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Abstract
In this thesis the synthesis of nanoparticles via gas-to-particle conversion was
studied both experimentally and theoretically. In the experimental part,
nonagglomerated silver nanoparticles were produced via evaporation-condensation.
It was shown that it is possible to control the particle size and degree of
agglomeration using dilution. A new one-step process for synthesis of supported
metal catalyst nanoparticles was developed. The carrier was produced via
thermal decomposition of a metalorganic precursor and the metal was added via
evaporation-condensation. The metal was well dispersed in 1–2 nm sized
particles on the surface of the agglomerated carrier particles.
A simple system was also developed for depositing single nonagglomerated
nanoparticles with a narrow particle size distribution. The system relied on the
competition between diffusion and negative thermophoresis. Ruthenium dioxide
nanorods were synthesised via decomposition of ruthenium tri- and tetroxide
vapours. However, since no optimisation of the system was done, the size
distribution was broad.
In the modelling part of this thesis the formation of silver nanoparticles via
evaporation-condensation was studied. The modelling was done using two
different approaches. In the first approach the classical nucleation theory and a
sectional model were used, whereas in the second approach a discrete model was
used and the nucleation was described as a dimerisation process. The results
showed that for the classical nucleation theory to predict the final particle
properties in the various cases, very different correction factors, 1–15 000, were
needed. The kinetic nucleation approach gave better agreement between the
model and experimental results.
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1. Introduction
Nanoparticles are usually defined as particles less than 100 nm in diameter. They
have different and often superior properties compared with those of bulk
material. For instance, their chemical reactivity is higher, making them excellent
material for use in sensor and catalysis applications [Ichinose et al. 1992,
Edelstein and Cammarata 1996]. Nanoparticles are already used in many
applications, e.g. in TiO2-based coatings on self-cleaning glass (Pilkington, PPG
Industries) and in cosmetics as sunscreens and anti-ageing agents (L´Oréal,
Lancôme). Financial analysts have estimated that the size of the nanoparticle
market will be $900 million in 2005 and $11 billion in 2010 [Pitkethly 2003].
One convenient method for preparing nanoparticles is via the aerosol or gas
phase routes. An aerosol is defined as a suspension of solid and/or liquid
particles in a gas. Currently, pigments (TiO2), fumed silica and reinforcing
agents (carbon black) are produced via aerosol methods on an industrial scale
[Kodas and Hampden-Smith 1999, Swihart 2003]. Some reviews and books on
gas phase synthesis of materials were recently published [Gurav et al. 1993,
Hahn 1997, Kruis et al. 1998, Kodas and Hampden-Smith 1999, Swihart 2003].
In this thesis the production of nanoparticles via the gas phase routes was studied
both experimentally and theoretically. The gas-to-particle route was employed to
produce metallic as well as oxide nanoparticles in a tubular flow furnace. To
control the size and shape and hence the properties of these particles,
understanding of the mechanisms involved in particle formation is crucial.
Therefore the tube furnace was modelled, using a detailed microphysical model
including all relevant aerosol dynamic processes affecting the particle size
distribution.
The objectives of this thesis were to investigate how quenching affects
nanoparticle properties, to develop aerosol synthesis methods for supported
metal nanoparticles as well as ruthenium dioxide nanorods, to develop a simple
setup for the deposition of particles with a narrow size distribution and to study
the nucleation and growth of silver nanoparticles in detail via modelling.
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The work in this thesis was published in 5 papers. In paper I spherical
nonagglomerated silver nanoparticles were produced using an evaporationcondensation method. Particle formation was modelled using the classical
nucleation theory and the particle size distribution was described with a sectional
method. In paper II the formation of Ag nanoparticles was also modelled, in
which a discrete model was used to represent the particle size distribution and
nucleation was described as a dimerisation process. This model was applied for
the first time to nucleation in materials synthesis.
Traditionally, supported catalysts are prepared using wet chemistry. In these
processes several steps such as drying and calcination are needed. In paper III a
new one-step process for the production of metal oxide-supported catalyst
nanoparticles was developed. The system was tested by producing Ag/TiO2
particles, which have several applications, e.g. as catalysts and photocatalysts.
The anatase phase is the more active phase in both applications. It has been
shown that adding silver increases the photocatalytic activity of titania. The
optimum amount of silver is between 0.5% and 4% [see e.g. Kondo and Jardim
1991, Vamathevan et al. 2001, He et al. 2002, Dobosz and Sobczynski 2003].
Since particles with a narrow size distribution are needed in many applications, a
simple setup for deposition of nearly monodispersed particles was constructed in
paper IV. The system relied on competition between diffusion and negative
thermophoresis. Finally, in paper V, RuO2 nanorods were synthesised via
decomposition of gaseous RuO3 and RuO4. These volatile species were formed from
RuO2 powder at high temperature oxidising conditions. This technique is generally
referred to as the chemical vapour transport technique. RuO2 has many interesting
areas of application, e.g. as resistors, catalysts and electrochemical capacitors.
This thesis is organised as follows. In chapter 2 nanoparticles and the aerosol
methods used to produce them are discussed. The key aerosol dynamics
processes are also briefly presented. The experimental methods and analysis
techniques employed in the thesis are described in chapter 3, whereas in chapter
4 the modelling tools used are briefly presented. In chapter 5 the most important
experimental results are discussed. The key mechanisms involved in particle
formation and growth processes in each case are discussed in detail. The
modelling results are briefly discussed in chapter 6 and finally the conclusions
are drawn in chapter 7.
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2. Synthesis of nanoparticles via aerosol
methods
In the first part of this chapter the advantages and production methods of
nanoparticles will be briefly addressed. Then a short overview of aerosol
methods for production of nanoparticles will be given. The method used in this
thesis, the gas-to-particle route, will be described in further detail. The
advantages and drawbacks of the various production methods will also be
discussed. Finally, the most important aerosol dynamics processes will be
presented.

2.1 Nanoparticles
Nanoparticles are commonly defined as particles less than 100 nm in diameter
[Ichinose et al. 1992, El-Shall and Edelstein 1996]. Due to this small size,
nanoparticles have a large fraction of surface atoms, i.e. a high surface-tovolume ratio. This increases the surface energy compared with that of bulk
material. The high surface-to-volume ratio together with size effects (quantum
effects) give nanoparticles distinctively different properties (chemical,
electronic, optical, magnetic and mechanical) from those of bulk material. For
instance, nanoparticle-based semiconductor sensors exhibit higher sensitivities
to air pollutants and have lower detection thresholds and lower operating
temperatures [Baraton and Merhari 2004]. In various applications e.g. electronic,
magnetic and optical [Kruis et al. 1998], in bioanalysis [Penn et al. 2003] and in
environmental remediation [Kamat and Meisel 2003, Zhang 2003], nanoparticles
are used.
Nanoparticles can essentially be prepared in 3 different ways: via mechanical
attrition, wet phase or gas phase methods. The properties of the final product
may differ depending on the fabrication route. In mechanical attrition the bulk
material is reduced in size via milling. This is a simple technique with low-cost
equipment, however, it produces particles with a broad size distribution, and
contamination from the milling machinery is often a problem. [Ichinose et al.
1992, Edelstein and Cammarata 1996, Tjong and Chen 2004]
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In the wet phase methods, well-defined quantities of different ionic solutions are
mixed. The conditions (temperature and pressure) are well controlled to promote
the formation of insoluble compounds that precipitate out of the solution. To
produce a dry powder, the precipitate is then filtered and/or spray-dried. With
these methods a large variety of compounds can be fabricated using rather
inexpensive equipment, however, bound solvent molecules can be a problem and
the yield can be quite low. [Ichinose et al. 1992, Edelstein and Cammarata 1996,
Pitkethly 2003, Tjong and Chen 2004]

2.2 Aerosol methods for nanoparticle production
The aerosol methods for production of material particles can be divided into the
gas-to-particle and the liquid/solid-to-solid routes. In the liquid/solid-to-solid
route the product particles are formed from droplets or solid reactant particles
via intraparticle reactions. Using this method it is possible to produce single- and
multicomponent materials with controlled levels of doping with many elements.
The chemical composition of the particles is homogeneous. It is a continuous
process that can be scaled up. However, this is a complicated technique since
many different physical and chemical phenomena (e.g. evaporation of the
solvent, chemical reactions) can occur simultaneously. [Gurav et al. 1993, Kodas
and Hampden-Smith 1999]
The gas-to-particle route is a commonly utilised method when nanoparticles are
to be produced via aerosol methods. In this route, particles form via nucleation
from a supersaturated vapour. Supersaturation can be achieved via physical
processes such as cooling of a hot vapour or via chemical reactions of gaseous
precursors, which results in the formation of condensable species. Solid,
spherical or nearly spherical particles with narrow particle size distributions can
be produced. Very small particles on the order of nanometres can be produced
and the final product is often of high purity. However, the production rates may
be low in some setups and multicomponent materials may be difficult to
produce. There may also be problems with hazardous reactants and by-products.
[Gurav et al. 1993, Kodas and Hampden-Smith 1999] The degree of
agglomeration of the synthesised nanoparticles can be controlled by varying the
process conditions, e.g. the initial concentration of precursor, maximum
temperature, residence time and cooling rate [Tsantilis and Pratsinis 2004].
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Particle formation from gaseous species is often divided into 2 routes: physical
and chemical, depending on how the supersaturation needed for particle
nucleation is achieved. However, they are identical in terms of the aerosol
dynamics that occurs once the condensable species have formed. In the physical
route, the solid precursor and the final product are the same material. This makes
the route simple, since no chemical reactions occur in the gas phase. However,
temperatures high enough to vaporise the precursor are needed, this limits the
materials that can be processed. [Gurav et al. 1993, Kodas and Hampden-Smith
1999] Since the yield in evaporation-condensation synthesis of nanoparticles tends
to be low, studies have been undertaken on how to increase it [Singh et al. 2002].
In the chemical route, the production rates can be significant if a precursor with
high volatility is available. Therefore, chemicals such as metal chlorides or
metalorganic compounds are often used; titania is produced on an industrial
scale from TiCl4 using this method. However, in using metal chlorides or
metalorganic compounds there is a possible risk of contaminating the final
product. Chemical vapour deposition can occur on the walls of the system,
which may decrease the yield in particle production. [Gurav et al. 1993, Kodas
and Hampden-Smith 1999] Composite particles can be produced, using the
chemical route. Various intraparticle structures (from core-shell to mixed-type)
may be produced, depending on the mixing order of the reactants [Lee et al.
2002]. The precursor may affect the properties of the final product under
constant processing conditions [Yoon et al. 2003], due to the differences in
chemistry of the species involved.

2.3 Aerosol dynamics
Once a sufficiently high supersaturation is achieved as a result of formation of
condensable species, nucleation occurs. After nucleation, particle growth can
proceed in two different ways: via condensation or coagulation [Hinds 1999].
Growth via condensation occurs at low particle concentrations where few if any
collisions occur. This is often the case in laboratory systems, where monomers
condense onto the already existing particles, resulting in spherical particles.
Growth via surface reaction can also occur [Kodas and Hampden-Smith 1999]. At
high particle concentrations, particles grow via coagulation as they collide and
coalesce. If coalescence is rapid, complete fusion can occur before the next
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collision, thus producing spherical particles, this growth mode is termed collisionlimited growth. However, if coalescence is slow and collisions occur before
complete coalescence has been achieved, agglomerates are formed, this growth
mode is termed coalescence-limited growth [Lehtinen et al. 1996]. In real systems
conditions are seldom strictly collision- or coalescence-limited, but intermediate
and so produce partially sintered nonspherical particles [Wu et al. 1993].
It is important to understand the transport of particles in the gas phase, because it
decreases the yield in particle production due to deposition. Transport
phenomena are also important in collection of particles produced. In addition,
these phenomena influence the properties of the particles.
All particles in the gas phase undergo Brownian diffusion, i.e. random motion
due to collisions with gas molecules. Even though the motion is random at
atomic scales, it results in net particle transport from regions of high to low
concentration. Particles also collide with each other due to diffusion. The
diffusion velocity is strongly dependent on particle size: the smaller the
particles, the higher their diffusion velocity. Deposition via diffusion is
important only for submicron particles and short distances. [Hinds 1999,
Friedlander 2000]
Aerosol particles are also influenced by external fields. Particles in a thermal
gradient experience a force, thermophoresis, in the direction of lower
temperature, which makes the particles deposit in cold regions of the system.
The thermophoretic velocity is nearly independent of particle size for submicron
particles and is directly proportional to the thermal gradient. [Hinds 1999,
Friedlander 2000]
The transport of charged particles in an electric field is referred to as
electrophoresis. The electrophoretic velocity is inversely proportional to the
particle size and directly proportional to the electric field and charge of the
particle, which is also dependent on the particle size. Electrophoresis can be
utilised when characterising, separating or depositing particles. [Hinds 1999,
Friedlander 2000]
In gravitational fields particles settle, however, this becomes important only for
particles larger than 1 µm and is usually not an issue in gas-to-particle
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conversion systems. Large particles can be collected using settling if sufficiently
long residence times are allowed. However, in aerosol processing of materials
the residence times are usually less than 1 min. [Hinds 1999, Friedlander 2000]
If no other forces influence the motion of the particles, they follow the gas
streamlines. However, if the gas stream changes direction, as for instance in a
pipe bend, larger particles cannot keep up with the change in flow. Due to inertia
they may continue in the original direction and impact. Particles larger than 1
µm are mostly affected by inertial impaction. Inertial impaction is taken
advantage of when collecting particles, e.g. in cyclones, and when classifying
particles in inertial impactors. [Hinds 1999, Friedlander 2000]
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3. Experimental methods
In this chapter the experimental setups used to produce nanoparticles via gas-toparticle conversion are briefly presented. The main characterisation methods
used are also introduced.

3.1 Particle production
A tubular flow furnace (Entech, ETF20/18-II-L) was used in all the experiments
carried out in this thesis. The furnace was 110 cm long and had two heating
zones, each 40 cm long. These zones were separated by a 38-mm layer of
insulation. Since the furnace tube was heated through radiative heat transfer,
there were 131 mm of thermal insulation at both ends. The inner diameter of the
ceramic (Al2O3, 99.7%) furnace tube was 22 mm. The maximum temperature of
the furnace was 1800°C and the system was operated at atmospheric pressure in
all experiments. Flow rates between 5 and 10 l/min were used, corresponding to
residence times of 0.9–0.4 s. A schematic of the experimental setup used to
produce supported metal nanoparticles (paper III) is presented in Figure 1, all
other setups were modifications of this system. The details are presented in the
experimental sections of each paper.
The precursor feed was realised in two different ways, depending on the physical
state of the precursor. In experiments with a solid-state precursor (Ag or RuO2
powder; papers I–III, V), it was placed in a ceramic (Al2O3, 99.7%) crucible,
which was placed above either the first or the second heating block of the
furnace. When using liquid titanium tetraisopropoxide (TTIP) precursor (papers
III, IV) it was fed from a temperature-controlled vaporiser, placed upstream of
the furnace, by bubbling the carrier gas through. The lines from the vaporiser to
the furnace were heated with heating tapes to prevent the vaporised precursor
from condensing before reaching the furnace.
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Figure 1. Schematic of experimental setup used to produce supported metal
nanoparticles (paper III).
In some experiments (papers I–III) a porous tube diluter was placed directly
downstream of the furnace to quench the exiting gas stream. The aerosol was
diluted to promote the formation of small particles and to prevent agglomeration.
In the porous tube diluter the aerosol flow is diluted with gas that flows through
a porous tube into the inner tube. Using a porous tube diluter the losses resulting
from diffusion and thermophoresis can be minimised [Auvinen et al. 2000].
Sampling of the particles produced was done downstream of the furnace using a
j-shaped probe pointing upstream against the flow. The sample was diluted,
using a porous tube diluter in all experiments.

3.2 Characterisation methods
The number size distribution of the nanoparticles produced was measured with a
differential mobility analyser (DMA; TSI 3081 or 3085) [Knutson and Whitby 1975]
and a condensation nucleus counter (CNC; TSI 3022 or 3025) [Agarwal and Sem
1978]. Before entering the DMA, the aerosol passes a preimpactor that removes the
largest particles and a neutraliser (bipolar charger) in which the particles are charged to
the Boltzmann equilibrium distribution. In the DMA the particles are separated
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according to their electrical mobility in an electric field. At each voltage only particles
within a narrow mobility range (and particle size) are able to exit the DMA. After
exiting the DMA the aerosol enters the CNC, in which the particle concentration of
each mobility fraction is measured. In the CNC the particles are grown by condensing
butanol onto them, after which they are detected and counted optically. The system
was used in the scanning mode [Wang and Flagan 1990] and controlled with the
Aerosol Instrument Manager software version 4.0 (TSI).
Depending on the size of the particles produced in the experiments, either DMA
model 3081 and CNC model 3022 or DMA model 3085 and CNC model 3025 were
used to measure the number size distribution. The DMA model 3085 is optimised
for particles less than 20 nm in size. It was designed to reduce the effects of
diffusion by decreasing the residence time in the DMA [TSI 1999]. The first
combination (DMA 3081, CNC 3022) can measure particles between 10 and 1000
nm in size, whereas the second combination (DMA 3085, CNC 3025) can measure
particles between 3 and 150 nm. The concentration range is 2 to 108 particles/cm3
and 20 to 107 particles/cm3, respectively [TSI 1990, TSI 1999]. In the experiments
reported in papers I and II, DMA model 3085 and CNC model 3025 were used to
measure the silver nanoparticles produced. In the other experiments the particles
were larger and therefore DMA model 3081 and CNC model 3022 were used.
The particles were collected from the gas phase on carbon-coated copper grids
using a point-to-plate electrostatic precipitator. These samples were used to
analyse the morphology and crystallinity of the particles in a transmission
electron microscope (TEM). The TEM used in this study was a Philips CM-200
FEG/STEM. A scanning electron microscope (SEM, Leo Gemini 982) was also
used in papers IV and V to perform analysis.
Various other characterisation techniques were also used in this thesis. For
instance, the crystallinity of the powder produced in paper III was analysed
using X-ray diffraction (XRD), which relies on the interaction of X-rays with a
crystalline material. This interaction can be described by Bragg's law, which
relates the lattice spacing to the X-ray wavelength. The specific surface area of
the samples was determined with the Brunauer-Emmet-Teller (BET) method, in
which a gas (in this case nitrogen) is adsorbed onto the surface. The amount of
gas adsorbed is measured and the data analysis uses the Brunauer-Emmet-Teller
isotherm to determine the surface area.
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4. Modelling
To be able to control the size and shape and thus the properties of the particles
produced, it is important to have detailed knowledge of the physical processes
involved in particle formation, therefore modelling is needed. In this chapter the
modelling tools used in this thesis are briefly described.
Aerosol dynamics is described by an equation termed the general dynamic
equation (GDE) [Friedlander 2000]. This equation gives the evolution in time of
the size distribution function:

( )

r
∂n
∂
+ ∇ ⋅ x& n = − (v&n ) +
∂t
∂v
v
∞
1
β (u , v − u )n(v − u )du − ∫ β (u , v )n(u )n(v )du + Jδ v − v* − k DEP n
∫
20
0

(

)

(1)

r

where n is the number density function, t the time, x& the velocity vector, u and v
are particle volume, β is the collision frequency function, J the nucleation rate
and kdep the deposition flux. The terms on the left-hand side of the equation give
the temporal and spatial changes in the number density function. The first term
on the right-hand side describes condensation, the second and third terms
coagulation and the fourth term nucleation. The last term on the right-hand side
accounts for losses due to deposition. Since the GDE is a nonlinear, partial
integro-differential equation, it is difficult to solve.
In the present work (papers I and II) the aerosol dynamics in silver particle
formation and growth via evaporation-condensation was modelled using the
GDE. The two different approaches used will be described in subsequent
sections.

4.1 Sectional method
In paper I the ABC computer code [Jokiniemi et al. 1994] was utilised for
numerical solution of the GDE. ABC was initially designed for aerosol size
distribution dynamics simulation in combustion processes. Two different
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solution models were used: (a) a nucleation-condensation-coagulation model
with sectional particle size distribution representation and (b) a monomercoagulation model with discrete-sectional size distribution. In the monomercoagulation model it is assumed that all supersaturated silver vapour molecules
are stable particles and begin to grow via coagulation.
In the sectional method the particle size distribution is divided into a number of
size sections. The particle properties within each size section are assumed to be
constant and represented by the sectional midpoint. In the discrete-sectional
method the smallest sections are distributed molecule by molecule,
corresponding to monomers, dimers, trimers etc., while the larger sections are
logarithmically spaced. The biggest drawback with the sectional method is that it
suffers from numerical diffusion [Zhang et al. 1999], if the number of sections is
not sufficiently large.
Nucleation, the process in which new particles are formed from vapour species,
was modelled using the classical nucleation theory with an adjustable prefactor.
This theory suggests that a stable cluster is formed when it overcomes the freeenergy barrier [Seinfeld and Pandis 1998]. Deposition by vapour condensation,
thermophoresis (particle motion induced by a thermal gradient in gas) and
Brownian diffusion (random motion due to collisions with gas molecules) were
taken into account in the calculations.

4.2 Discrete method
The GDE was solved using a discrete model [Lehtinen and Kulmala 2003] in
paper II. In this method the entire particle size distribution is represented by
discrete sizes corresponding to monomers, dimers, trimers etc. This method
should be free of numerical diffusion problems. However, it is not suitable for
modelling large particles, since there is one differential equation for each size,
resulting in tremendous computational costs when large size ranges need to be
simulated.
In paper II the nucleation was described in accordance with Lushnikov and
Kulmala [1998]. They claimed that the formation of a dimer is not possible
without the participation of a third molecule (a molecule of carrier gas), the role
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of this molecule is simply to remove the excess energy. Without this
participation, the requirement for energy and momentum conservation is not
fulfilled. In this approach the nucleation rate, J, can be expressed as a product of
the kinetic dimer formation rate and a correction factor that expresses the
probability, L, that a carrier gas molecule is present in the collision of two
monomers:

1
J = L β11 N12 .
2

(2)

Here β11 is the collision frequency function and N1 the number concentration of
monomers. The probability L was used as a fitting parameter in the calculations
in paper II and the deposition was treated as in paper I.
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5. Experimental results
In this chapter the experimental results of this thesis are summarised. The
important aerosol dynamics processes and chemistry occurring in the different
systems are discussed. First some general remarks on tubular flow furnaces and
especially the one used in this study will be given.
Since the synthesis conditions are easy to control in a tubular flow furnace setup,
it provides good control of the particle characteristics and is also ideal for
studying the effects of individual parameters on the particle properties. Using
this setup, nanoparticles were produced via both the physical and chemical
pathways of the gas-to-particle conversion method. The gas is slowly heated in
the furnace and the temperature at the outlet is dependent on the flow rate and
gas composition.
A rapid decrease in the gas temperature occurs in the thermal insulation zone at
the outlet of the furnace. Cooling of the gas after the furnace is dependent on the
flow rate and gas composition and can be made even more effective through use
of a diluter. Using a porous tube diluter, the losses of particles due to diffusion
and thermophoresis can be minimised [Auvinen et al. 2000].
One example of temperature decrease at the centreline when using a porous tube
diluter is presented in Figure 2, this was measured from the setup used in this
study. In this figure the gas temperature downstream of the furnace is shown as a
function of the residence time both for the diluted and the undiluted cases. In this
measurement the setpoint of the second block of the furnace was 1400°C, the
flow rate was 10 l/min and the dilution ratio was 10. It can be seen that dilution
results in a significantly more rapid temperature decrease compared with the
undiluted case.
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Figure 2. Gas temperature at the centreline downstream of the furnace as a
function of the residence time with and without dilution.

5.1 Metal nanoparticles
In this study silver nanoparticles were produced via evaporation-condensation.
The Ag powder precursor was evaporated in a tubular flow furnace and upon
cooling of the vapour downstream, particle formation occurred via nucleation.
The effect of quenching on the particle properties was the main focus in paper I.
The silver nanoparticles produced were spherical and nonagglomerated in all the
cases studied. A representative TEM image of particles produced using dilution
is presented in Figure 3. From the measured number size distribution for the
diluted and undiluted cases in Figure 4, it can be seen that by using dilution,
smaller and more numerous particles were produced than when no dilution was
used. The size varied between 4 and 10 nm, depending on synthesis conditions.
The total number concentration was of the order of 108 particles/cm3.
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Figure 3. TEM micrograph of silver nanoparticles produced via evaporationcondensation.

9

1.4x10

With dilution
Without dilution

9

3

dn/dlog(Dp) [#/cm ]

1.2x10

9

1.0x10

8

8.0x10

8

6.0x10

8

4.0x10

8

2.0x10

0.0

1

10

100

Dp [nm]

Figure 4. Number size distribution of silver nanoparticles produced with and
without dilution.
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An example of the influence of quenching on particle formation is presented in
Figure 5. When the silver vapour was quenched with dilution gas, very high
supersaturation was achieved, which implies high number concentrations of tiny
clusters. These tiny clusters first grew mainly by condensation and later, when
all vapour was consumed, by agglomeration. If cooling by dilution is sufficient,
the agglomerated particles do not sinter and small nanosized primary particles
are obtained. Higher temperatures caused the agglomerates to sinter and increase
in primary particle size. The temperature required for sintering is strongly
dependent on the particle size and material used. In the case of silver the
sintering for 10–15 nm particles is rapid even at modest temperatures [Shimada
et al. 1994]. Therefore, the particles produced in this study were spherical in all
cases.
In the undiluted case (Figure 5) the cooling rate was low and thus fewer and
larger stable clusters were formed. The clusters grew by condensation and were
thus spherical as long as there was vapour available. After this point, growth by
agglomeration is possible if the number concentration is sufficiently high.
However, since there is no cooling by dilution, the gas temperature is higher
than when dilution is used and if agglomerates are formed, they sinter to form
spherical particles. Furthermore, the deposition losses were larger and the
particle production rate an order of magnitude lower than when using dilution.
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Figure 5. Schematics of silver nanoparticle formation with and without dilution.

5.2 Supported metal nanoparticles
In paper III a setup for preparing supported metal catalyst particles in a one-step
process was developed. The metal oxide carrier particles were produced via
thermal decomposition of a metalorganic precursor and the metal catalyst
particles were produced via evaporation-condensation of the metal. The system
was tested by preparing Ag/TiO2 nanoparticles.
The titania particles prepared consisted mainly of those in the anatase phase
according to XRD and selected area electron diffraction (SAED) results, with a
specific surface area (BET method) between 40 and 92 m2/g. The silver mass
ratio in the powder prepared at 1100°C was 1.33% as measured with inductively
coupled plasma/atomic emission spectrometry (ICP/AES). Typical Ag/TiO2
nanoparticles are shown in Figure 6. The median size of the silver particles, as
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Figure 6. Agglomerated titania particles (left) and nanometre-sized silver
clusters on titania support (right).

measured from TEM images, was 1.1 nm. In the number size distributions, as
measured by DMA/CNC, no peak was detected at particle sizes less than 30 nm,
indicating that silver particles were not formed by homogeneous nucleation as
was the case without titania, but all the silver was heterogeneously nucleated at
the surface of TiO2 agglomerates.
The schematics of the titania particle dynamics and the silver nucleation
discussed in the subsequent paragraphs is presented in Figure 7. When the titania
precursor and the N2 carrier gas was heated in the furnace, the precursor vapour
molecules began to decompose forming titania monomers. These monomers
quickly formed stable clusters via nucleation due to their low vapour pressure.
The titania clusters formed grew by collision with each other and almost
immediately coalesced as long as their size was sufficiently small (below about
10 nm, [Kobata et al. 1991]). Several processes occurred simultaneously as the
temperature gradually increased, e.g. decomposition of precursor molecules,
collision of TiO2 molecules, clusters and particles formed earlier, as well as
CVD (chemical vapour deposition) reactions on the furnace tube and the surface
of the particles. When the particles crystallised, their coalescence became slower
and was controlled by solid-state diffusion. After this stage the particles were not
completely coalesced, i.e. fused together, but instead they formed aggregates of
primary particles connected by necks resulting from only partial sintering.
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Figure 7. Schematics of titania particle dynamics and silver nucleation.

When the gas was cooled after the furnace, the silver vapour attained its
saturation vapour pressure. At this point most of the titania particle dynamics
had already occurred and the titania agglomerates were able to serve as
nucleation sites, favouring heterogeneous nucleation of silver. The particle size
distribution measurements and TEM analyses suggested that the mechanism
responsible for Ag particle formation is indeed heterogeneous nucleation on
titania agglomerates, because no separate silver particles were observed. The
initiation of silver nucleation may have occurred in the cavities of the anatase
crystal structure, i.e. not on the surface but few atomic layers deeper in the
crystal [Atou et al. 2003].

5.3 Deposition of particles with narrow size distribution
In paper IV a simple setup for the deposition of single nonagglomerated particles
with a narrow size distribution was developed. The system was tested with
titania nanoparticles that were produced via thermal decomposition of a
metalorganic precursor. The primary particle size of the spherical particles was
about 15 nm. The formation and growth of titania particles was already
discussed in chapter 5.2. In the same system films were also deposited via
metalorganic chemical vapour deposition (MOCVD), however, these results will
not be discussed here.
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The setup for deposition of single particles with a narrow size distribution was
based on the competition between diffusion and thermophoresis. In the setup
used, the gas in the furnace does not reach the temperature of the wall and a
temperature gradient exists in the vicinity of the wall. Aerosol particles in a
temperature gradient experience a force, thermophoresis, in the direction of
decreasing temperature. The thermophoretic velocity is not dependent on the
particle size for submicron particles [Hinds 1999], thus all the particles in the
system are driven away from the walls of the furnace at the same speed.
Small particles, however, diffuse very rapidly, because the diffusion velocity is
strongly dependent on the particle size [Hinds 1999]. Due to this competition
between thermophoresis and diffusion, only those particles with a sufficiently
high diffusion velocity (the smallest particles) will be able to deposit. This
makes the size distribution of the deposited particles narrow and prevents
agglomerates from depositing. One example of titania particles deposited in the
system is presented in Figure 8. The deposition of this sample occurred at 90 cm
from the inlet of the furnace. The particles were deposited on a silicon substrate
and analysed as deposited. Size analysis of the deposited particles was
performed by measuring the size of 220 particles. The geometric mean diameter
of the deposited particles in this case was 13.9 nm, with a geometric standard
deviation of 1.33.
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Figure 8. left) TiO2 particles with narrow size distribution deposited in setup
developed. right) Size distribution of deposited TiO2 particles as measured from
SEM image.
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5.4 Synthesis of RuO2 nanorods
The main objective of paper V was to experimentally study the behaviour of
ruthenium at high temperature oxidising conditions. These are the conditions
occurring during an air ingress accident in a nuclear power plant. Since the
radiotoxicity of ruthenium is high in both the short and long terms it is crucial to
understand the transport and speciation of ruthenium under air ingress
conditions. However, in this section only the formation of RuO2 nanorods in the
system will be discussed.
RuO2 powder was used as the precursor in the production of RuO2 nanorods.
Even though the precursor and the final product are the same, this system can be
classified as a chemical particle production route since chemical reactions are
involved in the processing. Under high temperature oxidising conditions RuO2 is
oxidised to RuO3 and RuO4, both of which are volatile. Since the gaseous
ruthenium species are transported to colder regions downstream of the furnace,
they become unstable and may decompose to RuO2 monomers. The RuO2
monomers formed grow into nanorods.
In the TEM images (Figure 9) it can be seen that the particles were rod-shaped
and crystalline. However, since no optimisation of the system or growth
conditions was done, the size distribution of the crystals was very broad.
Particles were also detected on the walls of the tube. Due to longer residence
times, they were larger in size than the particles produced in the gas phase.
This method, the chemical vapour transport technique of growing RuO2 crystals,
was employed by Butler and Gillson [1971], Shafer et al. [1979] and Huang et
al. [1982]. They used metallic ruthenium, ruthenium dioxide or a mixture of
these as a precursor. The crystals in these experiments were rodlike and
millimetre-sized. In some experiments smaller crystals were also observed. The
growth times were 10–20 d compared with a maximum of 1 h in our system. The
crystal growth mechanism was suggested to be layer spreading [Butler and
Gillson 1971].
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Figure 9. TEM images of RuO2 nanorods.
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6. Modelling results
In this thesis the formation of silver nanoparticles via gas-to-particle conversion
with and without dilution was modelled using two different approaches: in paper
I a sectional model and in paper II a discrete model. Nucleation was also
described differently: in paper I via the classical nucleation theory with an
adjustable prefactor and in paper II with a kinetic model. In this chapter the
modelling results are briefly reviewed.

6.1 Sectional method
When the diluted case was modelled using the nucleation-condensationcoagulation model and classical nucleation theory, the number size distribution
deviated significantly from the measured distribution. However, when the
classical nucleation rate was multiplied by a factor of 15 000 the results agreed
with the measured values (Figure 10). Classical nucleation theory did not agree
with the measured data because the calculated critical radius was only 2.4 Å and
bulk properties are not valid for these tiny clusters. The critical radius is the size
at which the cluster is in a metastable state; smaller clusters tend to shrink, while
larger ones tend to grow. The same calculation was carried out without
coagulation and it was observed that coagulation only slightly affects the final
particle number size distribution.
The monomer-coagulation model assumes that all supersaturated silver vapour
molecules are stable particles and begin to grow by coagulation. This model
underestimated the mean size, because after monomer formation growth occurs by
particle-particle interaction, which is slower than the condensation that occurs by
vapour-particle interaction. This can be explained by the more rapid Brownian
movement of vapour molecules compared with particles, due to size effects.
On the other hand, the classical nucleation theory agreed well with the measured
size distribution for the undiluted case (Figure 10). In using the nucleation rate
as such, nucleation occurs later than if scaling it. Since the temperature gradient
and supersaturation are higher at this point more particles are formed than in the
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Figure 10. Comparison of experimental and modelling results in the diluted case
(case 3) and the undiluted case (case 5). In the diluted case the classical
nucleation rate was multiplied by 15 000 whereas in the undiluted case it was
used as such.

scaled case and the final size agrees well with the measured value (Figure 10).
The monomer-coagulation model now also agreed with the experimental data,
but this was probably more an accident than a real physical phenomenon.
Deposition was also modelled and occurred mainly by vapour deposition in both
cases. In the diluted case the largest deposition was observed at the flange
between the furnace and diluter. In the undiluted case, vapour deposition
occurred all the way along the tube. The total deposition for the undiluted case
was about 67% of the silver vapour compared with 30% for the diluted case.
It should be noted that there are many simplifying assumptions in the model
such as mixing rate, 1-D approximation, surface tension in the condensation
model etc. Several sensitivity calculations were carried out by changing the
values of parameters that are not precisely known. However, it became clear that
the nucleation rate was actually the only critical parameter in modelling the
experiments. This result supports the fact that the nucleation rate is crucial for
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predicting nanoparticle formation in the evaporation-condensation process and
can be interpreted from the experimental results by solving the GDE for various
nucleation rates.

6.2 Discrete method
In paper II the nucleation of silver nanoparticles was described with a kinetic
model. The probability that a carrier gas molecule is present in the collision of
two monomers is given by an empirical factor L. The model was run for
different values of this factor to determine if a value exists that can describe the
measured size distribution under all experimental conditions. The result for
different values of L in both the diluted (case 3) as well as the undiluted case
(case 5) is presented in Figure 11. In the figures the experimentally measured
distribution is shown with dots and model results with solid lines.
The best fit, if one wishes to model both cases with the same L, is accomplished
with the choice L ~ 8 · 10-7, for which the peak location is predicted reasonably
well. A distinct visible difference between the experimental and model results is
in the width of the distributions obtained: the model produces narrower but
higher distributions than those measured. This is because the model is 1-D; i.e.
the system undergoes a single set of conditions while traversing through the
furnace. However, the collected particle size distribution in reality is a collection
from various streamlines, which produces a broader distribution. The difference
in the final distributions for the two different cases is also more profound in the
experiments than in the model results. The reason for this discrepancy is
currently unknown. Still, when compared with the results using classical
nucleation theory (paper I), it is clear that this model reproduces the
experimental results somewhat better. Using classical nucleation theory, very
different corrective factors were needed to model the results: roughly 15 000 for
the diluted case and 1 for the undiluted. In addition, the sectional method suffers
from numerical diffusion, making the distribution artificially wider. The discrete
method avoids this problem.
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Figure 11. Final number size distributions as a function of particle diameter for
the diluted (case 3) and the undiluted case (case 5). The dots represent the
experimental results and lines the model results, with different values for the
fitting parameter L.
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7. Conclusions
In this thesis the synthesis of nanoparticles via aerosol methods was studied both
experimentally and theoretically. Particles with controlled properties (i.e.
particle size, crystallinity, width of size distribution etc.) were synthesised. In
most applications of nanoparticles this is a requirement.
All experiments were carried out using a tubular flow furnace. The nanoparticles
were formed via evaporation-condensation or via condensation of reaction
products. The evaporation-condensation route is generally cleaner than the
chemical route, because no reaction by-products are present in the system. The
nanoparticles produced were analysed mainly through use of a DMA/CNC and
TEM. The DMA/CNC measured the number size distribution of the particles
produced and the morphology, crystallinity and primary particle size of the
particles were analysed with the TEM.
Silver nanoparticles were produced via the evaporation-condensation method.
The main focus of the study was on how quenching affects the particle
properties. In all cases the particles produced were spherical and
nonagglomerated, due to the high sintering rate of silver nanoparticles. It was
shown that by quenching, more and smaller particles were produced and the
losses in the system were smaller.
The development of a single-step aerosol process for producing nanosized
supported metal catalytic materials was one aim of this thesis. The system was
tested by producing Ag/TiO2 particles. The silver was well dispersed in 1–2 nm
sized particles on the surface of the anatase-phased agglomerated titania particles.
The silver concentration in the particles produced was 1.33%. These particles
would be excellent as catalysts and photocatalysts since they are anatase-phased.
The amount of silver, which increases the photocatalytic activity, would also be
suitable. Using aerosol methods, it is possible to control the physico-chemical
properties of both the supporting material and the active metal particles by varying
the residence time, reactor temperatures and cooling rates.
Using aerosol methods, it is not possible to obtain very narrow particle size
distributions, due to Brownian coagulation. However, monodispersed or nearly
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monodispersed particles are needed in many applications. One of the aims was to
develop a method for deposition of nanoparticles with narrow size distributions.
The deposition apparatus relied on the competition between diffusion and
thermophoresis. Only particles with diffusion velocities higher than the
thermophoretic velocity deposited, i.e. the smallest particles in the size
distribution. The size of the single nonagglomerated particles deposited was 13 nm
with a geometric standard deviation of 1.33 as measured from the SEM images.
In this thesis RuO2 nanorods were produced, using the chemical vapour transport
technique. At high temperature oxidising conditions ruthenium dioxide reacts to
form volatile ruthenium species. As these volatile species cool they decompose,
forming RuO2 nanorods. The size distribution of the nanorods produced was very
broad, since no optimisation of the system or growth conditions was carried out.
The aim of the theoretical treatment was to study the formation of silver
nanoparticles in detail. The GDE was solved, using different aerosol models.
The particle size distribution was represented in two different ways in the
modelling: using either sections or discrete molecular resolution. Nucleation was
also treated differently in the two cases. In the first case the classical nucleation
theory was used and in the second a kinetic model. In the kinetic model it was
assumed that a dimer cannot form without the participation of a third molecule
(a carrier gas molecule). This molecule is needed to remove the excess energy so
that the requirement for energy and momentum conservation is fulfilled.
In this thesis it was shown that for the classical nucleation theory to predict the
final particle properties in the various cases very different correction factors,
1–15 000, was needed. The exact reason for the deviation from classical
nucleation theory is not known but may be the fact that bulk data are not
appropriate for tiny clusters. However, it is a well-known fact that the classical
nucleation theory in many cases does not agree with experimental results.
The second nucleation approach used, kinetic nucleation, gave better agreement
between the model and the experimental results. This indicates that particle
formation may be the result of a dimerisation process. The participation of gas
molecules in the initial formation makes the process dependent on total pressure.
These results were, likewise, not perfect since the model distributions were too
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narrow. In addition, the differences between the diluted and undiluted cases were
underestimated.
In the experimental systems and especially in the evaporation-condensation
method, the production rate may not always be very high. However, in many
applications the quality of the nanoparticles is of the utmost importance and the
quantity required may not necessarily be that large, hence the manufacturing
costs in these cases do not become insuperable.
There are important issues for further studies to be considered. Catalyst
nanoparticles will become increasingly more important and will be used in large
quantities. Therefore, scaling-up of the system developed would be needed. The
feasibility of producing different combinations of materials is also worth
investigating. To be able to deposit particles with even narrower particle size
distribution, further development of the system constructed in this thesis would
be needed. For ruthenium dioxide nanorods to be used in real applications, the
synthesis conditions described should be optimised so that the properties of the
crystallites produced are more uniform. In the modelling point of view, a
definite answer on the true nucleation mechanism of silver nanoparticles cannot
yet be given. One possible improvement may be to couple the used model with a
computational fluid dynamics (CFD) simulation routine.
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