as in long threads with lengths in the
millimetre range. While fractal-like growth, forming these structures, is a common
phenomenon and simply explainable by random diffusion limited aggregation, the formation
of long linear threads is astonishing. It could be due to whisker or nanotube growth from the
electrode surface, which may be field induced. Bare whiskers are not seen anywhere, but the
abundance of nanoparticles should lead to coverage by these. Field-induced formation of
linear nanoparticle chains is another possible explanation.

High resolution electron microscopy revealed that the particles were crystalline. This is
important, because crystallinity is desired for most applications.

Figure 4.5 TEM and SEM (scale bar 500 um) images of Au-Pd nanoparticles
(C=20 nF, d=1 mm, =150 Hz, 0=0.8 Ipm Ar)

The average compositions of the particles measured by the ICP method are listed in Table
4.3. It can be concluded that for a specific material the negative electrode is eroded more
strongly than the positive one. This is due to the fact that the majority of the charge carriers in
the plasma are positive ions and electrons. The ions have a much higher mass and thus
dissipate more kinetic energy in colliding with the attracting electrode than the electrons,
despite the higher mobility of the latter. The fact that we do see substantial erosion of the
positive electrode is due to temporary voltage reversal during the discharge process, as
mentioned above.

Table 4.3 Average compositions of Pd-Au samples measured by ICP
[Au (+)Pd (-) means that the anode was gold and the cathode was palladium]

Electrodes Pd/Au weight ratio in the sample
Au (H)Pd () 0.58
Au (-)Pd (+) 0.34
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EDS analysis allowed determination of the composition of individual particles. Particles in
the size range of 5-10 nm were analyzed. Table 4.4 lists the Pd/Au weight ratio in six
particles, indicating that the particles have a distribution of compositions. This is not
surprising and likely due to an uneven distribution of materials in the space between the
electrodes.

Table 4.4 EDS compositional analysis for six single nanoparticles [Au(-)Pd(+)]

Pd/Au weight ratio Average | Std
0.395095 | 0.120512 | 0.072145 | 0.170565 | 0.281923 | 0.497013 | 0.256209 | 0.165871

To investigate the compositional homogeneity in one single particle, EDS mapping was
carried out under the scanning transmission electron microscopy (STEM) mode on single
particles. A typical particle highlighted by the solid square frame is shown in Figure 4.6.a.
This particle is around 5 nm in diameter and isolated from others. During compositional
mapping, the sample drift was corrected by comparing with a reference image, highlighted by
the dashed square frame in Figure 4.6.a. The L-edge spectra are used as relative measures of
the Au and Pd mass encountered in each pixel. The information is represented on a 7x 7 pixel
grid covering the particle with each pixel about 0.7 nm wide. The mappings for Au and Pd
are shown in Figure 4.6.b and c, respectively. The patterns look quite similar, which means
that the two elements are quite mixed within the precision of the method. In particular, the
outer boundaries of the particle are practically identical for Pd and for Au. This means that
there is no surface segregation, which could generally be driven by surface energy, melting
point, affinity of gases, heat of sublimation, and strain energy (Wang et al., 2006). The
corresponding effects lead to core-shell structures as this has been reported by Zhang et al.,
2005, Okitsu et al., 2000 and Devarajan et al., 2005. The thermodynamic driving force may
lead the component with lower surface energy to segregate to the surface (Xiao et al., 2006).
The absence of any visible segregation in our particles may be due to the fast quenching
process following the spark.

—— 10 nm

Figure 4.6 Typical STEM maps of a Au-Pd particle (a), AuL (b), PdL (c)
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Figure 4.7 XRD patterns of the Au, Pd, [Au(+)Pd(-)], and [Au(-)Pd(+)] nanoparticles

X-ray diffraction patterns were recorded to obtain information about the formation of mixed
phases. According to the phase diagram for Au-Pd, these metals form solid solutions of
arbitrary compositions at low temperatures (Liu et al., 2005). Enthalpies of formation of Au-
Pd solid solutions (between 423 and 573 K) are in the range of -7.1 and -7.9 kJ/g-atom (Yang
et al., 2004) for the compositions listed in Table 4.3. These large negative values should lead
to rapid alloy formation (Menon et al, 2001). The XRD patterns of Au, Pd and Au-Pd
particles are shown in Figure 4.7.The patterns of the pure phases were produced by using the
same material for both electrodes. For the mixed case, the diffraction curve for each polarity
is shown. The XRD patterns for the pure metals show the characteristic peaks for Pd and Au.
The presence of large particles, and cold sintering in the Au particles resulted in narrow
Bragg reflections. The patterns for the mixed cases also show the pure metal peaks. Between
them there are broad peaks, which are attributed to the mixed phase.

Gold and palladium both have fcc (face-centered cubic) structures and their lattice constants
are close together around 0.40782 and 0.38907 nm respectively. For metals with the same
crystal structures and atomic sizes, Vegard’s law predicts a simple linear relationship
between alloy compositions and lattice spacing (Barret et al., 1996). Taking the modes of the
mixed phase peaks, this law predicts Pd/Au weight ratio of 44% for the Au(+)Pd(-) sample
and 36% for the Au(-)Pd(+) sample. This is in qualitative agreement with Table 4.3 in the
sense that the sample with more Pd content is produced from Au(+)Pd(-) arrangement in
which Pd is connected to negative polarity. The broadness of the XRD peaks is determined
by the particle size and lattice imperfections. In the case of mixed phases, the XRD peaks
should additionally be broadened, if there is a distribution of compositions rather than one
fixed composition. The pure influence of the particle diameter on the peak broadness (full
width at half maximum in radians, FWHM, f) is given by the Scherrer equation (Waseda et
al., 2004):

po_ KA (4.6)
BCos(6,)
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where A is 0.154 nm for the wavelength of CuKa radiation, K represents the correction factor
for the shape of particles which was considered as 0.9, and 65 the Bragg angle of the
reflection that is analyzed. The calculated particle sizes from the reflections of the 220 and
311 planes were around 5 and 6 nm in agreement with the micrographs. This may indicate
that the broadness of peaks is mainly due to particle size. The peaks corresponding to the
initial materials of Au and Pd were much sharper than the peaks of the mixed phase and
consistent with the sizes of the round large particles (see micrograph in Figure 4. 5). As we
regard these particles as solidified droplets coming from a certain electrode, this also explains
that they are not or hardly mixed.

Regarding the surface area measurements listed in Table 4.5, it was noticeable that the BET
surface area of the pure gold and palladium were around 14 m*/g, and 58 m?/g respectively,
while the specific surface area of the mixed particles was larger (around 67m?/g).

Table 4.5 Specific surface area of Au-Pd nanoparticles

Electrode BET surface area Calculated BET TEM mean
(m’/g) diameters (nm) diameter (nm)

Au-Pd 67 5-7 6

Au 14 22 5

Pd 58 9 4

The particle size distributions, measured by mobility analysis are shown in Figure 4.8.The
modal particle sizes from the DMA measurements are in the size range of the particles in the
TEM micrographs indicating that there was little agglomeration of the primary particles on
the way to the DMA, and the peak sizes can be regarded as approximations of the primary
particle sizes. The particle size distribution of the Au(+)Pd(-) arrangement with Pd as the
cathode, is closer to the Pd particle size distribution. This may be due to a larger content of
Pd in the Au(+)Pd(-) arrangement.
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Figure 4.8 Size distributions of Au-Pd nanoparticles
(C=5 nF, d=Imm, =10 Hz, Q=5 Ipm Ar)

4.3.1.3 Ag-Pd

TEM and STEM images of Ag-Pd particles are shown in Figure 4.9. The particle sizes were a
few nanometres. These particles showed less sintering (neck formation) and apparently no
cold sintering. Neck formation is driven by surface free energy reduction and the initial step
of inter-particle diffusion requires completely clean surfaces. The presence of Pd seems to
hinder sintering, and this may be due to a larger tendency of chemisorption of gas impurities
like oxygen.
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20 nm

Figure 4.9 TEM micrograph (left) and STEM image from less concentrated region of the sample (vight)

Average composition of the particles measured by ICP is listed in Table 4.6. The weight ratio
of Ag/Pd when Ag was connected to the negative polarity was larger, in agreement with the
results for Au-Pd, and again, the reason is stronger ablation of the cathode.

Table 4.6 Average composition of Ag-Pd samples measured by ICP

Electrodes Ag/Pd weight ratio in the sample
Ag (-)Pd (+) 0.70
Ag (H)Pd (-) 0.59

Ongoing separate studies have shown that damping the circuit and thus decreasing voltage
reversal further reduces erosion of the anode. Thus we conclude that our design of the circuit
to exhibit voltage reversal is important for effective mixing to occur.

20 hm

Figure 4.10 Typical STEM maps of a Ag-Pd particle (a): AgL, (b): PdL, (c)
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A typical elemental map of a small particle can be seen in Figure 4.10. The intensities of the
Ag and Pd signals reveal no phase segregation on the surface, just as in the case of Au-Pd.
The EDS spectrum in Figure 4.11 shows that Ag and Pd present very close but
distinguishable peaks. Ni, Si and O are also detected. The former is the constituent of the grid
while Si is an impurity frequently found. The oxygen may be due to physisorption on the
carbon coated grid and/or chemisorption on the particle surfaces.

W EDXHAADF Detector Area 2

Energy (keV)

Figure 4.11 Typical EDS spectrum of a Ag-Pd particle

In order to study the composition of individual particles, many particles were analyzed by
EDS. The compositions indicated in Table 4.7 show a large variation. As in the case of Au-
Pd, this can be attributed to inhomogeneous mixing of the vapors in the spark evaporation
process.

Table 4.7 Compositional analysis of seven individual nanoparticles [Ag(-)Pd(+)]

Ag/Pd weight ratio Average Std

0.954785 | 1.325929 | 3237425 | 5.088961 | 2.593984 | 0.555848 | 1.12213 | 2.12558 | 1.618559

X-ray diffraction patterns of Ag, Pd and the mixed particles produced from the Ag(+)Pd(-)
and Ag(-)Pd(+) arrangements are shown in Figure 4.12. Similar to palladium, silver also has
fce structure with a cell constant of 0.40853 nm. According to the phase diagram of Ag-Pd,
these metals can form a continuous solid solution (Hansen, 1958). The formation enthalpy of
the solid solutions with the compositions listed in Table 4.6 are around -4.1 and -4.5 klJ/g-
atom (at 1200 k) (Predel et al., 1998; Gale et al., 2004). For both samples, the formation of
alloy phases was confirmed by Bragg reflections situated between those of pure Ag and Pd.
Similar to the Au-Pd system, peaks corresponding to the initial constituents of Ag and Pd
were also observed in addition to the mixed phases. According to the lattice parameter data,
the weight ratio of Ag/Pd for the Ag(-)Pd(+) sample was calculated fromVegard’s law to be
around 0.7.

The particle sizes calculated from reflections of 220 planes using the Scherrer equation were
around 4-5 nm, in good agreement with the electron microscopy measurements. The
sharpness of Bragg reflections for pure Ag in Figure 4.12 may again be due to cold sintering
of the pure silver nanoparticles and possibly the presence of some big particles formed from
droplets as seen in Figure 4.5 for Au-Pd.

72




Chapter 4. Generation of Bimetallic Nanoparticles from Miscible Metals

“; ! ! ! K T
z L o
F N | Aglr) Pd(o)
< | N \ . ;
= b R i
E : : \ | | :I ;
E : | L T
£ o | | ! | h !
: Ny ke
oyt b 1200 20 1! VRN T
Ag
T L : |'l q . T I' L T = 1 |” '|
30 40 50 60 70 80 90
Angle /260

Figure 4.12 XRD patterns of Ag-Pd mixed nanoparticles

The BET specific surface area of the Ag-Pd particles listed in Table 4.8 is around 73m?/g
which is quite larger than the specific surface area of the pure Ag or pure Pd. As for Au, this
indicates that mixing with Pd leads to suppression of sintering.

Table 4.8 Specific surface area of Ag-Pd nanoparticles

Electrode | BET surface area (m*/g) | Calculated BET diameters (nm) | TEM average diameter (nm)
Ag-Pd 73 7-8 5
Ag <10 >60 4
Pd 58 9 4

Figure 4.13 shows the size distributions of the Ag and Pd together with the Ag-Pd mixed
nanoparticles. All the size distributions are close together with modal diameters between 3-4
nm, in qualitative agreement with the electron microscopy analysis.
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Figure 4.13 Size distributions of mixed Ag-Pd nanoparticles
(C=5 nF, d=Imm, f=10 Hz, Q=5 Ipm Ar)
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4.3.2 Effect of Various Operating Parameters on Mixing

In order to study the effect of operating parameters on the mixing properties of the spark
discharge, a palladium electrode was connected to the negative polarity and a gold electrode
was connected to the positive polarity. One parameter at a time was varied, while keeping
others constant, and the particles produced were collected and analyzed for their
compositions, structures, and phases.

4.3.2.1 Effect of Capacitance

X-ray diffraction patterns of particles produced at various capacitances are shown in Figure
4.14. The Bragg reflections are situated between the characteristic peaks of pure Au (dash
lines) and pure Pd (dash-dot lines) indicating the formation of intermediate phases. In
addition to the mixed phases, pure metals can also be detected. The sharp peaks reflected
from the pure metals are likely induced by large solidified droplets sputtered from the
electrodes. These large particles are mainly gold. The modes of the mixed nano phases are
located approximately in the mid point between pure Au and Pd peaks. Pd/Au at. =1
corresponds to Pd/Au wt. =0.53. The average compositions of the samples measured by ICP
(Table 4.9) are consistent with the composition of the nano mixed phases (Figure 4.14). It
may imply that the pure phase of gold weighs around twice of the pure phase of palladium in
the samples.

Furthermore, changing the spark energy (via capacitance) within this range does not show
significant effect on the relative composition of the constituents in the produced samples.
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Figure 4.14 XRD patterns of the mixed phases at various capacitances
(d= 1mm, f=100Hz, Q=0.8 lpm Ar)

Table 4.9 Composition of samples at various capacitances measured by ICP

Capacitance (nF) | Pd/Au (weight ratio)
4 0.50
10 0.49
20 0.50
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4.3.2.2 Effect of Gap Distance

Formation of mixed phases at various gap distances between the electrodes leads to the XRD
patterns in Figure 4.15. Again sharp peaks corresponding to the big particles of pure metals
are present.

Table 4.10 indicates that the average Pd/Au ratio in the samples decreases as the gap distance
increases. These results are consistent with XRD, since the peaks corresponding to the d=2
mm are closer to the Au reflections implying more Au in the mixed phase. Figure 4.15
suggests that a pure nano phase of gold may exist in the sample prepared at d=0.5 mm gap.
At this gap distance, the peaks are broader probably because of smaller particle sizes. At d=2
mm gap distance which induces a large spark energy, the intensities of the sharp gold peaks,
reflected from solidified droplets, are higher. This may partly explain the decreasing trend of
the Pd/Au weight ratios in Table 4.10.
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Figure 4.15 XRD patterns of the mixed phases at various gap distances
(C=20nF, =100 Hz, 0=0.8 lpm Ar)

Table 4.10 Composition of samples at various gap distances measured by ICP

Gap distance (mm) | Pd/Au (weight ratio)
0.5 0.54
1 0.50
2 0.49
3 0.37

4.3.2.3 Effect of Spark Frequency

The XRD patterns for various spark repetition rates are shown in Figure 4.16. Again the
maxima of the mixed nanophases are positioned around the mid point between Au and Pd
and the reflections are close with rather similar width and height. Table 4.11 lists the average
Pd/Au weight ratios in the samples which increase somewhat with the frequency. It may be
attributed to the material transfer, which can be enhanced with frequency. The transferred
palladium partially covers the gold electrode surface, suppressing the contact of gold with the
plasma.
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Figure 4.16 XRD patterns of the mixed phases at various frequencies
(d=1 mm, C=20 nF, 0=0.8 Ipm Ar)

Table 4.11 Composition of samples at various frequencies measured by ICP

Frequency (Hz) | Pd/Au (weight ratio)
50 0.44
100 0.50
200 0.55

4.3.2.4 Effect of Gas Type

Figure 4.17 shows the intermediate phases formed under Ar and N, atmospheres. For the
sample produced under nitrogen, a pure gold nanophase is most likely present which is more
evident from 200 plane reflection. The average compositional analysis of the samples
exhibits almost equal atomic ratios of the metals (Table 4.12).
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Figure 4.17 XRD patterns of the mixed phases at different gas types
(d=1 mm, C=20 nF, =100 Hz, 0=0.8 Ipm )
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Since the spark in the nitrogen is more energetic than in the argon, it implies that the variation
of the spark energy in this range has no significant impact on the relative erosion of the
electrodes, in agreement with the effect of the capacitance (see above).

Table 4.12 Composition of samples at different gas types measured by ICP
Gas type | Pd/Au (weight ratio)
Ar 0.50
N, 0.51

4.3.2.5 Effect of Gas Flow Rate

Figure 4.18 shows that mixed phases are formed at various carrier gas flow rates and the
average compositions of the samples are similar as Table 4.13 shows. The peaks
corresponding to the lower flow rate (0.8 Ipm) are narrower, probably because of the larger
particle sizes. In all the cases sharp peaks induced by the large particles of pure constituents
(mainly gold) are present. The additional peaks correspond to Si which presents as an
impurity in the sample.

Table 4.13 Composition of samples at various gas flow rates measured by ICP

Flow rate (Ipm) | Pd/Au (weight ratio)
0.8 0.50
1.4 0.49
2.12 0.50
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Figure 4.18 XRD patterns of the mixed phases at various gas flow rates
(d=1 mm, C=20 nF, f=100 Hz, Ar)
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4.3.3 Compacted electrodes

In the previous sections mixed phases were generated by using alloyed electrodes or a pair of
compositionally different electrodes. However due to a limitation in commercially
availability of electrodes, compacted electrodes were fabricated in Nanostructured Materials
Group in TUDelft and applied for the first time in the spark discharge generator.

Fabrication of compacted electrodes is performed by Magnetic Pulse Compaction (MPC) in
which three Maxwell capacitors are charged to 10 kV to store energy of 90 kJ. This energy is
released into a coil via a spark gap in 50-70 ps resulting in a current of 300000A and a 35 T
magnetic field. The Lorenz forces, induced by the magnetic field, act on the metal tube which
is placed inside the coil. The pressure wave (typically 2-5 GPa) leads to compaction of the
metal tube (Figure 4.19.a).

The metal tube exposed to the magnetic field is of copper or aluminium of 65 mm and 32 mm
length, respectively, and a diameter of 21 mm. A polyethylene straw is placed inside. The
space between the straw and the metal tube is filled with Polyvinylidene Fluoride. The straw
is filled with the powder to be compacted. Then the holder is tapped several thousands of
times to reduce the density. The holder is placed inside the coil for compaction (Figure
4.19.b). The composition of the electrode is determined by the mixing ratio of powders. The
powder grain size is typically a few micrometers.

In this work many kinds of materials (for example Sn-Sb, Cu-Sb) were compacted and
transformed into nanoparticles in the spark discharge generator. Various analyses showed that
mixed phases were formed when applying compacted electrodes. Some results are published
by Lafont et al. (2009).
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Figure 4.19 Schematic of Magnetic Pulse Compaction (a), and the compacted electrode fabricated by MPC (b)

4.4 Conclusion

The spark discharge method can be applied to produce mixed vapors which are very rapidly
quenched to form mixed nanoparticles. From an alloyed electrode of Cr-Co mixed
nanoparticles were produced. The composition of the electrode is more or less reflected in the
ratio of the elements in the particulate phase, although the vapor pressures of these materials
differ strongly. X-ray diffraction revealed a crystalline mixed Cr-Co phase.
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Effective mixing by the discharge process is observed when using two different electrodes, as
shown with the noble metals Au-Pd and Ag-Pd. For this purpose is probably important that
the circuit is designed to exhibit an oscillatory discharge. The nanoparticles showed a range
of mixing ratios in this case. Following Cundall et al. (1955), the vapor clouds created by the
spark expand in the form of jets between the electrodes and if the vapor jets from opposing
electrodes meet and mix before condensation, mixed particles can be formed. Thus we expect
that the distribution of particle compositions could be narrowed by optimizing the electrode
configuration and the electrical circuit characteristics. X-ray diffraction revealed a mixed
crystalline phase for both Au-Pd and Ag-Pd. So perfectly mixed rather than layered particles
were formed from materials of close evaporation rates (Au-Pd) as well as very different
evaporation rates (Ag-Pd). We attribute the latter to fast enough quenching.

The pure Au and pure Ag particles showed remarkable sintering, which must have occurred
at room temperature, indicating extreme purity of the surfaces. Admixing Pd to these metals
decreased sintering substantially. This is possibly due to increased chemisorption of gas
impurities to the Pd containing particles.

The effect of operating parameters on the mixing of Au(+)Pd(-) system was studied and it
was revealed that at all the applied conditions a mixed phase was formed and additionally, the
initial constituents (mainly gold) were often detected mostly as large solidified droplets
sputtered from the liquid pool on the electrode surface.

The mixing ratio was influenced by the polarity and by the gap distance between anode and
cathode. Furthermore, the electrical characteristics (for example damping) of the oscillatory
discharge is expected to influence the mixing ratio. This remains to be studied.
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Chapter 5

Generation of Bimetallic Nanoparticles from
Immiscible Metals

5.1 Introduction

Flexible mixing of materials on a nano scale down to the atomic scale would give access to
an enormous variety of new material properties tunable not only through size but also through
mixing ratios and the scale of mixing. This should lead to myriad applications in areas such
as optoelectronics, catalysis, batteries, solar cells, fuel cells, hydrogen storage, magnetic
materials, and sensors (Wu et al., 2004). In principle, nanomixing offers additional degrees of
freedom for tailoring properties to match the application, and pure materials or stochiometric
mixing ratios are likely to become exceptions in functional materials of the future, if suitable
methods of mixing are found.

There have been many attempts to generate mixed nanoparticles through different methods
such as vapour quenching, co-deposition sputtering, mechanical alloying and ion-beam
mixing or irradiation (Almtoft et al., 2007; Radic et al., 1998). In the present study we used
the spark discharge method to produce bimetallic nanoparticles and focused on immiscible
systems to investigate the feasibility of the generation of internally mixed metallic particles
from immiscible constituents.

We studied Ag-Cu, Au-Pt, and Cu-W systems which show miscibility gaps on the
macroscopic scale and the constituents have very different vapour pressures and evaporation
rates (Kubaschewski, 1979; Powell et al, 1997). We expected enhanced solubility firstly
because of our synthesis method which involves with the fast quenching of the vapours and
secondly because of the size effect of the ultra fine particles.

The presence of a large fraction of atoms composing a nanoparticle at the surface, which
contribute to the excess Gibbs free energy may modify the bulk phase diagram of the
particulate binary system (Lahiri ef al, 2005). In addition, reduction in the melting point of
the nanoparticles (Ding et al., 2004) and presence of defects at the interface in bimetallic
nanoparticles may enhance the inter-diffusion of the metals and change the alloying
characteristics (Lahiri ef al, 2005; Birringer, 1989). Using Monte Carlo simulations
Christensen et al. (1995) investigated the size dependence of phase separation in small
bimetallic solid clusters. For the Ag-Cu system, which shows immiscibility in bulk for a
broad range of compositions up to the melting temperature, they found that the maximum
temperature where phase separation can occur is strongly size dependent. They also found the
absence of phase separation for clusters smaller than a critical size of about 270 atoms. By
taking into consideration that electric charge can energetically affect the free energy of the
formation of the clusters, Ouyang et al. (2006) proposed a charge-dependent thermodynamic
model for nano-sized alloy particles to address the phase transformation between miscible
and immiscible. By applying a thermodynamic model and an analytic embedded atom
method Xiao ef al. (2006) recently showed that the heat of formation of alloy nanoparticles is
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not only composition dependent but also size dependent and for immiscible systems with a
positive heat of formation, a negative heat of formation may be gained for alloy nanoparticles
of small size or a dilute solute component.

The examples that we chose have interesting applications (Cagran et al., 2005) for instance,
the high electrical conductivity of Ag and low electrical migration of Cu make Ag-Cu
nanoparticles suitable as conductive fillers in electrically conductive adhesives (Jiang et al.,
2005). Au-Pt nanoparticles have been used in various catalytic reactions (Zeng et al., 2006;
Devarajan et al., 2005) and exhibit specific activity and selectivity in hydrogenation (Patel et
al., 2005). The high thermal and electrical conductivity of Cu, and low thermal expansion
coefficient of W, lead to various applications for this composite as heat sinks, and in
microprocessors, microwave modules, wireless telecommunication devices, and other RF
packages (MPR 2000; Kang et al., 2003).

5.2 Experiment

The experimental setup is described in the previous chapter (4.3). For production of the Ag-
Cu and Cu-W particles, two pairs of sintered electrodes of (Ag72/Cu28) and (W72/Cu28)
were utilized while for the Au-Pt system, two electrodes of pure Au and pure Pt ( 99'%
purity) were applied. The inert gas carrying the particles was Ar (99.999% purity). To
investigate the morphology, size, composition, and structure of the particles, TEM, EDS,
XRD analyses were performed on the samples. The average compositions were measured by
ICP and the specific surface arecas were determined by the BET. On-line particle size
distribution measurements were carried out by a home-built scanning mobility particle sizer
(SMPS).

5.3 Results and Discussion

5.3.1 Ag-Cu

TEM images of Ag-Cu particles at two magnifications can be seen in Figure 5.1. The
particles are crystalline, surrounded by an amorphous layer probably of oxide phase(s), (see
the close-up). Neck formation is not observed which points to the absence of sintering and
cold coalescence, contrary to the pure silver particles which showed significant sintering. The
particles are a few nanometres in size.

Very few particles that are much larger (up to 200 nm) are present. The large size difference
with respect to the small ones implies a different formation mechanism. We assume that these
particles are sputtered from local patches of molten metal at the electrode surface.

EDS analysis reveals that the large particles were almost pure Ag. The average composition
of the nanoparticles measured at different regions of the sample is about 30 wt% Cu and 70
wt% Ag. This agrees with the composition of the electrodes, which is 28 wt% Cu and 72 wt%
Ag. It implies that the large particles are rare in the sample. The average composition of the
sample analysed by ICP confirms this agreement (see Table 5.1).
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Figure 5.1 Electron micrographs of the Ag-Cu particles

This indicates that there is no preferential evaporation of the more volatile constituents in
spite of a significant difference in the boiling points (2435 K for Ag and 3200 K for Cu).
Moreover it shows that partial melting of the electrode surface has not distorted the
composition at the electrode surface so severely that the lower surface tension material
becomes dominant at the surface. The surface free energies of Ag and Cu at their melting
points are 1.046 and 1.576 J m™ respectively, (Mezey and Giber, 1982).

Table 5.1 Compositional analysis of Ag-Cu sample measured measured by ICP
Material Cu/Ag wt. ratio in the electrode Cu/Ag wt. ratio in the sample
Ag-Cu alloyed electrodes 0.388 0.380

X-Ray diffraction pattern of the sample is shown in Figure 5.2. Silver and copper both have
fce (face-centered cubic) structures. In addition to the reflections of Ag, a set of strong fcc
Bragg peaks is present, which fits a lattice parameter somewhat smaller than Ag (by a factor
of 0.9792). This can be attributed to an AgCu alloy with Cu in solid solution with Ag.
Moreover there is another set of Bragg reflections corresponding to a lattice parameter
slightly larger than pure Cu (by a factor of 1.0187). This can be ascribed to an AgCu alloy
with Ag in solid solution with Cu. For Ag and Cu the atomic radii are 0.1445 nm and 0.1278
nm respectively. Thus Cu atoms are smaller than Ag atoms and dissolution of Cu in the Ag
matrix leads to contraction of the lattice and similarly dissolution of Ag in Cu matrix leads to
expansion of the lattice (Ceylan et al, 2006). Using the phase diagram of Ag-Cu and
applying the data for the lattice parameters (Predel et al, 1998), the AgCu alloys in the
sample are estimated to contain about 21.5 at % Cu in Ag (a hypoeutectic alloy) and about 12
at % Ag in Cu (a hypereutectic alloy). According to the phase diagram of the macroscopic
Ag-Cu system, the maximum solubility of Cu in Ag is around 14.1 at.% and the maximum
solubility of Ag in Cu is about 4.9 at% at the eutectic temperature of 1052 K. These results
show that the alloying behaviour is significantly modified in our nano-scale system. This is in
agreement with the theoretical study carried out by Hajra and Acharya (2004) who found a
remarkable decrease in the melting points of the metals, and the solid-solid, and solid-liquid
transition and the eutectic temperature with a consequent increase in the solubilities of the
nano terminal phases of the Ag-Cu system.

For the above mentioned compositions of the Ag-Cu alloys, the heats of formation at 700 K
are positive, around 4.1 kJ/mol and 2.8 kJ/mol, respectively (Najafabadi ef al., 1993). The
sharp silver reflections are explained by the big particles mentioned above, one of which is
shown in the TEM micrograph of Figure 5.1.
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Figure 5.2 X-ray diffraction pattern of Ag-Cu sample

The broadness of Ag-Cu reflections is due to nano-sized particles. We do not see
characteristic peaks corresponding to crystalline oxide phases. This is probably due to the fact
that the oxide phase, covering the particle surfaces as observed in the electron micrographs is
amorphous. The undefined reflections are attributed to unknown impurities.

The specific surface areas of Cu, Ag and Ag-Cu samples measured by the BET method
(Rouquerol et al., 1999) and the corresponding BET diameters calculated for spherical shape
(shape factor 6) are listed in Table 5.2. Copper nanoparticles present a rather large surface
area, consistent with the particle size that we have previously observed in TEM micrographs
of pure copper. This may be due to the role that oxygen plays in stopping coalescence. Silver
presents a small specific surface area. The discrepancy between the pure silver primary
particle size and the large calculated BET diameter can be attributed to the cold sintering and
coalescence of silver particles on the substrate, as has previously been observed for pure gold
nanoparticles (Tabrizi et al., 2009). The Ag-Cu particles show a similar BET diameter as the
Cu particles, indicating that the presence of Cu in the particles predominantly consisting of
Ag hinders sintering.

Table 5.2 Specific surface area of the Ag-Cu particles

Material BET specific surface area (m®/ g) Calculated BET diameter (nm)
Ag <10 >57
Cu 130 5.1

Ag-Cu 97 6.4

Size distributions of Cu, Ag and Ag-Cu particles were measured on-line by SMPS. It can be
seen in Figure 5.3, that the produced aerosols contain very small particles of 4-5 nm modal
diameters. For Cu and Cu-Ag this is in fair agreement with the BET diameters, while the
discrepancy for Ag confirms the cold sintering on the substrate.
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Figure 5.3 Size distributions of Ag, Cu and Ag-Cu nanoparticles
(C=5nF, d=1 mm, =10 Hz, Q=5 Ipm Ar)

5.3.2 Au-Pt

Electron micrographs of pure Au and pure Pt presented in Figures 5.4.a, b, show different
morphologies of the particle assemblies. Gold particles have significantly sintered on the
contact points, and platinum particles seem to form agglomerate with some particles
interconnected. Au-Pt particles produced from Au and Pt electrodes are depicted in Figure
(5.4.c). The unattached primary particles are rather spherical and a few nanometers in
diameter. They represent the primary particle sizes typically produced by our spark process.
In some regions the particles are sintered and joined by necks. Neck growth generally occurs
by surface diffusion, dislocation motion and grain rotation of clean particles (Koch, 2007).
The tendency of sintering is highest in noble metallic nanoparticles (in particular gold)
because of their clean surfaces, since any oxide layer represents a barrier for sintering.

Figure 5.4 TEM images of Au (a), Pt (b), and Au-Pt (c) nanoparticles

In order to study the composition of the particles, a number of single particles in a narrow
size range (5-12 nm) were analyzed by EDS. Table 5.3 lists the elemental compositions of
nine particles with an average Au/Pt weight ratio of 0.97. The range of Au compositions in
the measured particles is 22-65 wt. %. According to the bulk phase diagram of the Au-Pt
system, this compositional range falls well inside the two-phase region at ambient
temperature (see Appendix E).

Table 5.3 EDS compositional analysis of single particles [Au(+)Pt(-)]
Au/Pt weight ratio Average | Std
186 [159 |10 J077 Jo054 [029 Jo064 [1.09 ]087 0.97 0.50
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20 nm

Figure 5.5 EDS compositional mapping of the specified Au-Pt particle ~6 nm in size (a); Au L (b); Pt L (c)

To investigate the compositional homogeneity within a particle, elemental maps were
recorded for a number of single particles using EDS in the STEM mode.

A typical result in the form of a 7x7 grid on the particle 5.5 nm in diameter, highlighted by
the solid frame in Figure 5.5.a can be seen in Figures 5.5.b and 5.5.c. The drift was checked
and corrected for by using the agglomerate in the dash lined frame in Figure 5.5.a as a
reference. The compositional mappings based on the Au L edge and the Pt L edge, are shown
in Figure 5.5.b and 5.5.c, respectively. The patterns are very similar for the two metals, in
particular at the outer rim. This indicates a rather good degree of mixing with no surface
segregation. The result is in agreement with a computational study by Xiao et al. (2006)
according to which Au-Pt particles not exceeding 7000 atoms (about 6 nm in diameter) have
a negative heat of alloy formation for the full range of concentrations. This can be seen as a
surface effect making the alloying of Au and Pt thermodynamically easy in small particles.
Figure 5.6 shows the elemental maps of a significantly larger particle (largest dimension ca.
12 nm, see solid line frame) using a 10x 10 grid. Again the dash lined frame identifies the
reference to compensate for drift. It is clear from Figures 5.6.b and 5.6.c that the distributions
of Au and Pt within the particle are quite alike. The mean concentration of Pt in the particle is
20 at. % with a standard deviation of 9.7 at. %. For the smaller particle (5.5 nm) mentioned
above, the mean Pt concentration is 34 at. % with a standard deviation of 10 at. %.

Although the results of Xiao et al. (2006) indicate mixing in full range of concentrations for
particle sizes up to 6 nm, our results indicate mixing also for the larger particle in Figure 5.6
We assume that this is because the particle is twinned consisting of smaller units. As the
whole sample consists of primary particles hardly larger than 6 nm, we do not expect any de-
mixed cases either for the larger aggregates.
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20 nm

Figure 5.6 EDS compositional mapping of the specified Au-Pt particle (largest dimension ca 12 nm) (a);
AuL (b); PtL (c)

The EDS spectrum of a small portion of the particle (0.7 nm recorded in 15 s) in Figure 5.7,
confirms that both Au and Pt are present in comparable concentrations.
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Figure 5.7 A typical EDS spectrum of a small portion of a Au-Pt particle
(~0.7 nm recorded in 15 s)

Average compositions of the particles produced with different electrode polarities were
measured by ICP and listed in Table 5.4. It can be concluded that for a specific material, the
cathode is more strongly eroded than anode. That is in accordance with our previous results.
The fact that we do see substantial erosion of the positive electrode is due to temporary
voltage reversal during the discharge process (Tabrizi et al., 2009). The average composition
of the nine particles analyzed by EDS (Table 5.3) agrees well with the ICP measurements.

Table 5.4 Compositional analysis of Au-Pt samples measured by ICP

Electrodes Au /Pt wt. ratio in the sample
Au (H)Pt () 0.97
Au (-)Pt (+) 1.75
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X-ray diffraction patterns of the Au(+)Pt(-) and Au(-)Pt(+) samples are presented in Figure
5.8. For both arrangements, formation of an intermediate phase is confirmed by Bragg
reflections positioned between the peaks of pure gold and pure platinum which is in
agreement with the EDS results. The inset shows a close-up of the 220 plane reflections on
the d axis scale which directly allows an estimate of the composition of the intermediate
phase.

Au and Pt both have fcc structures with lattice constants of 0.40782 and 0.39242 nm
respectively. Vegard’s law predicts a simple linear relationship between alloy composition
and lattice spacing for metals with the same crystal structures and atomic sizes (Barret et al.,
1996). For Au(-)Pt(+) and Au(+)Pt(-) arrangements, the alloy phases were approximated to
contain around 75 at% and 60 at% Au, respectively.

According to the bulk phase diagram of Au-Pt, these compositions fall well in the miscibility
gap below the temperatures of 1100 K and 1400 K (see Appendix E). Our results are in
accordance with Luo et al. (2005), who reported that their bimetallic nanoparticles,
synthesized by wet chemistry, displayed alloy properties in contrast to the miscibility gap
known for the bulk phase diagram. A slight amount of pure metals was also detected in the
samples (see inset). Here the peak sharpness indicates a large particle size, probably due to
solidified droplets ejected from the electrode surface, as these have been seen before in the
case of Ag above.
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Figure 5.8 X-ray diffraction patterns of Au-Pt sample

Table 5.5 lists the BET surface areas of Au, Pt and Au-Pt nanoparticles. Au and Pt both
showed specific surface areas corresponding to BET diameters much larger than typical
primary particle diameters. In the case of Pt-Au, the BET diameter is also larger than the
primary particle size observed in the micrograph in Figure 5.4.c. The Au-Pt particles showed
a significantly larger specific surface area than the pure metals, indicating reduced cold
sintering between the particles. Reduced sintering of the mixed phase had also been observed
in our previous work (Tabrizi ef al., 2009) for systems which were miscible in bulk scale.
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Table 5.5 Specific surface area of the Au-Pt particles

Material BET specific Calculated BET
surface area (m*/g) diameter (nm)
Au-Pt 32 9-10
Au 14 20
Pt <10 >28

5.3.3 Cu-W

Copper-tungsten nanoparticles were produced from a pair of sintered electrodes. The TEM
image of the particles in Figure 5.9.a shows that the primary particles have a rather broad size
distribution. The inset with higher magnification reveals that the particles are covered by a
surface layer. Due to enhanced chemical reactivity of nanosized particles, small amounts of
impurities in the carrier gas, in particular oxygen may be sufficient for chemical modification
of the surface layer, and we assume that an oxide layer has formed. TEM micrographs in
Figure 5.9 reveal contrast changes on a very small scale (see the inset). We ascribe the darker
contrast to W (atomic no. 74) and the lighter one to Cu (atomic no. 29).

The SEM image of the particle assemblies in Figure 9.b, shows that the particles are mainly
nano-sized and that a few large round particles are also present.

L3 4

45 nm

Figure 5.9 TEM image of the Cu/W nanoparticles (a), SEM image of the Cu/W particles with scale
bar representing 1 um (b)

The atomic compositions of a number of nanosized particles (5-12 nm) were determined by
EDS. Table 5.6 shows the composition of 10 particles each of them containing both Cu and
W. The average atomic composition agrees with the elemental composition of the electrodes
(weight ratio: W72/Cu28 or atomic ratio: W47/Cu53). In addition, fixed point EDS analysis
with a beam profile smaller than 0.3 nm, was performed on each particle at six points. The
drift correction was performed by comparing to highlighted regions in the solid frames as
references. A typical EDS spectrum of a point is shown in Figure 5.10. The EDS line scans
on six particles in Figure 5.11 show that the particles are not compositionaly homogeneous.

X-ray photoelectron spectroscopy (XPS) was applied to determine the average elemental

composition of the sample surface (Table 5.7). The ratio of the metal compositions agrees
well with the composition of the sintered electrodes.
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Cu W
64.298 35.701
18 W EDX HAADF Detestor Foint 1 63.543 36.456
0.527 99.472

44.565 55.434
76.221 23.778
28.356 71.643
59.172 40.827
56.989 43.01
41.655 58.344
43.527  56.472

Counts

Energy (kev) ave 47.8853 52.1137
Figure 5.10 A typical EDS spectrum recorded from a small Table 5.6 Typical atomic compositions
portion of a Cu-W particle (~0.7 nm recorded in 15 s) of the Cu-W particles

The XPS results also show a remarkable amount of oxygen and carbon. The spectra reveal
the presence of CuO, Cu(OH),, WO,, and WOs3, which is explained by the fact that exposure
of the sample to air could not be avoided before analysis.

Table 5.7 Compositional analysis of Cu-W sample measured by XPS
Material Cu/W wt. ratio in the electrode | Cu/W wt. ratio on the surface of the sample
Cu-W sintered electrodes | 0.388 0.396
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Figure 5.11 Electron micrographs of the Cu-W particles with EDS line scans
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With a large positive heat of mixing (AH,= +36 kJ/mol), Cu and W are immiscible even in
the liquid state (Gladyszewski ef al., 1993; Ouyang et al., 2006; Haubold, 1992). Cu and W
have fcc and bee (body-centered cubic) structures with atomic radii of 0.1278 nm and 0.137
nm, respectively. If W dissolves in the Cu lattice, the lattice parameter of Cu should increase
and similarly a decrease in lattice parameter is expected for W if Cu dissolves in the W lattice
(Raghu et al., 2001).

Equilibrium phases in the phase diagram of bulk Cu-W calculated from a thermodynamic
model include the fcc terminal solid solution (Cu) with extremely limited solid solubility of
W, and the bcc terminal solid solution (W) with extremely limited solid solubility of Cu
(Massalski et al., 1990). On the basis of first principles calculations, Shu et al. (2003)
suggested that the noble metal atoms (Ag, Au, Cu) would like to occupy the vacancy sites of
the W(001) surface to form the substitutional surface alloys despite the fact that they hardly
form an alloy in the bulk. Dirks et al. (1985) produced Cu-W alloy films by simultaneous
vapour deposition of the elements on unheated substrates.

They found that at least 10 at.% W may be dissolved in fcc Cu films and 40 at.% Cu may be
accommodated in the bcc W alloy films. They concluded that the vapour quenching
technique could lead to the formation of homogeneous one-phase alloys over a wide range of
compositions. They estimated that the metastable two phase (fcct+bcc) coexistence region
should lie between 40-60 at.% tungsten. This is almost in the compositional range of the
measured particles in Table 5.6.

Metastable mutual solid solubility in the ball milled Cu-W nanocrystallites was also reported
by Raghu et al. (2001). According to Xiao et al. (2007), there is a competition between size
effect and compositional effect on the heat of formation of immiscible systems. When the
formation enthalpy reduces to a smaller value than the interface energy of the system because
of the size effects, interface alloying can occur (Liang et al., 2005).

The X-ray diffraction pattern of the sample in Figure 5.12 shows characteristic peaks
corresponding to the reflections of the initial constituents as well as W30 with A15 structure.
The sharpness of the peaks indicates that they are reflected by the large particles as seen in
the SEM image (Figure 5.9.b). It is interesting to note that X-ray diffraction does not show
any indication of a nanocrystalline phase, which should manifest itself as broadened lines. On
the other hand, the existence of nanoparticles is clearly confirmed by electron microscopy as
well as the BET analyses. We conclude that the particles must be in amorphous phase.
Indeed, the dominance of smeared continuous rings in the inset of the Figure 5.12 gives
further support to an amorphous or quasi-amorphous phase. The electron diffraction pattern
in the inset of Figure 5.12 was obtained from an area, where only nanoparticles were present.

It exhibits some small diffraction spots arranged along the rings, indicating very small
crystallites to be present. Examples of these are shown in Figure 5.13. The calculated d
spacing of the framed nanoparticles from the diffraction patterns in Figure 5.13 reveals fcc
crystalline structure (Appendix E) with a lattice constant close to copper (FM3-M 225
a=0.3613nm).
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Figure 5.12 X-ray diffraction pattern of the Cu-W particles

Together with the EDS line scans of Figure 5.11, we conclude that we have mixed Cu and W
on a scale larger than the lattice constants but significantly smaller than the particle
diameters. The EDS line scan on the upper left side of Figure 5.11 would be consistent with a
homogeneous mixing, but the line scan on the lower left side shows that very significant
changes in composition occur on the scale around one nanometre.

Figure 5.13 Electron diffraction patterns of the specified particles
The specific surface areas of Cu, W, and Cu-W nanoparticles are listed in Table 5.8. The

calculated BET diameters are consistent with the mobility particle sizes shown in Figure
5.14.
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Table 5.8 Specific surface area of the Cu-W particles

Material BET specific surface area (m”’/g) Calculated BET diameter (nm)
Cu-W 109 3-6
Cu 130 5.1
W 72 43

In these mobility size distributions, the average Cu-W particle size seems to lie between the
ones of Cu and W. The presence of W reduces the amount of vapor produced per spark with
respect to Cu, in agreement with the findings of chapter 2. As also shown in chapter 2, the
particle size decreases with a smaller amount of vapor.
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Figure 5.14 Size distributions of Cu, W and Cu-W nanoparticles
(C=5nF, d=1 mm, =10 Hz, Q=5 Ipm Ar)

5.4 Conclusion

Using sintered electrodes of Ag/Cu in spark discharge generator, we produced nanoparticles
which exhibited enhanced solid solubility of Cu in Ag and Ag in Cu with respect to the
macroscopic case. Effective mixing is also possible by using two electrodes of different
compositions, as the circuit applied leads to field reversal during the discharge process. Au-Pt
particles produced this way, show intermediate phases with compositions which lie in
miscibility gap in bulk phase diagram at ambient temperatures. In agreement with this, EDS
elemental mapping of a 6 nm particle revealed good mixing. This is in agreement with
computation by Xiao et al. (2006). Since gold and platinum are both noble metals with low
chemical reactivity, cleanness of the particle surfaces leads to cold sintering and consequently
low specific surface areas for pure particles. Admixing of Au and Pt, results in an increase in
specific surface area of the mixed particles. Applying sintered electrodes of Cu/W, we
produced mixed particles a few nanometres in size containing both Cu and W. EDS line scans
together with TEM, XRD and electron diffraction give evidence of mixing on a sub-
nanometre scale but above the scale of atomic mixing. In conclusion, spark discharge
ablation is a powerful technique for producing new mixed nanoparticulate phases that do not
exist in macroscopic systems. Besides using the method for basic studies, the possibility of
scaling it up by using multiple discharges bears the potential of producing new materials on a
larger scale.
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Chapter 6

Theoretical Prediction of primary Particle Size

6.1 Introduction

Prediction and control of primary particle size of nanostructured materials is of great
importance since it is a key parameter to tailor the size dependent properties of the material
for a specific application.

Synthesis of metallic nanoparticles in the gas phase consists basically of two steps: formation
of the vapor, and subsequent cooling to condense the metal vapor molecules. The collisions
of the gas atoms with the metal vapor cool the metal atoms and reduce the diffusion rate
while inducing supersaturation. Homogeneous nucleation, or self-nucleation, whereby the
clusters themselves serve as nucleation sites, occurs only under a substantial supersaturation.
After nucleation, particles usually continue to grow by acquiring more atoms from the vapor.
In addition, growth occurs when the particles collide with each other and then coalesce to
form larger units. Growth at high particle concentration is governed by the collision and
coalescence rates. If coalescence is faster (for example at high temperatures), large spherical
particles with a small surface area, form. If the collision rate is faster (for example at low
temperatures), dendritic agglomerates consisting of a large number of small primary particles
with large surface area are produced, see Figure 6.1.

Upon further heating, the agglomerated particles fuse into more compact structures.
Depending on the strengths of bonding between the primary particles, different morphologies
may be formed. Strong bondings (for example ionic bonds) may lead to growth of primary
particles through heating, but with weak bondings the agglomerates restructure to form close-
packed aggregates (Schmidt-Ott, 1988; Weber and Friedlander, 1997).
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Figure 6.1 Gas phase particle growth (reproduced from Zachariah and Carrier, 1999)

Controlling the coalescence rate is possible through knowledge of the material properties and
the time-temperature history of the reactor, and the collision rate can be controlled through
the volume loading of the material (Lehtinen and Zachariah, 2001).
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Molecular Dynamic simulation (Zachariah and Carrier, 1999) showed that when two particles
coalesce, the formation of new chemical bonds and reduction of surface area and surface free
energy result in energy release and hence a significant increase in particle temperature, see
Figure 6.2. The study on the kinetics of particle growth (up to 3 nm) showed that solid-like
particles sinter by solid state diffusion while liquid-like particles sinter by viscous flow.
Coalescence by solid state diffusion has a rate which is an exponential function of
temperature. Thus the temperature increase within the particle has an important effect on the
dynamics of coalescence. Here heat transfer to the gas also plays an important role.

Tmax

Tgas

time
Figure 6.2 Coalescence in nanoparticles showing a temperature increase due to energy release as a result of
decreasing surface area (adapted from Lehtinen and Zachariah, 2002)

Smaller particle sizes are favored by high cooling rates (Panda and Pratsinis, 1995; Singh et
al., 2002). Lehtinen and Zachariah (2002) reported that high volume loadings and /or low
pressure favor the growth of large primary particles. However other researchers (Panda and
Pratsinis, 1995; Simchi et al., 2005) have observed that an increase in the inert-gas pressure
leads to an increase in particle size. It is probably the partial vapor pressure of the precursor
rather than the overall system pressure which affects the particle size. The total pressure
serves to regulate the diffusion of vapor from the growth source. Diffusion increases when
the total pressure is lowered so a wide dispersion of the particles restricts the growth by
coagulation. An increase in the inert-gas pressure slows the diffusion of metal vapor away
from the source so that the vapor is enriched. On the other hand, high pressures shorten the
mean free path of atoms and effectively increase the quenching rate, which leads to enhanced
nucleation. If the pressure is reduced, the vapor diffuses away from the source faster and
nucleation zone becomes more spread out. Depletion of the vapor prevents clusters from
growing very large (Koch, 2007).

The choice of the inert gas along with the pressure and temperature gradient are important
parameters to control the diffusion rate. Heavier gas atoms are most effective in limiting the
mean free path and confining the metal vapor. That is why helium, having a low mass, allows
more metal to be removed from the growth region, resulting in smaller particle sizes (Koch,
2007).

Increasing the inert-gas flow rate reduces the length of time that the clusters spend in the
growth region of higher vapor density and consequently often leads to a decrease in the
particle sizes. It also increases the effectiveness of cooling (Koch, 2007).

High evaporation rates result in larger particles. In addition, the primary particle growth is
found (Seipenbusch et al., 2003) to be accelerated strongly with increasing purity of the
particle surfaces.
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In coalescence of clusters, the effect of surface curvature is important. The smaller the
clusters the larger the surface curvature and the larger the diffusion rates of surface atoms.
Since surface diffusion is dominant in coalescence, it can occur without the clusters being
molten (Ding et al., 2004).

For unequal sized nanoparticles, MD simulation (Hawa and Zachariah, 2006) showed that the
coalescence processes become faster when the ratio of two particle sizes (smaller/larger)
approaches zero and the coalescence time of two unequal sized nanoparticles can be
predicted by the Koch-Friedlander model.

Koch and Freidlander (1990) generalized the Smoluchowski equation to incorporate the
coalescence rate into the aerosol dynamic. According to them the final particle structure
depends on three characteristic time scales: the characteristic collision time, the residence
time, and the characteristic fusion time. The evolution of the surface area between two limits,
the maximum area induced by nonagglomerated particles and the minimum area
corresponding to perfectly coalescing particles, depends on the ratio of the characteristic
coalescence and collision times.

For predicting primary particle growth, Lehtinen et al. (1996) proposed a model based on the
linear decay law for the surface area of a coalescing structure. In the collision limited primary
particle growth regime, the linear decay law was applied to the coalescing pairs of particles.
In the coalescence-limited regime, where large aggregates were present, the linear decay law
was applied to subregions of the agglomerates.

6.2 Mathematical Model

Combining the general dynamic equation for the continuous size distribution function, in
which the particle number concentration per unit mass of gas is a function of particle volume,
surface, and time, with the coalescence rate derived by Koch and Friedlander (1990), the
following equation for the fractional deviation of the aerosol surface area from the state in
which each particle has relaxed to spherical shape (0) is obtained by Lehtinen ez al. (1996):

do 1 1 1
—+ — 0 =——
a r,() () @)

(6.1)

The size distribution is assumed to remain (nearly) self-preserving for which the rate of
decrease in the number of particles per unit mass of gas is given by Flagan and Friedlander
(1978). Using this equation together with the average particle volume (v =@ /n,) and

aerosol particle volume fraction (®=p,®,) gives an equation for the change of average

particle volume with time (for details see Lehtinen et al., 1996):

& _ 6"_T/3%—%
) ( )Y (6.2)

for solving equations (6.1) and (6.2), the following initial conditions are applied:
6(0)=0 (6.3)

¥(0) = v, (6.4)
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where 0 1s dimensionless excess surface area compared to spherical particles (4 - A = Ay ),
sph

v average particle volume, vy initial average particle volume, k Boltzmann’s constant, Ny,

number of particles per unit mass of gas, T temperature, t time, a constant from self-

preserving theory which is around 6.6 for spherical particles (Wu and Friedlander, 1993), p,

density of gas, p, density of particles, @ volume fraction of particles, ®, volume of

particles per unit mass of gas.

There is a simple relationship between the primary particle diameter d,, 0 and average
volume v, as (Lehtinen et al., 1996):

6v. 1y 1
d = 3 6.5
y = ()" o (6.5)
7, and 7, are coalescence and collision characteristic times respectively (Lehtinen et al.,

1996):

3kTv
T, =— 6.6
/ 647Dov,, (6.6)
L = L_ﬂ (6.7)
T 3v dt

c

D is solid state diffusion coefficient, o surface tension, and vy, molecular volume. Equation
(6.7) 1s valid for monodisperse and self-preserving distributions. Solid state diffusion
coefficient is exponentially dependent on the temperature and has an Arrhenius form:

E
D, exp(— ]:;V ) for volume diffusion
D(T) = (6.8)
E
D, diexp(—;;—}’gb) for grain boundary diffusion

P

where Dy is the prefactor, b the grain boundary width, and E, activation energy.

Thus the primary particle size can be calculated by solving for 6 and v as functions of time
through equations (6.1) and (6.2) and inserting them in equation (6.5).

Dilution effects can be taken into account through the particle volume fraction @ in equation
(6.2).

It is noted that the model inputs are material properties, the particle volume fraction @, and
the time-temperature history of the system (variation of temperature with time which
necessitates the knowledge about the initial temperature Ty and the cooling rate «).

6.3 Results and Discussion

Bandyopadhyaya et al. (2003) solved the aerosol dynamics equations (Windeler et al., 1997)
to predict the trends of niobia, titania, and alumina particle sizes synthesized by flame reactor
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and laser ablation processes assuming a constant cooling rate (k) and invariant particle
volume loading' (®).

In their study primary particle sizes were calculated by equating the coalescence and collision
characteristic times determined base on the bulk properties of the oxides listed in Table 6.1
(Windeler et al., 1997).

With the abovementioned assumptions and a linear relationship between temperature and
time (T=Ty-kt), we solved equations (6.1) and (6.2) numerically with classical fourth-order
Runge-Kutta method (Appendix F)* in MATLAB and plugged 0 and v into equation (6.5) to
estimate the primary particle sizes.

We also computed the coalescence and collision characteristic times (equations 6.6 and 6.7)
for these oxides in typical conditions of a flame reactor (Bandyopadhyaya ef al., 2003). Our
results in Figure 6.3 agree well with the computational results obtained by Bandyopadhyaya
et al. (2003).

Table 6.1 Metal oxide properties (Windeler et al., 1997)

Property Nb,Os TiO, Al O3
Diffusion pre-exponential, Dy (m”s™) 1.72x10° | 7.2x10° | 2.5
Diffusion activation energy, E, (kJ mol™) | 206 286 565
Surface tension, 6 (N m™) 0.75 0.6 0.905
Vacancy volume, v, (m’) 20x107° | 17x107° | 21x107
Density, p (kg m™) 3960 3840 4470
Melting temperature (K) 1653 2143 2327
Boiling temperature (K) - 3245 3253

The collision times for all the oxides coincided since it is mainly dependent on the particle
volume fraction (@) which was the same in all the cases. However the coalescence time
depends strongly on the properties of the material.

According to Windeler er al. (1997), the angle between the collision and coalescence
characteristic times at the point of intersection determines the particle shape and extent of
necking. At this point, if the coalescence time curve steeply crosses the collision time,
spherical particles form otherwise particles are quenched in a state of partial coalescence and
necks remain between particles.

It can be seen that the primary particle sizes for all the oxides are fixed at still high
temperatures, about 70-80% of bulk melting temperature (Windeler et al, 1997),
corresponding to the intersection point of the characteristic times and in a time scale of few
milli-seconds. The model predicts the smallest particle size for alumina with the lowest solid
state diffusion coefficient at the given temperature and the largest primary particles for niobia
with the largest solid state diffusion. This is in agreement with the TEM analysis results in
Table 6.2 obtained by Windeler et al. (1997) from particles produced in a flame reactor.
Figure 6.4 shows a typical variation of the particle size with temperature for titania.

" In general, dilution decreases ® resulting in smaller particle sizes. On the other hand, cooling leads to an
increase in the particle volume fraction. Thus cooling and dilution have opposite effects on the particle volume
loading. Thus, these effects tend to cancel, and @ can roughly be regarded as constant (Bandyopadhyaya ef al.,
2003). The effect of gas type and pressure is reflected in the particle volume fraction (®) through the gas density
(D= PP, ).

? Analytical solutions (Miller, 1987) are also given in Appendix F.
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Figure 6.3 Coalescence and collision characteristic times for different oxides in typical operating conditions of

a flame reactor (T,=2000 K, x =10° Ks”, @=107)

Table 6.2 Model predictions and experimental data from Flame reactor

Aerosol | D (m’s™) | Geometric mean particle diameter (nm), produced | Particle size (nm)
material by Flame reactor (Windeler et al., 1997) predicted by the model
Niobia | 8.42x10™° | 21.6 17.8
Titania | 3.05x10"° | 11.1 12.3
Alumina | 6.83x10™" | 4.1 4.6
Experimental particle volumetric concentration ® =3.2x107,
(model assumptions: T,=2030 K, k=1x10° Ks™)
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Figure 6.4 Particle size calculation for Titania
(Ty=2030 K, ®=3.2x10", «x=1%10° Ks™)
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Our calculations on the variation of primary particle size with the cooling rate for these
oxides are shown in Figure 6.5. It can be seen that particles are larger at lower cooling rates.
As the cooling rate increases, the particle sizes decrease and become less material dependent.
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Figure 6.5 Variation of primary particle size of different oxides with cooling rate
(T,=2000 K, =10")

The relative particle sizes of niobia and alumina (as largest and smallest particles) at various
cooling rates are determined from Figure 6.5 and shown in Figure 6.6. It can be seen that as
the cooling rate increases the relative particle size decreases.

In spark discharge and laser ablation methods, particles produced from various materials are
mainly very small (few nm) and in a narrow size range and do not show significant material
dependence. This can be seen as a result of the extremely large cooling rate in these methods.

I
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Figure 6.6 Relative particle sizes at different cooling rates

The effect of particle volume loading on the primary particle sizes calculated in this work is
presented in Figure 6.7. The results show that the particle sizes increase with the volume
loading and the effect is more pronounced for niobia which has the largest solid state
diffusion. At low particle volume loadings, the particle sizes for different oxides exhibit a
small variation.
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Figure 6.7 Variation of primary particle size of different oxides with particle volume loading
(Ty=2000 K, k=10°Ks™)

In the present work various metallic nanoparticles were produced. To apply the model to
predict the spark generated particle sizes, two problems should be tackled. Firstly, the exact
operating conditions (for example initial temperature, cooling rate, and particle volume
loading) in the spark discharge generator are not exactly known. Secondly, there is a lack of
information regarding the size dependent properties of the materials (for instance, solid state
diffusion coefficients). The results regarding the above-mentioned oxides show that using
bulk properties in the computation leads to rather reasonable results at least for first
estimates® (see Table 6.2 which shows that the deviations between the calculations and
experiments are below 18%). Thus, in the computation the bulk properties of the metals listed
in Table 6.3 are used.

Table 6.3 Properties of the metals (CRC)

Property Au Cu Ag W
Diffusion pre-exponential, Dy (m”s™) 9.1x10° | 62.1x10° | 27x10° | 42.8x10™
Diffusion activation energy, E, (k] mol™) | 174.5 207.3 182.8 640.5
Surface tension, 6 (N m™) 1.626 1.934 1.302 3.468
Vacancy volume, v, (m’) 16.9x107" [ 11.8x107° [ 17x107" [ 15.7x10™°
Density, p (kg m™) 19300 8920 10490 19250
Melting temperature (K) 1337 1357 1235 3695
Boiling temperature (K) 3129 3200 2435 5828

The operating conditions in the spark generator are estimated with recourse to the literature
and applying the values which give comparable results to the electron microscopy
observations.

It is known that the plasma, containing the metal vapors, has a relatively high temperature
(for example several thousands K), however, it is assumed that the metal vapor condensation
and particle formation starts where the temperature has fallen below the boiling temperature
of the metal. Therefore, T is considered around the boiling point of the metal.

The particle volume loading mainly depends on the electrode material and the characteristics
of spark. Our electrical circuit induced erosion of approximately 1-5x10' atoms from the
electrodes per spark (except for tungsten which was smaller ~10'%), consistent with the

> For very small particles of nucleus dimensions (fewer than 100 atoms or molecules), physical and
thermodynamic properties differ from those of bulk materials. However, particles are in the nucleus size range
only for a negligible period of time (Wu et al., 1993).
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literature (Scheeline et al., 1981). These data are used to calculate the particle volume
loadings.

The cooling rate is assumed to be in the order of 10° to 10" Ks™ (Jenkins and Eagar, 2003;
Borghese et al., 1988).

We assume that particles form in a small region around the spark with a volume of
approximately 5- 20x10™'° m’ corresponding to a cylinder of 0.4-0.8 mm radius and 1 mm
length (the enter-electrode gap distance)®. This is in the size range of vapor plume in Figure
6.8 taken by the Schlieren technique (Klueppel and Walters, 1980).

Figure 6.8 Schlieren photograph taken at 210 us with respect to the onset of current in the spark;
anode:tungsten, cathode:magnesium, gap:2mm, gas flow:argon 0.48 Lmin™, frequency:120 Hz
(by courtesy of Klueppel and Walters, 1980)

Using this technique, Klueppel and Walters (1980) showed that the expansion of the vapor
from a spark at atmospheric pressure proceeded from an initial narrow inter-electrode
filament, resulting in the formation of a toroidally-shaped structure coaxially enveloping the
spark at long enough times after the current has decayed to negligible values’. It should be
emphasized that applying a constant particle volume loading in the calculation is a rough,
simplifying assumption. The particle volume loadings are calculated using this assumption
and the electrode mass loss data of chapter two.

Table 6.4 shows the particle sizes calculated on the basis of the above-mentioned
assumptions. The particle sizes vary in a rather small range (3.7-5.3 nm), consistent with the
size measurements presented in the previous chapters.

Table 6.4 Model prediction for the metals (T, ~ boiling point of the metal K, k=5*10°Ks™)

Metal ) Size nm (model) Size nm (TEM)
Au 3.2x107 4.6 5
Cu 3.11x107 53 5
Ag 2.8x107 4 4
W 6.34x10" 3.7 4

4 Light scattering measurements indicate that substantial numbers of atoms condense into particles in the
vicinity of the spark (Scheeline ef al., 1981).

> Presence of free atoms in the post discharge environment for at least 200 ps had also been previously detected
by absorption measurements (Scheeline ef al., 1981).
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Figure 6.9 shows a typical primary particle size evolution with temperature for gold at the
presumed operating conditions. Figure 6.9 reveals that the particles reach their final sizes in
about 400 ps.

Primary particle size (nm)

O L L L L L L
3000 2500 2000 1500 1000 500
Temperature (K)

Figure 6.9 Primary particle size predicted for Au (Ty=3100 K, k=5x10°Ks™, ®#=3.2x107)

6.4 Conclusion

In order to predict the primary particle sizes, the model derived by Lehtinen et al. (1996) was
solved numerically. Using the material properties given by Windeler et al. (1997), and typical
operating conditions in a flame reactor given by Bandyopadhyaya et al. (2003), the model
was tested by calculating the characteristic times and the particle sizes for three oxides
(niobia, titania, and alumina). According to the model, the particles reach their final size at a
temperature about 70-80% of the bulk melting points. High volume loading and low cooling
rate result in larger particles. The model predicts a small variation of particle sizes from
material to material for the high quenching rates and thus gives a reasonable explanation for
the relatively small size variations observed experimentally in the spark discharge generator.

The particle sizes of the metals applied in the present study were approximated using their
bulk properties and the operation conditions in the spark generator were estimated based on
other sources. These estimates were crude, but particle sizes comparable with the
measurements were obtained. With the presumed conditions, particles reach their final sizes
in several hundreds of micro seconds. This implies that each spark may be regarded as an
individual event below f~1000Hz.
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Summary

Spark discharge is a method for producing nanoparticles from conductive materials. Besides
the general advantages of nanoparticle synthesis in the gas phase, the method offers
additional advantages like simplicity, compactness and versatility. The synthesis process is
continuous and is performed at atmospheric pressure, which is quite economic in comparison
with vacuum methods and has the potential of being scaled up. In addition, it bears
unparalleled possibilities of mixing materials. Although the method has extensively been
used for research purposes, there is a lack of systematic study in previous work. This is the
main objective of the present thesis.

The investigation on the performance of the spark discharge generator revealed that the mean
particle size can be tailored via the energy per spark and the particle production rate can be
controlled by the spark energy and the spark frequency. Different electrode materials led to
different mass production rates, where thermal conductivity, evaporation enthalpy and the
boiling point had a major influence.

Characterization of the spark generated particles revealed information on sintering, oxidation
and structure on all length scales. Besides the nanoparticles, much larger particles are
sometimes formed. While the former are formed by vaporization and condensation, the latter
arise from dispersion of molten pools on the electrode surface. Agglomeration and sintering
of nanoparticles in gas suspension and on substrates are observable through transmission
electron microscopy (TEM), surface determination by adsorption (BET) and mobility
analysis, as well as through comparison of the characteristic diameters these methods give.
Inter-particle sintering at room temperature was observed and indicated complete absence of
adsorbed surface layers. This is an effect of the extreme purity achievable with the spark
discharge method. For non-noble metals, oxygen impurities in the carrier gas led to oxide
layers on the particle surfaces, which hindered sintering.

The merit of the spark generation nanoparticle synthesis process in achieving specific
functionalities was demonstrated by examples of successful application. Spark generated Pd
nanoparticles showed a hydrogen storage capacity near the theoretical maximum value. Spark
generated Mg nanoparticles exhibited a decrease in the hydrogen desorption temperature,
which makes them an interesting starting point for new hydrogen storage systems.
Furthermore, nanoparticles from spark discharge proved to be interesting materials for
production of lithium ion battery electrodes.

Flexible mixing of materials on a nano scale down to the atomic scale should give access to
an enormous variety of new material properties tunable not only through size but also through
mixing ratios. Thus, there is a great interest in developing new methods for synthesis of
mixed nanoparticles. The ability of spark discharge to generate mixed metallic and composite
nanoparticles is expected to open new fields of application. Electrodes with different degrees
of premixing of the constituents were applied to study the composition, texture and structure
of the nanoparticulate product. Various miscible and immiscible systems with small and large
differences in evaporation rates were studied. In almost all the cases, x-ray diffraction or
compositional analysis of the single particles showed evidence of mixing. Using different
metals for the positive and the negative electrode it was shown that spark discharge induces
mixing, and on the example of the Au-Pd system the effect of operating conditions on mixing
was studied. It was observed that the mixing ratio is mainly influenced by the polarity and by
the gap distance between the electrodes.

The particles produced from various materials are mainly very small compared to other
production methods, a few nm in diameter, and in a rather narrow size range. Surprizingly,
the size does not show any significant material dependence. A mathematical model derived
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by Lehtinen et al. (1996) was applied to explain the experimental findings and solved
numerically. The model shows agreement with the sizes observed and qualitatively explains
the small sizes as a consequence of the large cooling rate in the spark discharge process.
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Samenvatting

Spark discharge generation is een methode om nanodeeltjes uit geleidende materialen te
produceren. Naast de algemene voordelen van nanodeeltjes synthese in de gasfase biedt deze
methode extra voordelen zoals eenvoud, compactheid en veelzijdigheid. Het syntheseproces
is continu en wordt bij atmosferische druk uitgevoerd, waardoor het vrij goedkoop is in
vergelijking met vacuiimmethodes. Ook is opschaling van het proces mogelijk. Bovendien
biedt deze methode ontelbare mogelijkheden om materialen te mengen. Hoewel de methode
uitgebreid voor onderzoekdoeleinden is gebruikt, is er tot nu toe een gebrek aan
systematische studie. Dit is de belangrijkste doelstelling van de huidige thesis.

Onderzoek naar de prestaties van de spark generator heeft aangetoond dat de gemiddelde
deeltjesgrootte onder andere athankelijk is van de energie die vrij komt tijdens het
vonkproces en dat de deeltjesproductiesnelheid kan worden gecontroleerd door de
vonkenenergie en de vonkfrequentie. Verschillende -elektrodematerialen leidden tot
verschillende massaproductiesnelheden waarbij het warmtegeleidingsvermogen, de
verdampingsenthalpie en het kookpunt de grootste invloed hadden.

Karakterisering van de met spark discharge gegenereerde deeltjes leverde informatie op over
sintering, oxidatie en structuur op alle lengteschalen. Naast nanodeeltjes worden soms veel
grotere deeltjes gevormd. Terwijl de eerstgenoemden worden gevormd door verdamping en
condensatie, ontstaan de laatstgenoemden door dispersie van gesmolten pools op het
elektrodeoppervlak. De agglomeratie- en sinteringsprocessen van nanodeeltjes in
gassuspensies en op substraten zijn waarneembaar door transmissie-elektronenmicroscopie
(TEM), oppervlaktebepaling door adsorptie (BET) en mobiliteitsanalyse, evenals door
vergelijking van de karakteristicke deeltjesdiameters die deze methoden geven. Er werd inter-
particle sintering waargenomen bij kamertemperatuur, wat wees op het volledig ontbreken
van geadsorbeerde oppervlaktelagen. Dit is een effect van de extreme zuiverheid die kan
worden bereikt met de spark discharge methode. Voor niet-edele metalen leidden de
zuurstofonzuiverheden in het draaggas tot oxidelagen op de deeltjesoppervlakken, wat het
sinteringsproces belemmerde.

De geschiktheid van het productieproces van nanodeeltjes via spark discharge om specifieke
functionaliteiten te bereiken werd aangetoond met voorbeelden van succesvolle toepassingen.
Via spark discharge gegenereerde palladium nanodeeltjes lieten een waterstofopslagcapaciteit
zien die dichtbij de theoretische maximumwaarde ligt. Via spark discharge genereerde
magnesium nanodeeltjes veroorzaakten een daling van de waterstofdesorptietemperatuur,
waarmee deze nanodeeltjes een interessant uitgangspunt zijn voor nieuwe systemen van
waterstofopslag. Verder hebben deze nanodeeltjes bewezen interessant te zijn als materiaal
voor de productie van elektroden van lithium-ionbatterijen.

Het flexibel mengen van materialen op nanoschaal tot aan de atomaire schaal zou toegang
moeten geven tot een enorme verscheidenheid aan nieuwe materiaaleigenschappen die niet
alleen via de deeltjesgrootte maar ook via de mengverhoudingen te beinvloeden zijn. Daarom
is er grote belangstelling voor het ontwikkelen van nieuwe methodes voor de synthese van
gemengde nanodeeltjes. De mogelijkheid van spark discharge om gemengde metallische en
samengestelde  nanodeeltjes te produceren opent naar verwachting nieuwe
toepassingsgebieden. Elektroden met verschillende mengverhoudingen van constituenten
werden toegepast om de samenstelling, textuur en structuur van het nanoparticulaire product
te bestuderen. Diverse mengbare en niet-mengbare systemen met kleine en grote verschillen
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in verdampingssnelheden werden bestudeerd. In bijna alle gevallen leverde rontgendiffractie
of samenstellingsanalyse van de afzonderlijke deeltjes bewijsmateriaal op voor menging.
Door verschillende metalen te gebruiken voor de positieve en negatieve elektrodes werd
aangetoond dat spark discharge menging induceert, en in het geval van het Au-Pd-systeem
werd het effect van operationele condities op de menging bestudeerd. Er werd waargenomen
dat de mengverhouding hoofdzakelijk wordt beinvloed door de polariteit en door de afstand
tussen de elektroden.

In vergelijking met andere productiemethodes zijn de deeltjes die uit meerdere materialen
worden geproduceerd meestal zeer klein: een paar nanometer in diameter en met een geringe
spreiding in deeltjesgrootte. Verrassend genoeg vertoont de deeltjesgrootte geen significante
materiaalafthankelijkheid. Een door Lehtinen et al. (1996) afgeleid wiskundig model werd
toegepast om de resultaten te verklaren en werd numeriek opgelost. Het model toont
overeenkomst met de waargenomen deeltjesgrootten en geeft een kwalitatieve verklaring
voor de geringe grootten als zijnde het gevolg van de grote koelsnelheid in het spark
generation-proces.
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A.1 3D Schematic of the spark generator
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B.1 Differential Mobility Analyzer (DMA)
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Figure B.1 Typical differential mobility analyzer (reproduced from TSI DMA manual)

The differential mobility analyzer is mainly utilized for size selecting particles from
polydisperse aerosol and producing a monodisperse aerosol. In combination with a particle
sensor (condensation particle counter, aerosol electrometer..) it can be used to measure the
size distribution of a polydisperse aerosol. In the DMA, particles are classified due to their
electrical mobility. As shown in Figure B.1, the DMA consists of two concentric metal
cylinders. The particle free sheath air enters the DMA at the top and passes through the flow
straightener down to the annular space between the cylinders. The polydisperse aerosol flow
is also introduced to the DMA at the top surrounding the inner core of the sheath air flow
without mixing of two laminar streams. The inner rod is maintained at a controlled voltage
while the outer cylinder is electrically grounded creating an electric field which attracts
charged particles from the aerosol layer at the outer wall and causes them to drift across the
clean air flow toward the center rod. Particles with a high electric mobility deposit on the
upper part of the central rod. Particles with low electrical mobility are carried out by excess
air. Only particles within a narrow mobility range exit the small slit at the bottom of the
collector rod. This mobility can be selected by varying the voltage applied to the central rod
according to the equation

Z — QS]zeat;j:;? / 7"1) (B 1)

Z is the electrical mobility of the particles (mZ/V-s), Qsheath 1S the sheath air flow rate (m3/s),
11, 1> are the radii of the annular gap space, V (volt) is the voltage applied on the collector rod,
and L (m) is the length of the center rod between the aerosol entrance and the slit. For a
known charge distribution on particles a unique electrical mobility is associated with every
particle size (Hinds, 1999):
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_ neCc (B2)
3mud,

Where d, (m) is the particle size, n number of elementary charges on the particles, e is the
electronic charge (1.6x10™" C), n is the gas viscosity (Pa-s), A (m) is the mean free path of
the gas and C. is the Cunningham slip correction factor. Small particles whose size
approaches the mean free path of the gas settle faster than predicted by Stokes’ law, because
the relative velocity of the gas at the surface of the particle is not zero and there is a slip at the

particle surface. To account for this effect the Cunningham correction factor is given as
(Hinds, 1999):

) d
C.=1+2- 2.514+0.8exp(-0.55 1) (B.3)

P

Table B.1 Dimensions of DMAs used in this study

Type L(cm) ri(cm) r(cm)
Short DMA 11.4 0.935 1.96
Long DMA 36.4 0.935 1.96
TSI DMA 44.44 0.937 1.958

The length is considered from middle of inlet slit to the middle of outlet slit

Table B.1 lists the dimensions of the DMAs used in the present study.

Figure B.2 shows the relationship between the particle size and the voltage applied to the
central rod of the short DMA.

100

90 | y = 1.0099x% 522"
R? = 0.9996

Particle Size (nm)

0 1000 2000 3000 4000 5000 6000
Voltage on DMA (V)

Figure B.2 Particle sizes selected at different applied voltage on the short DMA
(10 Ipm sheath and excess air flows, 1.5 Ipm aerosol flow)

Under certain assumptions, the particle motion in the DMA is governed by single, first order,
exact differential equation which can be solved analytically (Knutson, 1975, I).
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B.2 Transfer Function of DMA

The transfer function (€2) describes the probability that a particle of mobility Z, which enters
the mobility analyzer through the polydisperse aerosol flow will leave the analyzer via the slit
in the monodisperse flow. It can be obtained either theoretically or empirically. To obtain the
empirical transfer function of a DMA, two identical DMAs can be connected in series and the
particle concentration at the outlet of the second DMA be scanned (Fissan, 1996).

Q = (J/only)o max[O, min(onlyb 4 monos []/2(only+ Qmono)'lzﬂzp-A ¢+]/2(Qexcess+chheath) |])] (B4)

A basic integral transform which relates the DMA output, N (¥), to the parameters of the
input aerosol, N and f(Z,), is given by (Knutson, 1975, II):

* V4
N'(V) = Ngypow, [ (AZ,V)12,)d Z, (B.5)
Where:
V= Center rod voltage of the mobility analyzer
AD =AYV

A =L/In(ry/11)

N = Number concentration of the aerosol

N’(V) =Number of particles exiting the DMA through monodisperse flow per unit time
Z, = Particle electric mobility with differential distribution function of f(Z,)

Only particles emerge via the monodisperse flow that obey

(Qexcess_'_QSheath)'( onlyl_l— Qmono) <4z AV Zp<(Qexcess+qsheath) +( only_l— Qmono) (B 6)

Q
1/2 ( 1+qm0n0/qpoly)

Min(1, qmono/qpoly)

v

Donean + Devcess. Z,AV
4
2z R

< P

Figure B.3 The transfer function of mobility analyzer (Knutson and Whitby, 1975)
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For the condition of equal polydisperse aerosol flow and mono disperse aerosol flow, the
height of the ideal triangle transfer function will be unit.
The transfer function is characterized by the center mobility of the band pass as

Z* — qsheath + qexcess

? ANV (B.7)

And particles selected by the DMA are characterized by the mobility half width (AZ,), given
by (TSI DMA manual)

_ qpoly + qmano

AZ B.8
r AxAV (B-8)

The resolution is given by

AZp — qpoly + Qmunu (B9)

*
Z P QSheath + Qexc'ess

Equation (B.9) shows that the resolution is strongly affected by the flow settings.
In the DMA the width of the transfer function can be broadened by diffusion of the small
particles, while conserving its area. The particle losses due to deposition on the walls may
lower the concentration of these particles while conserving the distribution width.
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B.3 Bipolar Diffusion Charging of Aerosol Particles

Differential mobility analysis is the technique mostly used to determine the particle size
distribution of submicometer particles which is based on the electrical properties of charged
particles. For this purpose the aerosol particles are first charged in a pipolar charger and then
the electrical mobility distribution of the particles is measured by a DMA. There is a unique
electrical mobility associated with every particle size carrying a known number of charge
(Hinds, 1999). To achieve an accurate particle size distribution, the bipolar charge
equilibrium of the aerosol particles has to be well known.

The charge distribution of an aerosol in charge equilibrium with bipolar ions can be
represented by the Boltzmann equilibrium charge distribution (Hinds, 1999)

exp(-K zn’e® /d kT)

! (B.10)
Y. exp(-K n’e’ /d kT)

fy =

fn  fraction of particles of a given size

n  number of elementary unit of charge
e  charge of electron 1.6x 10 (C)

Ke 9.0x10° (N.m*/C?)

T  absolute temperature (K)

k  Boltzmann constantl.38x10% (J/K)
d, particle diameter (m)

An aerosol reaches the Boltzmann equilibrium charge distribution with the rate of (Hinds,
1999)

? = exp(—47K eZ, N, 1) (B.11)
0

Here n(t) is the number of charges on a particle after exposure to the bipolar ion
concentration N; for a time t, and n is the initial charge at t=0 . The time for an aerosol to
reach the Bolzmann equilibrium depends on the product Nit (Hinds, 1999). For particles
smaller than 50 nm the Boltzmann equation underestimates the fraction of charged particles.

The differential equation for the diffusion of gaseous ions of a certain sign towards a
spherical particle in the absence of an external electric field is (Fuchs, 1963):

2
on_p9 - L 2P g 0 R (p)] (B.12)
ot op- p Op op

where:
the distance from the center of the particle

P
n concentration of the ions
D diffusion coefficient of ions
B ion mobility

F electrostatic force acting on the ion
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If % =0, the steady flux of ion towards the particle is (Fuchs, 1963):
,, . 0On
I =4np (Da——BFn)zconst. (B.13)
0

at p=o , n=mn,

p
) =Bl (PN in+ s [ expl ol (B.14)
where:

R i’ ga’
o(p) j FlpMp=—" (B.15)
@(p) potential energy of the ion
g elementary charge
ie particle charge (if the charges of the ions and the particle are of the same sign, i is

positive)

a particle radius

It is assumed that the particle is surrounded by a concentric limiting sphere with radius
(Fuchs, 1963)

o=a+A' (B.16)
and the ions moving inside it travel without collisions with gas molecules. A is the free mean

path of gaseous ions and A’ is the mean distance from the surface of the particle at which the
ions collide with gas molecules for the last time before striking this surface (Fuchs, 1963).

A A A
2 (1+;)5 (”7)(”5)3 2 Ry
=— - —(1+5)7 B.17
A5 3 +15(+a2) : (BA7)

o
a

The number of ions striking the particle per unit of time, in the absence of electrostatic forces
is:

I'= 472'5211(5)%(%)2 (B.18)

Here n(0) is the ion concentration on the limiting sphere, and ¢ is mean thermal velocity of
the ions, 475°n(5 )% is the number of ions emerging from the limiting sphere and (%)2 is the

fraction of ions reaching the particle. The flux of ions moving in a given direction is
proportional to the cosine of the angle between this direction and the normal to the limiting

sphere (Figure B.4). In the presence of electrostatic forces this fraction o > (%)2 in the case

of attraction and « < (‘%‘)2 in the case of repulsion.

B-6
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Figure B.4 Moving of ions inside the limiting sphere (Fuchs, 1963)

To determine a, the minimal distance py, must be found between the particle center O and the
trajectory of the ion emerging from the point A on the limiting sphere and moving with the
mean thermal kinetic energy (Fuchs, 1963).

b = 2 (14— [p(S) — p(p, )]} (B.19)

3kT

b is distance from O to the tangent drawn to the trajectory at point A. If b has a minimum by,
only those ions can reach the particle for which b < b, then a = (b, / §)* for positive i and for

m

negative i, o=1 for all values of a.

Table B.2 Comparison of calculated () coefficients in this work (top) with Fuch’s calculations

(=1.3x10") ] ]
a(cm) 0.5x107 107 3x107 10°° 3x10° 107 3x107
i
0 0.0247 0.052 0.2348 0.78 1 1 1

- 0.052 0.257 0.78 1 1 1
1 0 0 0 0.4216 1 1 1
- 0 0 0.43 1 1 1
2 0 0 0 0.0472 0.988 1 1
- 0 0 0.039 1 1 1
3 0 0 0 0 0.9508 1 1
- 0 0 0 0.96 1 1

In the case of steady diffusion, the flux of ions towards the particle is (Fuchs, 1963):

4raDn,

= (B.20)
4Da ___ ¢(5)
¥
acd’ expl kT I+
where
% .. plalx)
Y= jo exp[— v (B.21)

The quantity //n, is the combination coefficients 7, for acrosol particles and gaseous ions. i

is the number of the elementary charges on the particles before the combination,
and j =ix1after it. The stationary ratios Ni/2Ny, where N;j is the total number of particles

B-7
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with 1 positive or negative charges, Ny the number of uncharged particles can be calculated by
(Fuchs, 1963):

N, 12Ny =@, oy 1 1751)-. (B.22)

Table B.3 Comparison of the stationary charge distribution on particles calculated in this work (top) with
Fuch’s calculation, (D=0.04 cm’/sec, ¢ =4.625x10% cm/sec, A=1.3x10° cm)

a(cm) 107 3x107 10° 3x10° 10° 3x107° 10°

N1/2N, 0.0066 0.0308 0.1597 0.4543 0.7765 0.9157 0.9730
0.0056 0.029 0.159 0.45 0.77 0.91 0.97

N,/2N, 0 0 0.5678 0.0426 0.3632 0.7031 0.8962
0 0 0.56 0.043 0.36 0.71 0.89

N3/2N, 0 0 0.1079%x107 0.8157x107 0.1022 0.4527 0.7814
0 0 ~0 0.81x107 0.102 0.46 0.78

N4/2N, 0 0 0 0.3106x107 0.0172 0.2444 0.6450
0 0 0 ~0 0.021 0.25 0.64

When the properties of positive ion are different from those of negative ion, the basic
equations for bipolar diffusion charging are (Adachi, 1985):

dn — — — - + + + +
7;:77+1n+1N =1 N+ n N" —nyn,N (B.23)

dl’l — — — — + + + +
L=, N —.n, N+ n N —nnN P21 (B.24)

dt — HUp1"p+l

where ny , n, are number concentrations of particles carrying zero and p elementary charge
unit and N is ion concentration. First and third terms are production terms and second and
fourth terms are dissipation terms.

By assuming that the combination probability of particles having large P and the number

concentration of particles having P41 charges are zero if the ion and the particle have the

same polarity, and if the number concentrations of positive and negative ions are the same,
the basic equations are simplified in the stationary state as (Adachi, 1985):

n,/n, =n,,/n, p=>+1 (B.25)

+

n,/n,,=n,,/n, p<-—1 (B.26)

and the number ratio of charged particles to total particles is (Adachi, 1985):

n,n. =1/, p=+l (B.27)
p=+1

n,lng =@,/ p<-1 (B.28)
p=1

ny/n. =1/ (B.29)
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2= i {ﬁ(’ﬁ_l / ﬂp)}+ i {ﬁ(% /77;)}+1 (B.30)

p=+1 | p=+1

nt is the number concentration of total particles.
Values of the mean thermal velocity of ions (cion), diffusion coefficient of ions (Djo,), and
mean free path of ions (Aion), can be calculated by the following formulas (Adachi, 1985):

D, =kTZ, /e (B.31)
Coon = JSKT /(M ,, | N,) (B.32)
Z' kTM ionM as
A, =1.329 e g0 (B.33)
e (M ion + M gas)Na

where e is elementary electrical charge (1.6021x10™"° C), N, Avagadro number (6.0238x10*
mol™), k is Boltzmann’s constant (1.3806x10% J/K) and Z electrical mobility of ion
(m*/V.S).
Applying positive and negative ion parameters (mobility and mass) for air, argon, and
nitrogen, given by Wiedensohler (1991), in the above-mentioned formulas, Table B.4 was
calculated.

Table B.4 Calculated positive and negative ions properties in different gases

Ar N, Air
D* (cm*/sec) 3.54x 107 5.06 x10~ 3.55 %107
D 43 x 107 5.44 x1072 4.05 x10
¢ (cm/sec) 2.37% 10 2.37 x10* 2.1 x10*
¢ 3.22% 10" 3.22 x10* 2.48 x10*
2" (cm) 1.44x 10°° 2.06 x10° 1.47x10°
N 1.61x 10° 2.04 x10°° 1.63 x10°®

Finally a MATLAB code was developed to calculate the stationary state charge distribution

on particles, under various atmospheres using parameters given in Table B.4 (Figures B.S5,
B.6).

The Fuchs model must be solved numerically. The distribution obtained from Fuch’s model
was approximated by Wiedensohler (1988), via an empirical expression which allows a quick
solution of the bipolar charge distribution in the size range of 1-1000 nm.

1 nm <D, <1000 nm for N=-1,0,1
20 nrm< D, <1000 nm  for N =-2,2
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Ar

d (nm)

Figure B.5 Fraction of particles carrying one charge exposed to bipolar ions in Argon

N2

d (nm)

Figure B.6 Fraction of particles carrying one charge exposed to bipolar ions in Nitrogen

Wiedensohler et al. (1986) used least square regression analysis to determine the
approximation coefficients:

: DP i

> a(Nog )

f(N)=10" (B.34)
Table B.5 The approximation coefficients (Wiedensohler, et al., 1986)

a;(N) =22 =-1 N=0 N=1 N=2
ay -26.3328 -2.3197 -.0003 -0.2.3484 -44.4756
a 35.9044 0.6175 -0.1014 0.6044 79.3772
a, -21.4608 0.6201 0.3073 0.4800 -0.62.8900
a3 7.0867 -0.1105 -0.3372 0.0013 26.4492
ay -1.3088 -0.1260 0.1023 -0.1553 -.5.7480
as 0.1051 0.0297 -0.0105 0.0320 0.5049
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Figure B.7 is obtained using equation (B.34) and Table B.5.

Air

2 1 03
dp (nm)

Figure B.7 Fraction of particles carrying one charge in equilibrium with bipolar ions in air

Assuming that the concentrations for positive and negative ions are equal, for the fraction of
particles carrying more charges, following equation derived by Gunn (1956) can be used:

2
Ne 27 gODka Z.

_ In(Zi+

F(N) c ¢ 2] (B.35)
= exp .
’47[2€0Dka 5 27 EODka
eZ

where:
e elementary charge (1.60217733x10™" C)
€0 dielectric constant (8.854187817x10"* F/m for air)
D, particle diameter (m)
k Boltzmann’s constant (1.380658x107 J/K for air)
T temperature (K)
N number of elementary charge units

Zi\/Z;. ion mobility ratio (0.875 Wiedensohler, 1986)
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B.4 Aerosol Electrometer
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Figure B.8 Schematic of Aerosol Electrometer
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Figure B.9 Electric circuit of Aerosol Electrometer (Galdhar, 2004)

The Faraday cup aerosol electrometer consists of an electrometer and a filter inside a Faraday
cage mounted on an insulator. Charged particles collected by the filter, generate an electric
current which is measured by the electrometer. The electric circuit of the electrometer is
schematized in Figure B.9. OPA129 is an ultra low bias current monolithic operational
amplifier. The relationship between the input current and the output voltage and the particle
number concentration is as follows (Gahldbar, 2004):

I = % =neQN (B.36)
I electric current (A) V voltage (V)

R resistance (typically 100 GQ) n number of elementary charge

e electron charge (1.6x10™" C) Q gas flow rate (m’ s™)

N particle concentration (# m>)

It is typically used to measure particles of unipolar charge. The electrometer amplifier is
sensitive to external conditions especially temperature. Thus the amplifier zero value may
drift over period of time. It can be used under vacuum condition and there is no theoritical
limitation on the upper particle concentration measurement.

B-12



Appendix B

B.S Electrostatic Precipitator

Aerosol

Power supply

Ground

Figure B.10 Schematic of electrostatic precipitator

An electrostatic precipitator (ESP) is a particulate collection device that removes particles
from a flowing gas using the force of an induced electrostatic field.

Particles are introduced along the centerline between two oppositely charged parallel plates.
For a given voltage, all particles with electrical mobility greater than a certain value will
migrate to the plates and get trapped. The particles with lower mobility and uncharged

particles pass through unaffected (Hinds, 1999).

_nekEC,
" 3z d,

for Re<l1

V. h
%

TE

X =

where :

n  number of elementary charge on particles
e  charge of electron (1.6 X 10" C)

E electric field strength (V/m)

C. slip correction factor

n viscosity (Pa.s)

d, particle diameter (m)

Vi velocity in X direction (m/s)

Vr terminal velocity (m/s)

h  distance between the plates (m)

o

B-13
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B.6 Impactor

X
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Figure B.11 Schematic of cross section of an impactor

Impactors are used for the collection and measurement of aerosol particles. In imactors the
aerosol passes through a nozzle and the output flow is directed against a flat plate which
deflects the stream to form a 90 bend in the streamlines. Particles with inertia exceeding a
certain value, unable of following the streamlines, collide on the impaction plate. Thus
particles are separated into two size ranges; particles larger than a certain aerodynamic
diameter are removed, and those with smaller size remain in the flow and get through the
impactor. The parameter governing the collection efficiency is the Stokes number which for
50 % collection efficiency in circular jets is 0.24 (Hinds, 1999). The following equation
relates the cutoff diameter dso (particle size having 50% collection efficiency), the jet
diameter D;, gas flow rate Q, slip factor C., Stkso, density of particle p,, and the flow
viscosity 1 (Hinds, 1999):

1/2
97nD’ (Stk
dy,+/C. :[M} (B.39)

4p,0

Because C, is a function of dso, the following empirical equation can be used to approximate
dso (Hinds, 1999):

dgy =dsy\[C. —0.078 (B.40)

for dsp in pum. This equation is accurate for dsp>0.2 wm and pressure from 0.9-1 bar. For
obtaining a sharp cutoff , the design criteria are:

e Re (in the nozzle throat) between 500-3000
e The ratio of the distance between the nozzle and the plate to the jet diameter, between
1-5 with the lower values preferred.

For a given cutoff size, the Re can be adjusted by applying multiple nozzles in parallel. The
smallest cutoff sizes for conventional impactors are 0.2-0.3 pm. For obtaining 0.05 um cutoff
size, micro-orifice impactors with large numbers of chemically etched nozzles as small as 50
pum in diameter can be used. Another approach is the low-pressure (0.03-0.4 bar) impactor in
which the slip correction factor is increased, leading to reduction the cutoff size (Hinds,
1999). Because of high jet velocities, particle bouncing can occur.
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C.1 Formation and Growth of Nanoparticles

Particle formation in the gas phase usually involves with rapid quenching of supersaturated
vapor in non-equilibrium conditions. When a nucleus is formed, it should reach a critical size
in order to have chance for further growth, otherwise it evaporates. Due to the curved surface
of nuclei, attractive forces between surface molecules are modified and the required partial
pressure to maintain mass equilibrium is higher than the saturation vapor pressure for a plane
surface. Kelvin equation (Hinds, 1999) gives the relationship between the critical particle size
(no growth no evaporation) and degree of supersaturation. Higher supersaturation results in
the smaller critical nucleus size. The nucleation and growth of particles is determined
primarily by the local cooling rate, the residence time distribution, and the number density in
the nucleation and growth zone.

Particle growth in gas phase include two major processes: the absorption growth process
where particle nuclei grow up with absorption of atoms, and the coalescence growth process
where particles grow up by collision of particle nuclei or cluster (Sugimoto, 2000).

The combination of these processes leads to two well-known distributions, the normal like
distribution and the lognormal distribution, depending on the growth conditions.

In general, the lognormal distribution is found and results from a coalescence growth of the
clusters. However, the absorption mechanism is effective in the very earliest stages of the
particle growth and for the normal distribution the number frequency function is given by
(Hinds, 1999):

g =L exp e _JP)Z)dd (C.1)
o271 207 i
_ Zni(di_gp)z 1/2
o= (EIEET ©2)
Y
7,-= (C3)

Following the very early step of the growth, many nuclei exist in the growth zone and the
major step for the particle growth is collision of particle nuclei or clusters. A lognormal
distribution function is defined by (Hinds, 1999):

i 1 ( (Ind » —In CMD)2 \dd (C.4)
= exp(— .
Jord, o, T 2no,)
n.(Ind. —Ind )?
Ino, =(Z (( Nl—l 0 )2 (C.5)
Y n,Ind,
ind, = &85 (C.6)

In aerosol, particles collide with each other due to relative motion between them and adhere
to form larger structures. If the relative motion between the particles is due to Brownian
motion, the process is thermal coagulation which depends on temperature, primary particle
size, agglomerate size and structure, and the concentration squared; hence it is of more
significance for fine particles of concentrations above 10°10’ cm™ (Borra, 2006).
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Agglomeration process can be enhanced by attractive electrical forces between the particles.
Although charged particles with opposite signs have an enhanced probability of collision, this
is offset by reduced collisions between particles with the same sign. Thus for aerosol with
Boltzmann equilibrium charge distribution, the net result is a negligible change in the
agglomeration. However for aerosol with strong bipolar charge distribution, the
agglomeration can significantly be increased (Hinds, 1999). Gas borne particles with unipolar
charge distribution are repelled from one another slowing the rate of coagulation (Hinds,
1999).

Agglomerates are composed of primary particles forming irregular structures. The behavior
of these agglomerates differs from sphere with the same mass. Agglomerates structures
usually obey a power-law relationship between radius and mass (Wu et al., 1993):

N = A(rl)Df‘ (C.7)

0

Dy is fractal dimension, varying between 1 (line) to 3 (sphere). Cluster-cluster agglomerations
have shown that Brownian movement dominated agglomeration processes tend to produce
agglomerates with fairly low fractal dimensions 1.6<D;<2.2 (Lehtinen et al., 1996). N is the
number of primary particles with uniform size of (r9) and mass of (m), (r) is a characteristic
radius for example radius of gyration (Wu et al., 1993):

_ /Zf””fz (C.8)
oy Xm

r; is the distance of the i primary particle from the center of mass. The dimensionless
proportionality constant (A) depends on the characteristic radius definition, fractal dimension,
and the agglomeration mechanism. It indicates the packing of the primary particles and is
around unity (Table 3.1).

Table C.1 Values of A based on radius of gyration (Wu et al., 1993)

Agglomerate type | N Df | A
Cluster-cluster (F) | 5-200 | 1.82 | 1.37
Cluster-cluster (F) | 10-200 | 1.84 | 1.30
Cluster-cluster (F) | 10-500 | 1.91 | 1.30
(F) denotes free molecular regime

For a sufficiently wide size distribution (GSD>1.5), adhesion of small particles to the large
ones, make the size distribution narrower with time. On the other hand, agglomeration of
monodisperse particles gradually leads to a polydisperse aerosol with wider size distribution.
These competing mechanisms in agglomeration lead to an asymptotic, stable size distribution
called self-preserving size distribution which is almost lognormal with a GSD of 1.32-1.36
for the continuum region (Hinds, 1999). In free molecular regime, Vermury et al. (1995)
obtained the number geometric standard deviation for different fractal dimensions, ranging
from 1.462 for Dy=3 and increasing to 1.61 for D¢=2 . Thus in the free molecular regime, the
self-preserving size distributions broaden as the fractal dimension decreases. A quantitative
criterion for the time to achieve the self-preserving size spectrum is derived by Lai et al.
(1972).
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C.2 Evaporation-Condensation in Multi-component Systems

In the process of evaporation into vacuum, according to Langmuir equation for a vapor with
energies following a Boltzmann distribution, the number of atoms striking a surface per unit
area per unit time is (Powell, 2005):

P
J=— (C.9)
N272MRT

where M is the molecular weight of the vapor. At equilibrium, the flux of evaporating atoms
leaving the surface equals that arriving at the surface, so the evaporation flux is given by
replacing P with P, (vapor pressure).

Pressure

Temperature
Figure C.1 Schematic phase diagram for a typical metal (Powell, 2005)

For a multi-component liquid or solid, the vapor pressure of each component is its activity (a)
times the vapor pressure of the pure substance (P, = aP, ).

For a dilute solution (liquid or solid) of solute B in solvent A, evaporating into a vacuum, the
evaporation ratio is (Powell, 2005):

JBXA PvB XA MA

ER, = = v (C.10)
XBJA XB '\[ MB PvA

where X represents the mole fraction of species i in the liquid or solid, P,; its vapor pressure,

and M; its molecular weight. Assuming Raoult’s law, the vapor pressure is the product of the
vapor pressure in its pure state and mole fraction in liquid or solid, so:

P, [Mm
ER, = —2% 4 (C.11)
XBI)VA MB

where P, denotes the vapor pressure of pure species i. Now assuming Henrian behavior the
activity coefficient is:

Pp=rsPpXpg (C.12)

Thus the evaporation ratio, which relates compositions in the vapor and condensed phases, is
(Powell, 2005):
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P. M
EV, =y, 28 |4 C.13
5 =75 P M, (C.13)

The formation of multicomponent materials by condensation of the vapors of two or more
elements or compounds requires very rapid cooling rates for simultancous nucleation and
condensation of all the vapor species. The gas must be cooled to well below the temperature
that yields a supersaturation for all the species present in a time much shorter than that
required for significant particle formation and growth for the material with the lowest vapor
pressure (Kodas and Hampden-Smith, 1999).

Solid or liquid
precursors

Vaporization and reaction
forming A nd B

A(2) B(@ A(g

B(g) B(g
A(g)
A(g)
Nucleation of A
° A
Bg e ® B(p @ B
[ J
e B °
. B® Q c
B (g)
Nucleation of B,
Formation of C is the
product of reaction
between A and B,
C Condensation of B onto
Be @ B 9 particles of A and C
Q: . (0] coagulation

.’A. ® ®
o o°

Collision and
interdiffusion

NI
S
SN

Figure C.2 Gas-to-particle conversion with two condensable vapors A and B
(reproduced from Gurav et al., 1993)

Without sufficient, rapid cooling, the species with the lowest vapor pressure (A in Figure 4.2)
forms particles when sufficiently high supersaturation is reached. As the temperature
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decreases, species B, with the higher vapor pressure can condense onto the particles of the
first species or may form new particles and result in core-shell structures or particles of each
individual species. The ratio of A to B in the final product, C, is determined by the collision
of the different particles, followed by inter-diffusion (Kodas and Hampden-Smith, 1999).
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D.1 Hydrogen Storage

With the recent advancements in fuel cell technology, hydrogen is now considered as one of
the major energy carriers of the future. Hydrogen can be produced from natural gas
reforming, coal gasification, or electrolysis. By using renewable energy sources like solar,
wind or water power as a source of electricity in production of hydrogen via electrolysis of
water, the need for hydrocarbons will be reduced. Besides, in conversion of chemical energy
stored in H; to electricity in a fuel cell, water is produced with zero emission of greenhouse
gases.

Hydrogen can be transported as compressed gas or in liquid form, both of which call for very
special care to take into account all the safety concerns. Moreover, liquefaction process
consumes almost 30% of the hydrogen energy to compress and cool the hydrogen to 20K
(Koch, 2007). Pressurized gas storage is shown in Figure D.1 for steel and a hypothetical
composite material (Ziittel, 2003).

Another possibility is to store hydrogen in metal hydrides'. They have a higher hydrogen
storage density (6.5x10% H atoms/cm’ for MgH,) than hydrogen gas (0.99x10* H
atoms/cm’) or liquid hydrogen (4.2x10** H atoms/cm’) (Cooper et al., 2005). Because the
dehydrogenation process is endothermic, metal hydrides could be considered to be inherently
safe in the event of tank rupture or fire. A major drawback of hydrides is the increase in
weight needed for storage.

Figure D.1 shows the volumetric and gravimetric hydrogen density of some hydrides (Ziittel,
2003). Mg,FeH, shows the highest volumetric hydrogen density of 150 kgm™, BaReHo has
the highest H/M ratio of 4.5, LiBH,4 exhibits the highest gravimetric hydrogen density of 18
mass%o.

Hydride formation comprises a number of steps in series’.The slowest step is the rate-
determining one’.

To study the properties of a hydride, pressure-composition isotherms can be most beneficial.
A typical plot (Schlapbach, 2001) is shown in Figure D.2. As seen, by increasing the
hydrogen pressure at isothermal conditions, the amount of hydrogen taken up by the metal
(H/M) is slight. It corresponds to the formation of a-phase which is solid solution of
hydrogen in the metal. After saturation of a-phase with hydrogen, the metal hydride starts to
form (B-phase) and increasing the pressure results in an increase in the amount of absorbed
hydrogen. According to the Gibbs phase rule, when a new phase is formed one degree of
freedom will be lost. The pressure at which the new phase is formed is called plateau pressure
at which the two phase (o and ) co-exist.

! Binary hydrides (ionic hydrides: s elements +H, metallic hydrides: d elements +H, covalent hydrides: p
elements +H), intermetallic hydrides (ABs, AB and AB,), complex metal hydrides (transition metal complexes,
metal complexes).

? Physisorption of hydrogen molecules-hydrogen molecules dissociation and chemisorption, surface penetration
of hydrogen atoms-diffusion of hydrogen atoms through the hydride layer either by an interstitial or by a
vacancy mechanism-formation of hydride at the metal-hydride interface (Fernandez, 2002).

3 For instance diffusion of hydrogen through MgH, is reported to be more than a factor of 5000 slower than
diffusion through Mg (Klassen et al., 2001). Thus the rate determining step in the desorption of hydrogen by
magnesium and probably also in absorption process, is likely to be the hydrogen diffusion through the § phase
(Fernandez, 2002).
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Figure D.1 Volumetric and gravimetric hydrogen density of some hydrides
(by courtesy of Ziittel, 2003)

After completion of hydride phase, increasing the pressure leads to the formation of solid
solution of hydrogen in the hydride phase. In o phase the variation of pressure with
concentration is in accordance with Sievert’s law (Zuttel et al., 2000):

ricx:k‘/% (D.1)

where x denotes the hydrogen to metal atom ratio, r the number of interstitial sites per metal
atom, k a constant and P’ the reference pressure. In o + [ region, the pressure does not ideally
depend on the concentration. In the solid solution of hydrogen in the metal hydride phase,
again Sievert’s law correlates the pressure to the concentration.

Van’t Hoff equation states that:

| (PHZ) AH, AS, 0.2)
n = ——— .
P° RT R

according to which, the plot of logarithm of the pressure plateau midpoint vs. reciprocal of
the absolute temperature would be a straight line so that AH ,and AS, can be derived from

the slope and the intercept. At standard conditions (P, =P°), Van’t Hoff equation reduces to:

AH, =AS,T (D.3)

In most cases, the entropy change is mainly given by the loss of standard entropy of the
hydrogen gas as it enters the metal lattice. Therefore, the entropy term does not depend
significantly on the nature of metal and the AS,term could be considered constant, as AS , =-

130 J/mol K, (Andreasen, 2004). Thus for desorption of hydrogen at 100°C, AH ; would be
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around -48 kJ/mol. This marks the enthalpy of formation for a desirable metal hydride system
(Andreasen, 2004).
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7] 1 7]
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o 25°¢c Rt
14 ¢ -
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0 0.5 1 25 3 35 4
HM 1000/T (K7)

Figure D.2 A typical Pressure-Concentration- Isotherms plot for a metal hydride and the Van'’t Hoff curve
(reproduced from Schlapbach, 2001)

References

Andreasen Anders, Predicting Formation Enthalpies of Metal Hydrides, Ris@ National Laboratory, Roskilde,
Denmark, 2004

Cooper D., C. Y. Wu, D. Yasensky, D. Butt, M. Cai, Hydrogen Storage Characteristics of Nickel Nanoparticle
Coated Magnesium Prepared by Dry Particle Coating, KONA, Number 23, 2005, 139-151

Fernandez J. F., C. R. Sanchez, Rate Determining Step in the Absorption and Desorption of Hydrogen by
Magnesium, Journal of Alloys and Compounds, Volume 340, 2002, pp. 189-198

Koch Carl C., Nanostructured Materials, William Andrew, 2007

Schlapbach Louis, Andreas Ziittel, Hydrogen-Storage Materials for Mobile Applications, Nature, Volume 414,
15 November 2001, pp. 353-358

Ziittel A., Ch. Nutzenadel, G. Schmid, Ch. Emmenegger, P. Sudan, L. Schlapbach, Thermodynamic Aspects of
the Interaction of Hydrogen with Pd Clusters, Applied surface Science, Volume 162-163, 2000, pp. 571-575

Ziittel A., Materials for Hydrogen Storage, Materials Today, September 2003, pp. 24-33

D-3



Appendix E

E.1 Surface Free Energy of Elements

Table E.1 The value of 71.0 (surface free energy) at 298.2 K and at T,, (Mezey and Giber, 1982)

Name T, (K) v (2982 K) (Jm?) yo(T,) [@m?)
Ag 1323 1.302 1.046
Au 1337 1.626 1.345
Co 1768 2.709 2.003
Cr 2130 2.056 1.913
Cu 1357 1.934 1.576
Mg 922 0.803 0.562
Nb 2741 2.983 2.022
Pd 1825 2.043 1.376
Pt 2045 2.691 2.055
Sh 904 0.458 0.386
S 505 0.521 0.619
w 3683 3.468 2.487

E.2 Vapor Pressure of the Elements

Table E.2 Vapor pressure of the elements Log P=A.T'+B log T+CT+D (mmHg)

Substance Log P (mmHg) Melting Temp.
A B cx10° D Point (K) range (K)
Ag -14,900 -0.85 - 12.20 1235 298-m.p.
Au -19,820 -0.306 -0.16 10.81 1337 298-m.p.
Co -22,209 - -0.223 10.817 1768 298-m.p.
Cr -20,680 -1.31 - 14.56 2180 298-m.p.
Cu -17,770 -0.86 - 12.29 1357 298-m.p.
Pd -19,800 -0.755 - 11.82 1828 298-m.p.
Pt -28,460 -1.27 - 14.33 2041 298-m.p.
W -44,000 +0.50 8.76 3695 298-m.p.

(Kubaschewski and Alcock, 1979)

E.3 Cubic Crystal Structures

(a) (b) (c)
Figure E.1 Simple (a), body centered (b), faced centered (c) cubic structures
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Table E.3 Cubic crystal structures properties

Crystal Structure Number of atoms per unit cell | Relationship between Lattice
constant and atomic radius
Simple cubic 1 a=2R
Body centered cubic (bcc) | 2 4R
a=—
3
Face centered cubic (fcc) 4 a=2R\2
Interplanar spacing: d= a

N Y

d, W +k+1}

Ratio of interplanar spacing between two different planes: N TR T

4 R+

hh, +kk, +11,

Angle between two planes: Cosf =

B2+ K+ 1B+ K+ 1

Allowed reflections for FCC only from all even or all odd h, k, 1

Allowed reflections for BCC only from h+k+l=even

E.4 Phase Diagram of Binary Systems

(Massalski, and Hiroaki, 1990)
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F.1 Analytical Solutions

Analytical solution for the average particle volume (Vv ):

dv

1
dt 2
v(0) =v,

a(6k_T)% (%)% q)‘—/.%

p

A= 1 a(ﬁ)% (i)% () constant
2 4

p

assuming that the cooling rate (« ) is constant and the temperature varies linearly with time

T=T -
%—A(T k) 2v 6
i/—A(T — ) dt

[v7dv = [ AT~y d
%v% :A[—i(z —m)%}C
C

:_V %4 Al
3x

%
[ A _y 4 9T/+v/}

applying initial condition, C is found

(F.1)

Analytical solution for the dimensionless excess surface area (0)

Using equation (6.7), the variable t in equation (6.1) can be change to (v ) and equation (6.1)
will be converted to :

3590 (5O gy
d\—/ rf(v)
(v,)=0
dao 1_ T (v) ]49——
v 3v 7,(v) 3v

the integrating factor is (Miller, 1987):
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z.(v)
7,(v)

e 49 +e™ L_[—TC (‘i) —1]0 = L_eG(g)
dv 3voz,(v) 3v

[eGm 9]' _ % R0

G(v) = J.%[ —11dv multiplying the above equation by (e"):

e = J.L_eG(U)dV +C
3v

0=c 3i_eG<v>dv +C] (F.2)
1%

F.2 Numerical Solution

Classical fourth-order Runge-Kutta method (Miller, 1987):

kln = hf(xn’yn)
1

h
k,, =h +—,y,+—k
2n f(xn 2 yn 2 ln)

h 1
ki, =h +—,y, +—k
3n f(xn 2 yn 2 211)

k4n :hf(xn +h’yn +k3n)

and
yn+l :yn+%(k1n +2k2n +2k3n +k4n) (F3)
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