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Abstract 

The purpose of this work was to study the possibility of creating Gd2O3-
nanoparticles by spark generation. For this, the Palas GFG 1000 aerosol 
generator was used with much positive results. The potential possibilities to 
tune the physical properties of the nanoparticles by varying a set of 
experimental parameters during the fabrication process have been studied. 
This was investigated by comparing particles made by two different types of 
methods: wet chemistry (colloids), which was used in an earlier study, and an 
aerosol technique (aerosols), that was explored in this study. 

In this work, the production of 10, 20 and 40 nm particles with a high yield 
was obtained. Reducing the size even more proved to be troublesome. It was 
only possible to create a small amount of 5 nm sized particles. The reason for 
this is still not clear and will have to be further studied. One drawback with 
the fabrication procedure that was used for this work, the aerosol method, is 
that the amount of particles that was created is low compared to the amount 
of particles created by the earlier investigated modified polyol method. In the 
future this amount can be increased either by connecting several generators 
in parallel or by increasing the efficiency of the neutralizer. 

Description of the production and characterization of nanometer sized 
Gd2O3-particles constitute the main part of this work. Agglomerated particles 
was created by a vaporization/condensation-method and deposited onto 
silicon substrates for characterization. SEM studies were made in order to 
compare concentrations of produced particles made by the aerosol method 
and by the modified polyol method. For characterization, TEM investigations 
were made to study particle size, morphology and reshaping behavior before 
and after sintering was done 

By using the results obtained in this work several new projects can be 
explored. This is very promising for future tries when a full characterization 
concerning spark gap-distance, gas flow and sintering temperature will be 
done. 
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1. Introduction 

The science behind the properties of nanoparticles has been known for many 
years. As early as the mid 1800`s Michael Faraday provided the first scientific 
explanation of optical properties in metals on the nanometer-scale using 
different sized gold particles suspended in liquid [11]. The advantage of 
today’s knowledge is that we have tools which enable us to find applications 
that early scientists could not even dream about. Lately, breakthroughs have 
made it possible for a wide range of applications from self-cleaning windows 
to quantum computers [43]. 
When it comes to life sciences, the understanding and use of multi-functional 
nanoparticles is a research field of growing importance. One such use is in 
the area of imaging. For this, nanoparticles are used to enhance the resolution 
of images taken. Another use is in the treatment of cancer were the particles 
are used as delivery systems or radiation centers inside or on the surface of 
tumor cells [45]. The treatment, in terms of effectiveness, must walk a fine 
line between effective radiation and/or chemo-therapy while destroying as 
little as possible of the surrounding healthy tissue. Improvements of MRI 
(Magnetic Resonance Imaging) contrast agents, fluorescence probes and drug 
delivery systems are important in scientific studies, both theoretical and 
clinical, and for practical applications [40]. Nanoparticles of today have a 
huge impact on medical applications and will continue to do so in the future. 
 
Elements in the periodic table that show great promise belong to the so called 
rare-earth metals (period 6, lanthanoids). Gadolinium (Gd) is a lanthanoid 
with paramagnetic properties who quickly oxidizes into Gd2O3. It is also a 
fluorescent material in itself, but with a rather low quantum yield. These 
properties can be optimized by doping the nanoparticles with different ions 
(Ln, Eu, Er, Tb etc). Doped Gd shows important optical properties in the form 
of large Stoke shift, narrow emission bands and long fluorescence lifetime.  
Another advantage is that doped Gd nanoparticles, unlike traditional dyes, 
do not photobleach [1, 2]. Large Stoke shift enables one to use infrared light 
(IR) to excite the particles and have the emission in the form of visible light. 
This benefits the researcher/patient in two ways. First, a deeper penetration 
depth into the tissue because of longer wavelength with IR-light compared to 
UV-light and second, no ultraviolet emission that may be harmful to human 
tissue [3]. Stokes shift also makes it possible to filter background 
fluorescence.  
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Unlike quantum dots (QD`s), emission color is not dependent on the particle 
size. Instead, by controlling the amount and type of doping ions in the host 
material, particles with different emission wavelengths can be obtained 
making it possible to have particles with the same size but with different 
emission colors. 
This allows us to work with a certain size that is mainly determined by the 
particular application, not the optical properties. 

 
When it comes to magnetic properties, Gd is important as a contrast agent 
since it shortens the spin-relaxation time for water protons inside the body, 
resulting in enhanced contrast in the MRI images [4, 5]. Gd is also interesting 
for applications involving neutron capturing. The stable isotope Gadolinium-
157 have exceptionally high absorption of neutrons, and subsequently 
releases electrons and γ-rays that can be used to induce local cell death 
making it ideal for radiation therapy [5]. The downside with Gd, as with 
many other metals, is its toxicity. Radiated Gd can create harmful free 
radicals by means of free Gd ions inside the body resulting in cell damage 
[41]. Therefore a capping layer must be placed around the Gd-particle in the 
form of polymers [6], chelates or linked multiple Gd-complexes [28]. 

 

The usability when having nanoparticles with a capping layer is numerous. 
One use is to prevent nanoparticles from fusing into each other thereby 
growing in size but also to control the shape of the particle. Another use is to 
make the nanoparticles biocompatible, and in the end also to equip the 
nanoparticles with handles for tags making them useful for targeting 
purposes. 
 
This work aims mainly at investigating the possibility of creating Gd-
nanoparticles by spark generation. Also, the potential possibilities to improve 
the physical properties of the nanoparticles by means of the aerosol technique 
will be studied. This will be done by comparing particles made by two 
different types of methods: wet chemistry (colloids) and an aerosol technique 
(aerosols). Only the aerosol method was explored in this study and the 
comparison between the two methods was based on earlier results obtained 
with the wet chemistry-method. 
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1.1 Nanoparticles 

Nanoparticles can have all kinds of different shapes ranging from spherical to 
the more exotic like nanocages, multi-concentric shells and triangular prisms 
[26]. Spherical nanoparticles are commonly defined as having a diameter of 
less then a hundred nanometers [8]. Due to the small size one talks about a 
zero-dimensional object. A particle of zero-dimension is limited in all three 
directions in space and is sometimes called a quantum dot (QD) referring to 
its dot like appearance. 
 
The electrical, chemical and optical properties of a solid depend on the 
properties of its electrons with their characteristic wavelength, the de Broglie 
wavelength. For a spherical particle to be truly zero-dimensional, its diameter 
must be equal to or less than the de Broglie wavelength (sometimes the Bohr 
radius of the exciton, aB, is used instead) [25]. If that is the case the energies of 
the electrons will be quantized, giving rise to discreet energy states [27, 7]. 
The nanoparticles studied in this work is somewhere between a QD and a 
bulk material, with its broad energy-bands In this way we get electrons 
moving within the particle with energies in the form of narrow energy-bands. 
 
When the dimensions are reduced down to the nanometer range, physical 
and chemical properties of the particle begin to change drastically compared 
to its bulk values and new phenomena will emerge making them ideal for 
applications in photonic crystals, electronics, optical sensing/imaging and 
biomedical labeling/targeting [34]. 
 
For magnetic properties of nanoparticles we observe differences compared to 
bulk magnetic properties. The Curie temperature (Tc) for nanoparticles is 
lowered which means the point at which their total magnetic moment is zero 
(paramagnetic) is also lowered. Some metallic materials become super 
paramagnetic at certain sizes [9]. This means that the intrinsic magnetic 
moments, or “spin”, align themselves in the same direction but have size 
dependent probability to flip direction making it appear as though the 
average magnetic moment of the particle is zero. This phenomena lead to 
technical implications. For example in hard drive technology 
superparamagnetism sets a limit on the storage density due to the minimum 
size of particles that can be used. 
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Another property that is different from its bulk value is the high surface-to-
volume ratio, i.e. a large fraction of surface atoms. For nanometer sized 
particles this ratio is many times larger than for bulk providing a huge 
driving force for surface reactions because of increased surface energy. 
Increased surface energy affects the chemical potential, resulting in changes 
in the thermo dynamical properties. This is used in the car industry, among 
other things, for cleaning exhaust fumes using catalytic reactions [8]. 

1.2 Aerosols 

Aerosols are tiny particles, solid or liquid, suspended in some form of gas 
[10]. Sometimes the word aerosol is used meaning only the particle excluding 
the gas component. Many aerosols occur naturally originating from volcanic 
outbreaks, dust storms or forest fires. Man-made aerosols are typically 
created from burning of fossil fuels, combustion engines [20] and car tires 
against asphalt or just the product itself giving of aerosols (asbestos) [44]. 
Aerosols may act as sites for chemical reactions to take place or as scattering 
sites of sunlight lowering the temperature in the atmosphere [46]. Aerosols 
can be put to good use and are not just harmful. They can be used for 
example in medicine as a way to inhale drugs for asthma patients or for 
persons with allergies [38]. 
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2. Generation of aerosol particles 

2.1 Synthesis of Gd2O3 nanoparticles by the modified polyol method 

One of several ways of making nanoparticles is by colloid chemistry. The 
term colloid is defined as “A system in which finely divided particles, which 
are approximately 10 to 10,000 angstroms in size, are dispersed within a 
continuous medium in a manner that prevents them from being filtered 
easily or settled rapidly” [16]. In order to make colloid particles with well 
defined size and shape, a recipe is followed where concentration of precursor 
and solvent as well as the temperature and length of the reaction have to be 
adjusted carefully for different materials and compounds. 
However, this is in practice very difficult to realize so what you get in reality 
is a size distribution of several nanometers depending on what size is 
synthesized (see Fig. 1). This is because size distribution is closely related to 
the average particle diameter meaning that the larger the average diameter, 
the broader the size distribution will be [29]. 
 
 

 
 
 
Figure 1 Size distribution for different sized Gd2O3-particles (made by the modified polyol method) 
determined by photon correlation spectroscopy (PCS). Insets showing high resolution TEM-images of 
corresponding particles (Reproduced by permission of ACS Publications, [27]) 

 
 

One method for making colloid particles is the modified polyol method (see 
Appendix and [2, 28] for recipe). Here heating at elevated temperatures of 
suited precursor materials in a high-boiling-temperature alcohol turns out to 
be a versatile and efficient method for preparing nanoscale materials and 
compounds [15]. The result is nanoparticles immersed in a liquid solution. 
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One benefit of the modified polyol method is that large quantities of 
nanoparticles can be produced in an ordinary laboratory without the aid of 
expensive equipment, making it a cheap method. Further advantages include 
easy storage and transportation by such simple means as a glass container, 
deposition of nanoparticles onto a substrate by using only a pipette and that 
the high temperature during the process gives well-crystallized materials. 
It is also a well proven method that gives stable particles with DEG as a 
capping layer preventing aggregation and degradation [28]. Disadvantages 
include difficulty in making the particles biocompatible because the DEG-
layer hinders the attachment of handles to the particles [28], the DEG itself is 
a poisonous solvent and that the particles needs careful washing and drying 
before use. Sometimes a centrifuge is used to remove the particles from the 
solvents and other chemicals. 
 

2.2 Production of nanoparticles with the Palas GFG 1000 aerosol generator 

The Palas aerosol generator was originally designed for creating carbon soot 
particles, mainly for pollution and health studies [20]. However, it has turned 
out to be a versatile system able of producing particles from many different 
conducting materials, especially metals [34]. The system to be described (see 
Fig. 2) works by atomizing electrodes by spark discharge, creating ultra fine 
charged particles [18]. 
 
 

 
 

 

Figure 2 Schematic of the Palas aerosol generator (Reproduced by permission of M Messing, LTH) 
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2.3 Spark generation 

A standard method to produce a sequence of sparks is achieved by charging 
a high-voltage capacitor via a constant current source to create a large 
potential difference. With an electric field of several thousands volts or more 
across a narrow gap, the gas molecules in between are torn apart into 
electrons and positive ions. The electrons and ions are then accelerated 
towards each electrode (anode and cathode) depending on their charge. 
Electrons on their way they towards the anode collide with other gas 
molecules creating more free electrons. As an avalanche of electrons is 
created, breakdown of the gas into electrons and ions enables the formation 
of a conductive plasma channel. Because of this channel a current may pass 
between the electrodes giving rise to a spark. The spark that is formed lasts 
only for a few microseconds. Once the breakdown voltage of several 
thousands volts is reached (which is determined by what type of gas and 
distance it is in between the electrodes) the capacitor is discharged by the 
spark. 

Recharging takes place through a current source and as soon as the 
breakdown voltage is reached again, the next spark takes place. The 
frequency of the spark, which was set to 300 Hz, is determined by the 
breakdown voltage, the capacity and the charging current. Since the distance 
between the electrodes influence the breakdown voltage you need a feedback 
mechanism that monitor the gap between the electrodes for a stable 
generation of particles [20]. The machine can automatically keep the 
breakdown voltage constant by using servo motors to adjust the gap between 
the electrodes. The aerosol generator contains two cylindrical electrodes with 
a diameter of about 3 mm separated by a 2 mm gap in the middle of the 
chamber (see Fig. 3). One of the electrodes is connected to a 20 nF capacitor 
which is charged by a high-voltage source were the output current can be 
adjusted. 
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Figure 3 Schematic of an aerosol generator (Reproduced by permission of M Messing, LTH) 

 

 

2.4 Particle formation 

In the vicinity of the spark, a very high local temperature of about twenty 
thousand Kelvin is created which evaporates a small fraction of the material 
in the electrodes (purity > 99.9 %) forming a vapor made of gadolinium 
atoms (see Fig. 4a). This evaporation supersaturates the small volume 
between the electrodes making homogeneous nucleation, or self-nucleation, 
possible. The atoms cluster together and serve as nucleation sites themselves. 
At first the vapor is quickly cooled through adiabatic expansion and radiation 
but is then, below the evaporation temperature, cooled mainly by thermal 
conduction with the surrounding cold gas. 
 
Because the vapor cloud created by the spark is small, the cooling below the 
boiling point is relatively fast leaving a highly concentrated volume of small 
particles. These small particles are the result of atoms coagulating forming 
clusters (see Fig. 4b). These clusters in turn begin to coalesce into spherical 
particles (see Fig. 4c), so called “primary particles” [17]. 
 
If the temperature is high enough, particles quickly fuse together completely 
and grow in size but still retain a spherical shape. When the temperature is 
not high enough, coalescing is slowed so that only partly fused particles are 
formed (they still form atomic bonds with each other). Here the size still 
increases but they also take on a more non-spherical shape and may exhibit 
“necking” (see TEM-image presented in Fig. 11c). 
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Depending on the material and the energy of the spark they vary in size 
between one and ten nanometers [18]. 
 
The newly formed primary particles are then transported away by a carrier 
gas consisting of ultra-pure nitrogen (purity > 99.998%) at a rate of 5.4 l/min 
through an outlet. If the chamber is not flushed properly, positive ions still 
present in the gap might capture free electrons needed for the creation of the 
plasma channel, resulting in a varying breakdown voltage which might cause 
variations in the size of the primary particles and a loss of a steady stream of 
particles. 
 

Due to the large concentration of primary particles they will collide with each 
other and begin to agglomerate (see Fig. 4d). When the temperature decreases 
further so that no fusion is possible, the particles begin to agglomerate into 
larger particles. Agglomerates can form due to van der Waals force between 
the primary particles. This is the way larger particles are formed in most 
materials but it is especially true for materials, like gadolinium, that quickly 
form an oxide layer preventing metal-metal contact between the primary 
particles [17]. Outside the spark gap, where room temperature can be 
assumed, the rate of agglomeration increases. When the particle volume, at 
the end of the spark chamber, is diluted by the increase in volume 
agglomeration decrease and eventually stops because of the large distance 
between the particles in the gas flow. At this stage the particles are 
polydisperse, i.e. they are of different size, and are both spherical and non-
spherical. Some of the agglomerates may completely fuse together forming 
spheres (see Fig. 4e). 

 

 

 

 

 

 

 

 

 

 

 

 

a.
) 

b.
) 

c.
) 

d.
) 

e.
) 

Figure 4 Particle creation: a.) Atomic vapor, b.) Coagulation, c.) Coalescence, d.) Agglomeration, e.) 
Spheres 
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2.5 Neutralizer (bipolar charger) 

An accurate measurement of the size of the fabricated nanoparticles is 
searched for. Therefore labeling of the particles is needed. Labeling can be 
done by attaching electric charge to the particles in question and this is where 
the neutralizer comes into play. Here the particles are transported by the 
carrier gas through a bipolar charger which consists of a tube containing a 
radioactive β-emitting Nickel source [21]. The neutralizer produce both 
positive and negative ions that by diffusion attach themselves to the 
nanoparticles creating positively, negatively and neutrally charged particles 
[24]. About 98-99% of the total amounts of particles are neutrally charged 
while about 1-2% is distributed among positive and negative charged 
particles [10]. For particles of such small size as these nanoparticles, most 
particles are singly charged due to the Coulomb blockade-effect [14, 22]. 

One advantage with the neutralizer is that it gives a well defined Boltzmann-
charge distribution that when scanning the mobility distribution, using the 
differential mobility analyzer (DMA, See 2.6), can be converted into a size 
distribution. The disadvantage with the neutralizer is that the concentration 
of charged particles is only about one percent of the input concentration 
which lowers the yield of the machine [21] and may also, combined with 
other losses in the system, cause problems of actually finding any particles 
when analyzing the substrates with for example AFM or TEM if the 
concentration of generated particles is low from the beginning. 

 

2.6 DMA1 

Charged particles are sent through a differential mobility analyzer (DMA) for 
the first size selection (see Fig. 5) after the neutralizer process. The DMA 
selects the particles according to their aerodynamic mobility in an electric 
field by using the fact that electrical mobility of singly charged particles is 
roughly inversely proportional to the diameter and proportional to the 
charge (See Equation 1). In other words, the DMA works by balancing the 
electrical force on a charged particle with the drag force as it moves through 
the gas. For selection of negatively charged particles, the central electrode (an 
inner cylindrical rod connected to a variable high voltage dc power supply) is 
kept at a positive potential and the surrounding cylindrical housing is 
connected to ground to create an electric field. The charged particles are sent 
by a stream of gas through the electric field that is perpendicular to the 
direction of the flow. The field causes the negative particles to be attracted to 
the positive electrode while flowing through the DMA. 
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Particles with higher electrical mobility will stick to the nearest portion of the 
electrode while the particles with lower mobility will be carried along with 
the gas flow [32] towards the end of the rod. Here negatively charged 
particles are chosen because of a higher charging probability in the 
neutralizer thereby increasing the yield of generated particles [37]. By tuning 
the electric field to preferable diameter of the charged particles, they are 
given enough speed to follow the gas flow to the opening at the top of the 
DMA (see Red line Fig. 5). Negative particles with larger mobility will hit the 
central electrode (see Blue line Fig. 4) while negative particles with lower 
mobility (or particles with neutral charge) will follow the flow out into the 
filter (see Black line Fig. 5). Positively charged particles will feel the force 
from the positive electrode and stick to the housing. This enables one to 
extract a very narrow size distribution with an error of about five percent of 
the mean diameter [22]. 

The particles are charged after the DMA, either positively or negatively 
depending on what polarity was chosen for the field in the DMA. Most 
particles are singly charged but some may have two or more charges even 
after selection. This is because agglomerated particles with extra charge but 
larger diameter, for example, may have the right charge to mass ratio to slip 
by the DMA (see Equation 1). The electrical mobility can be calculated as 
follows: 

 

Z=
vTE

E
=

neCc

3πηd
 

Equation 1 Electrical mobility, Z 

 

Here Z is the electrical mobility, vTE  is the electrostatic velocity, E is the 
electric field, d is the aerodynamic diameter of the particle, n is the number of 
elemental charges e, η is the viscosity of the carrier gas and Cc is a 
Cunningham slip correction factor. 
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Figure 5 Schematic of a differential mobility analyzer, DMA (Reproduced by permission of B Meuller, LTH) 

 

 

2.7 Compaction furnace (Sintering) 

For many practical applications as for example seed particles for growth of 
nanowires or for biological functionalisation, spherical particles are often the 
choice. As we have observed from the TEM-images (see Fig. 8) the particles, 
after spark generation, are mostly non-spherical and have formed into 
clusters of various shapes due to fusion and agglomeration. 

To remedy the variation in shape of the clusters, they are taken through a 
compaction furnace to be sintered (see Fig. 2). Sintering is a mechanism that 
is driven by the reduction of total particle surface energy mainly by atomic 
diffusion [23]. 

Here the furnace holds a temperature of 1100 °C which is about half of the 
bulk melting point for Gd2O3 (Tm=2350 °C). The temperature is chosen so that 
the agglomerated particles never reach the melting phase, were they can 
lower the energy by becoming faceted. Instead we want them to begin to fuse 
(coalesce) into spherically shaped particles. One problem with sintering is 
that in the oven, having a temperature above 500°C, thermal charging occurs 
[11] with a probability directly proportional to the temperature. This will 
reduce the number of singly charged particles and instead increase the 
amount of multi charged particles lowering the concentration of right sized 
particles. 
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2.8 DMA2 

Due to the compaction furnace, and the following reshaping, there is a need 
for a second size measurement in the DMA2 (see Fig. 2). Multi-charged 
particles will appear to be smaller than they are when classified in the second 
DMA. The effect of thermal imaging has been investigated in a limited study 
for both gold and tungsten (Magnusson et al., 1999). The study showed that 
recharging occurs with no significant differences between the two materials 
making it plausible to assume that thermal charging will affect Gd2O3-
particles as well. The most likely candidates as a source for electrons are the 
particles themselves, the carrier gas or the furnace walls. This phenomenon is 
not well understood but can have a large impact on the yield when 
producing nanoparticles. 

 

2.9 Electrometer 

The amount of particles is measured by an electrometer (see Fig. 2) after the 
second size selection. The electrometer measures the number of charges that 
hit a filter. This is in turn translated into a voltage signal corresponding to the 
amount of particles that make it through the final selection in DMA2. 

 

2.10 Electrostatic precipitator 

One of the most commonly used control devices for collecting emissions from 
boilers, incinerators and many other industrial processes is the electrostatic 
precipitator (see Fig. 2) [19]. Compared with mechanical devices, the 
electrostatic precipitator has a high efficiency when it comes to particle 
collection [19]. Here it is used to draw the particles from the gas flow down 
onto a substrate. The negatively charged particles are flowed over the 
substrate with positive potential and made to stick onto the surface by 
electrostatic forces. 

 

Particles that are not stuck on the substrate in the precipitator are flushed out 
by the gas flow into a filter were they can safely be removed and taken away 
for storage or incineration. 



14 

 

3. Characterization methods for aerosol particles 

In order to characterize aerosol nanoparticles according to their size, shape, 
structure and chemical composition, a so called morphological 
characterization is done. Since the particles are so small, ordinary optical 
microscopes can not be used. Instead, methods that utilizes wavelengths 
much smaller than visible light must be used such as AFM, SEM and TEM. 

 

3.1 AFM 

Atomic force microscopy (AFM) is a type of scanning probe microscopy, 
were you can do measurements on the nanometer scale. A cantilever with a 
sharp tip (probe) at its end scans the surface by sensing the spacing between 
the tip and the surface. AFM can be operated in several modes. It is either 
measuring the topography or using the topography to give information about 
the surface in the measurement of another parameter (magnetic forces, 
electric forces, chemical bonding etc.). For our purpose we use the so called 
“tapping mode”. Tapping mode alternately places the tip on the surface to 
provide high resolution and then lifting the tip of the surface to avoid 
dragging effects. Tapping mode is done by oscillating the cantilever at or 
near its resonant frequency using a piezoelectric crystal. When the tip is near 
the surface the cantilever oscillations are reduced due to energy loss to the 
surface. The reduction of oscillation amplitude is used to identify and 
measure the surface. This mode allows high resolution topographic imaging 
of samples that are easily damaged, loosely held to the substrate or otherwise 
sensitive to contact. Very little sample preparation and no vacuum are two 
benefits of the AFM-method. 

 

3.2 SEM 

Scanning electron microscopy (SEM) is a type of microscope that images the 
sample by scanning the surface with a high-energy electron beam in a raster 
scan pattern. In SEM you create the image by using the backscattered 
electrons instead of the transmitted electrons as in TEM which eliminates the 
need for ultra-thin samples. The signal is a result of the interaction of the 
beam with atoms at or near the surface of the sample. Other types of signals 
that can be measured come from secondary electrons, characteristic X-rays, 
light or specimen current. The spot size and the interaction volume are both 
large compared to the distances between atoms, so the resolution of the SEM 
is not high enough for atomic resolution, as is possible with modern TEM-
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equipment that uses shorter wavelengths. Depending on the instrument, the 
resolution can vary between 1 nm and 20 nm. The SEM compensates for this 
by having the ability to image a comparatively large area of the specimen, 
making it possible to identify greater number of particles. SEM requires 
samples to be imaged under vacuum because a gas atmosphere rapidly 
spreads and attenuates the electron beam. 

 

3.3 TEM 

Transmission electron microscopy (TEM) is a method where a beam of 
electrons, instead of visible light, is transmitted through an ultra thin sample, 
interacting with the atomic structure as the electrons pass through. The image 
made by the electrons coming out underneath the sample is magnified and 
focused onto an imaging device such as a fluorescent screen or a CCD 
camera. In this way electron intensity is transformed into visible light making 
it possible to obtain the image in real time. Due to the small de Broglie 
wavelength of the electrons used for imaging, resolution is about 0.2-0.5 nm 
enabling very fine details such as crystal structure to be observed. One 
drawback with TEM is that very thin samples must be used. Therefore a 
copper grid covered with a thin film made of carbon, to which the 
nanoparticles are attached, is used. The TEM-machine also gives the 
possibility to measure the elemental composition of the nanoparticles found 
during the measurements by measuring the characteristic X-rays coming out 
of the sample. 
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4. Results and discussion 

Using the Palas GFG 1000 to produce nanoparticles of different sizes by 
means of spark discharge turned out to be a simple and straightforward 
method. The machine has several aspects worthwhile studying, making 
future research very interesting. The system is easy to operate and when the 
right settings have been found, production of particles of high purity can 
easily be reproduced. Vaporization/condensation is a clean, cheap and 
flexible method capable of generating particles of different materials. The 
amount of manufactured particles can be increased by having multiple 
generators operating in a parallel fashion. Also, bi-metallic particles can be 
manufactured either by having two different electrode materials in the spark 
generator or by adding a vapor deposition step to the process, making it 
possible to coat the individual particles for specific purposes. 
 
The electrical motor that maintains the gap between the electrodes seem to 
have problems operating in a stable manner when it comes to making 
nanoparticles from gadolinium. This is not unique for gadolinium. We 
preliminary assume that there is a correlation between the degree of 
oxidation of the material (standard electrode potential) based on earlier 
experiments [42]. The erratic production of particles by the spark generator 
allows us to suspect that the rapid oxidation of Gd somehow affects the 
feedback mechanism that keeps the breakdown-voltage constant thereby 
decreasing the stability of the system in a negative manner. This is an area 
that needs further investigation but is outside the scope of this study. 
 
Further problems with gadolinium turned out to be the diameter of the 
electrode. At first, electrodes with a diameter of 6.35 mm were tried. This try 
was unsuccessful when it came to producing particles below 18 nm and the 
particle concentration was also very low. The concentration on the substrate 
was, at best, about 3/µm2 if you wanted a reasonable deposition time (below 
1 hour). Next, electrodes with a diameter of 3.0 mm were tried instead. 
Directly upon measurement, improvements when it came to producing 
particles of decreased size down to 10 nm could be reported. The amount of 
particles increased as well and it was possible to deposit particles onto the 
substrate with a concentration of 20/µm2 within 30 minutes for all sizes that 
was produced (10, 20 and 40 nm particles). This improvement in particle 
concentration could later be verified by SEM-measurements (see Figure 6). 
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Figure 6 SEM-images of different sized Gd2O3-particles deposited on silicon substrates with a concentration 
of 20/µm2: 40 nm (Left), 10 nm (Right) 

 

4.1 Particle size analyses 

When using the spark generator several parameters are possible to 
manipulate. These are: Gas flow, gap distance, electrode material, type of 
carrier gas, shape and diameter of the electrodes, discharge frequency and 
sintering temperature. The different impact they have on the final result 
either by themselves or by affecting other parameters needs to be further 
investigated. Previous studies [18, 33, 38] show that discharge frequency and 
electrode material are the two parameters that heavily influence particle size 
and concentration. Other studies [38, 39] indicate that the distance between 
the electrodes and the gas flow also play an important roll. The spark 
generator, that was used for this pilot study, had a gap with a fixed distance 
of 2 mm between the electrodes and could only move about one tenth of a 
millimetre. When it comes to gas flow, a more detailed study is needed to 
judge the effect on size and concentration. Here other studies [38, 39] have 
shown that changing the gas flow had little or no effect on size while particle 
concentration increased if the gas flow was decreases and vice versa. Most 
likely this is due to a change in coagulation rate. A low coagulation rate due 
to a rapid gas flow will give smaller particles that are more difficult for the 
neutralizer to charge and therefore invisible to the DMA lowering the particle 
number concentration. Change of carrier gas (Ar instead of N) can also 
decrease the size of primary particles since different gases have different 
breakdown voltages. 
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For the discharge frequency, a moderate increase in particle concentration 
could be obtained when the frequency was increased according to the same 
study. This is because an increase in the discharge frequency will lead to 
more material being evaporated producing more particles. That increase in 
particle concentration will produce primary particles with larger diameter 
since more particles will be able to collide with each other and thereby 
increasing the coagulation rate resulting in larger particles and therefore 
easier to charge. However it was observed that for a specific particle-size, a 
certain gas flow and a certain discharge frequency was needed in order for 
the particle concentration to be maximized and only very small changes 
could be done without affecting the result. 

The choice of electrode material also affects the size and concentration of 
particles. This is most likely because of different physical properties of the 
electrode material. According to [12, 33] materials with high electrical 
resistivity and low thermal conductivity generate particles with a higher 
number concentration compared to materials with a lower electrical 
resistivity and higher thermal conductivity. Here a lower thermal 
conductivity means less dissipation of thermal energy used for vaporization 
of the electrodes, leading to a more efficient aerosol formation. This could not 
be verified by this study. On the contrary, we instead got equal to or lower 
concentrations for all sizes compared to data collected by [38]. This is even 
more remarkable since studies made earlier [36] showed that thermal 
conductivity of oxide and fluoride films is as much as two orders of 
magnitude lower than the thermal conductivity of the corresponding bulk 
solids [36]. Accordingly, with Gd-rods coated by a film of Gd2O3 (a high-k 
dielectric), we should have much higher concentrations than we actually get. 
This indicates that there is some sub-optimization of the experimental set-up 
and its parameters. 

Other factors that will affect the size of the particles are the distance between 
the electrodes and their shape. When the breakdown voltage is increased, the 
temperature is not increased which might at first appear as a contradiction. 
Instead larger portions of the electrodes are vaporized giving larger particles 
[34], leading to a possible explanation as to why there is such difficulty in 
producing particles below 10 nm. This problem can most likely be solved by 
decreasing the spark gap to around 1 mm instead of the 2mm gap that was 
used during production. Another way is to change the shape of the electrodes 
from a flat end to a more conical tip. This will reduce the amount of material 
in contact with the plasma channel thereby reducing the amount of vaporized 
material leading to a smaller particle diameter. 
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The latter solution is probably not an alternative due to difficulty involved 
when mechanically reshaping Gd-rods. Control of primary particle size, for 
production of a narrow size distribution, is a key parameter if you want to be 
able to tailor the size dependent properties of the material for specific 
applications. 

 

4.2 Structural and compositional analyses 

Neither XPS nor XRD was possible for compositional and chemical analyses 
due to the fact that the particle concentration on the specific substrates 
prepared in this pilot study, was much to low. Here trying to place the 
measuring spot on a specific particle would be to difficult. Instead energy 
dispersive X-ray spectroscopy (EDX), which is connected to the TEM-
machine, was used for elemental analyses. The peaks in the spectrum showed 
the presence of both gadolinium and oxygen giving indication of a particle 
made of Gd2O3 rather than pure Gd. Further evidence of this was found 
when a Fast Fourier Transform-calculation (FFT) was applied to the collected 
data taken from the TEM-image (see Fig. 7). Here the calculated atomic 
planes coincided to a high degree with tabulated data found in 
crystallographic databases for Gd2O3. These findings make it plausible that 
the particles are made of Gd2O3 and not pure Gd with an oxide layer. 
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Figure 7 TEM-image of a 40 nm Gd2O3-particles on a copper-grid (left). A computed Fourier Transform-
image, with data taken from the nanoparticle on the left, showing dots corresponding to different crystal 
planes of the particle for Gd2O3 (Right): A) 4 4 0, B) 1 2 3, C) 2 2 2, D) 4 0 0 

 

 

Electron microscopy also revealed that the particles were crystalline. This is 
important since a high degree of crystallinity is desired for most applications. 
This can be seen in the TEM-image above (see Fig. 7), where the atoms are 
arranged in a long-range order throughout the crystal in the form of parallel 
planes. 

 

4.3 Sintering of particles 

Particles, produced in this work using the Palas generator, have non-
spherical shapes and are agglomerated. A reshaping step might be necessary 
to yield more uniform, compact and spherical particles. A spherical particle is 
not a requirement but will make theoretical calculations [25] and comparison 
with experiments easier to evaluate. Therefore the sintering behavior of 
different sized particles is of major interest. The created particles consist 
mainly of polycrystalline clusters having a more chainlike than spherical 
shape (see Fig. 8). One drawback with the DMA is that it is constructed to 
size-select spherical particles. This will, for non-spherical agglomerate 
particles, make the size distribution less monodisperse. This is shown in Fig. 
8 where different sized and non-spherical particles have made it through the 
DMA even though they are, for our aims, of non suitable size and shape. 
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Therefore a reshaping step is necessary to be able to produce spherical 
particles with correct mobility diameter. Previous observations [32] have 
shown that there exists a difference in measured particle diameter made by 
the DMA and the diameter obtained from the TEM-images. Since there is a 
discrepancy between the real size and shape and the perceived size and 
shape by the DMA, a thorough investigation concerning sintering 
temperature and its effect upon actual size and shape obtained from the 
TEM-images must be made. Only then can the optimal sintering temperature 
for each particle size be found. 

Figure 8 TEM-images of agglomerated 40 nm Gd2O3-particles before sintering 



22 

 

 

 

 

 

 

 

 

 

 

Inside the furnace the agglomerated particles are processed in two steps. First 
compaction occurs. Here surface atoms diffuse due to a more favorable 
energy state and thereby decrease the surface area. Second step involves 
internal rearrangement and the elimination of voids between the 
agglomerated primary particles. During sintering the particles become more 
spherical and less polycrystalline. This involves surface diffusion, volume 
diffusion and the removal of grain boundaries. A fully compacted and 
spherical particle has no grain boundaries, is single-crystalline and has a 
smooth surface (see Fig. 9). 

Due to time restrictions there was not enough time to do a thorough 
investigation of the correct sintering temperature. This is a crucial step if 
particles with controlled size and shape should be obtained since the 
compaction temperature, the temperature at which the particles stop 
shrinking, varies with size (larger particles have a higher compaction 
temperature) [35]. The lack of this information makes the nanoparticles non-
spherical and the result of this can be seen in the TEM-images (see Fig. 10, 
11). To see the effect of the correct sintering temperature more experimental 
data need to be collected. Here very few of the 10 nm particles (see Fig. 10a) 
are spherical and none of the particles with a larger diameter are spherical 
(see Fig. 10b, c, d). Instead they have retained their agglomerated shape they 
received during coalescence in the spark generator. A significant increase in 
temperature is needed for the particles of size 20 nm and 40 nm. For particles 
with a size of 10 nm the temperature is much closer to the correct sintering 
temperature. This is recognized by the fact that there are both spherical and 
particles that are almost spherical showing very little necking compared to 
larger particles. 

Figure 9 TEM-image of a compacted, single-crystalline 10 nm Gd2O3-particle sintered at 
1100 °C 



23 

 

The results for Gd2O3-particles are in good agreement with existing theory 
[23] and earlier results on the reshaping behavior of nanoparticles generated 
by the vaporization/condensation method. 

 

 

Figure 10 TEM-image of Gd2O3-particles for different sizes sintered at 1100°C: a.) 10 nm, b.) 20nm, c.) 40 
nm, d.) 40 nm 

 

 

A study of the compaction temperature for metal particles [35] showed that it 
should be between 1/3 and 1/2 of the bulk melting point. The same study 
showed that for TiO2, the particles instead had a compaction temperature 
close to 2/3 of the bulk melting point. Since the sintering temperature was set 
to 1100 °C, which is more than 8/10 of the bulk melting point for Gd but close 
to 1/2 of the bulk melting point for Gd2O3 it seems unlikely that the particles 
are made of pure Gd-metal. Instead, it is reasonable to assume that the 
agglomerates consist of primary particles made of Gd2O3 leading to good 
agreement between this study and the earlier study [35]. 

a.) b.) 

c.) d.) 
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This indicates that metal-oxide particles behave differently from metal 
particles leading to a possible answer as to why gadolinium is much more 
difficult to use as an electrode material. 

Because of gadoliniums willingness to oxidize into Gd2O3 there are several 
sources for oxygen to react with the electrodes. First there is the manual 
fitting of the electrodes into the spark generator which is done in air.  

Also, since the Palace system was originally made for environmental studies, 
the possibility of diluting the aerosol with air leads to a system that is not 
airtight making it yet another source for gadolinium to react oxygen. Finally, 
we have the furnace were oxygen easily can enter into the chamber reacting 
with the sintered particles. The main sources for oxidation is probably the 
spark generator and furnace since oxidation rate increases with increasing 
temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a.) 
 

d.) c.) 

b.) 

Figure 11 TEM images of different sized Gd2O3-particles sintered at 1100 °C: a.) 10 nm, b.) 10 
nm, c.) 20 nm, d.) 40 nm 
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In this work the aerosol method [34] was compared to the modified polyol 
method [28, 30]. The aerosol system, by use of the Palace GFG 1000 aerosol 
generator, turned out to be reliable and simple to operate. It is a clean and 
flexible method with respect to degree of contamination of particles and use 
of different materials. It is also made for operating continuously creating 
almost no waste compared to the chemical waste created when using the 
modified polyol method. It was proved conclusively that it is possible to 
produce Gd2O3-nanoparticles with this method. Furthermore, the rather 
promising results on particle growth initiated with gadolinium produced by 
this generator encourage additional growth experiments using other 
materials to create for example bi-metallic nanoparticles.When it comes to 
improving the physical properties with the aerosol method, results were 
obtained that point towards a production of a narrower size distribution for 
all sizes compared to colloid chemistry. Studies made on gold nanoparticles 
[12] show that the aerosol generator is capable of producing particles with a 
narrow size distribution.  

In this work, the production of 10, 20 and 40 nm particles with a high yield 
was possible even without any previous experience with gadolinium as an 
electrode material and also without any deeper characterization of sintering 
temperature and gas flow. This is very promising for future tries when a full 
characterization concerning spark gap-distance, gas flow and sintering 
temperature have been done. Unfortunately a high enough concentration of 5 
nm sized particles was not possible to produce. One drawback with the 
aerosol method, investigated in this work, is that the amount of particles that 
was created is nowhere near the amount of particles that can be created with 
the modified polyol method. This made elemental and structural analyses by 
XRD and XPS impossible due to difficulty in placing the measuring spot on 
top of a particle. With future experimental set-ups, it might be possible to 
coat the substrates with a thin film of nanoparticles. 

The electrical motor that automatically maintains the gap between the 
electrodes appear to have problems operating in a stable manner when it 
comes to using gadolinium as a material for electrodes. By just listening to 
the noises the spark generator creates one can decide if it is operating in a 
stable manner or not. Irregular noise, like in the case of using Gd-electrodes, 
means an unstable production of particles. Since the spark generator uses a 
breakdown voltage to create a plasma channel to vaporize the material, one is 
lead to suspect that the surface layer of Gd2O3 on the electrodes somehow 
effects the conduction in a negative manner. 
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The oxide layer is suspected because a decrease in diameter from 6.35 to 3.0 
mm (while all other parameters were kept the same) achieved a decrease in 
particle size, an increase in particle concentration and a more stable 
generation of particles (less irregular noise could be heard). Gd2O3 is a 
coming high-k dielectric material for use in semiconductors because of its 
excellent isolating properties so this should not come as a surprise. However, 
since the electrode-holders for different diameters were of different materials 
(stainless steel and brass) with different conductivity values this is in no way 
conclusive evidence as to the source of the problem. This is an area that needs 
further investigation but is outside the scope of this study. 
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5. Discussion and future outlook 

Right now another aerosol system is being built in Lund. With this new 
system a whole range of possibilities will open up making future research 
much promising. One improvement in the new system is that you will be able 
to manually set the spark gap-distance. This improvement will make it 
possible to optimize the distance for each material in a way that is not 
possible on the old system. When a manual setting of the spark gap is made 
possible, correct sintering temperature reached, the holders for the electrodes 
have been optimized and a full characterization of the electrode material is 
done viz a viz gas flow and spark energy, the true power of the aerosol 
system will be realized. I have no doubt in my mind that this method will be 
able to fulfill most of our wishes in the future, especially when it comes to 
creating spherical Gd2O3-particles of 5-10 nm in diameter (or less) with a very 
narrow size distribution and high yield. Also the possibilities of creating bi-
metallic particles with specific properties will be within reach. This area of 
research was not pursued in this study since time was limited. When it comes 
to what type of carrier gas that should be used there is a study [34] showing 
that using argon instead of nitrogen will decrease the size of the particles. 
Since argon is very expensive compared to nitrogen, this must be viewed as a 
last resort when nothing else works. 

The search for multi-purpose nanoparticles is a growing field of interest and 
show great promise when it comes to fine tuning the properties of the 
nanoparticles by altering their size, composition and structure. The relative 
concentrations of the constituents of bimetallic nanoparticles can be 
controlled to improve electrical and magnetic properties, to tailor the surface 
plasmon band and to increase catalyst reaction rates due to an increase in the 
amount of triple-points. Novell mixing of materials on a nano scale would 
give access to a huge variety of new material properties. This can lead to a 
multitude of applications in areas such as optoelectronics, medicine, batteries, 
solar cells, fuel cells, computers and sensors [34]. 
 
If Gd-nanoparticles, that to a large extent is toxic and harmful to the cells in 
the body, are to be used in vivo only low doses can be used. One method 
worth pursuing when it comes to trying to retain the magnetic properties of 
Gd, and still decrease the concentration of Gd, is to replace some of the Gd3+ 
ions with non-toxic Fe3+ ions creating bi-metallic nanoparticles with 
interesting magnetic, optic and sensing properties [30]. 
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On way to generate mixed particles on the nanometer scale is to use spark 
generation. If the anode and cathode are of different materials, the 
vaporization process will mix both materials, forming bi-metallic 
nanoparticles with properties from both materials in the form of primary 
particle of different materials that form agglomerates [30, 31]. The 
agglomerates are then sintered into spherical particles ready to be 
functionalized. 
Another way of forming bi-metallic nanoparticles is by vapor deposition. 
Here one metal is vaporized in an oven and condensed onto spark generated 
particles of another type of metal creating a shell. In principle, by adding a 
vapor step to the aerosol system, nanoparticles can be extended from binary 
to ternary and higher order alloys as well as multi-shell (onion-like) particles 
with specific properties [13]. 
 

During this work several factors worked against an optimal result. First of all, 
a new material will always create unforeseen problems that need to be 
solved. This takes time and impedes us in our research. Secondly, practical 
limitations like long delivery time for new electrodes, machines that break 
down effecting measurements in a negative way or just trying to coordinate 
people from two different universities used up much needed time for 
completion of this project. With this said I think that the project was a total 
success in several important ways: It showed that it is possible to 
manufacture Gd-nanoparticles in the size range we are interested in. It also 
paved the way for new ideas and important research by dragging many 
problems of using gadolinium to the surface and solving most of them. More 
research will definitely be very rewarding and lead to future applications. 
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Appendix: Modified polyol method 

 

Recipe for Gd2O3: 2.2 g GdCl3-salt is dissolved in 30 ml DEG (diethylene 
glycol) in a flask by heating to 140°C while stirring until the salt is dissolved. 
A second mixture is made by mortaring 0.3 g NaOH (corrosive alcalide), 
adding it to 30 ml of DEG and stirring, under low temperature, until you get 
a clear liquid. Both solutions are then mixed together, stirred and heated to 
140°C and left for one hour. The temperature is then increased to 180°C and 
the solution is left for four hours. It is then left on its own to cool down. With 
this recipe the size of the particles ranges from three to seven nanometers. 
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