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Abstract
Aerosol synthesis methods for the production of nanostructured fullerene
particles have been developed. The nanostructured, ultrafine fullerene particles
were produced by vapor condensation and aerosol droplet drying and
crystallization methods in tubular laminar flow reactors. The formation
mechanisms were studied by measuring particle-size distributions is the gas
phase. High-resolution scanning and transmission electron microscopy methods
were used to observe particle morphology and crystal structure, and to study the
crystallization mechanisms of the fullerene particles. The production conditions
of fullerene particles during synthesis, i.e. gas temperature and flow profiles in
the reactor, were evaluated using computational fluid dynamics calculations. In
order to study the role of fullerene vapor during crystallization, fullerene
particle evaporation dynamics in the laminar flow was modeled using aerosol
particle evaporation theory. In addition, a high-performance liquid chromato-
graphy method was utilized to study whether it was possible to separate
different fullerenes during aerosol processes.

The study demonstrated that ultrafine (30–60 nm) fullerene particles can be
generated by vapor condensation in a continuous-flow reactor. The size of the
fullerene particles can be controlled by varying the reactor temperature. The
ultrafine particles are spherical, solid and polycrystalline at processing
temperatures of 500 °C and above.

The larger fullerene particles with sizes around 100 nm were produced via an
aerosol droplet drying method, starting from fullerene-toluene solution droplets.
The particles are roughly spherical with pores and voids, and are nanocrystalline
when produced at low reactor operating temperatures (20–200 °C). At higher
temperatures of up to 400 °C, the particles are denser and mostly
polycrystalline. The crystallinity of a fullerene particle can be controlled by
changing the reactor operating temperature during the aerosol droplet drying
synthesis.
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Fullerene particles with clear faceted shapes were observed at processing
temperatures of 500 °C and above. The most common shapes along perfectly
faceted particles were hexagonal plate-like, decahedral and icosahedral shapes.
The high-resolution electron microscopy shows that the plate-like particles are
lamellar twinned and the decahedral and icosahedral particles are multiply
twinned. The lamellar-twinned particles probably grow rapidly on the side-faces
in the direction parallel to the twins by a re-entrant corner growth mechanism.
No uniform mechanism was found for the formation of multiply-twinned
particles. They probably grow layer-by-layer around the exiting decahedral and
icosahedral nuclei. Furthermore, the multiply-twinned particles can be formed
during grain growth from polycrystalline particles. The growth of the particles
with a well-defined crystal habit is often promoted by defects, such as twins and
stacking faults.

The vaporization of fullerene particles in the heated zone of the reactor plays an
important role during the formation and growth of particles with a clearly
faceted shape. At 500 °C, the growth of the particles mainly occurs in the heated
zone of the reactor by partial evaporation and subsequent condensation back
onto the particles with defects. At 600 °C, the particles have a less distinct
crystal habit due to the almost complete vaporization of the particles in the
heated zone. Subsequently, fullerene vapor condenses onto the surfaces of the
residual particles. In addition at 500–600 °C, new ultrafine particles are formed
via homogeneous nucleation and condensation from fullerene vapor at the
reactor outlet where the carrier gas cools down.

Computational fluid dynamics calculations show that with a careful reactor
design, uniform conditions with respect to temperature and flow profiles, as
well as residence times in the heated zone, can be achieved. Particles with
relatively homogeneous crystallinity and morphology can be produced in the
uniform reactor conditions. Experiments show that almost all of the particles are
hexagonal platelets produced in particular processing conditions at 500 °C.

The high-performance liquid-chromatography results indicate that only minor
fractionation occurs during the synthesis of mixed fullerene particles, due to the
small difference of partial vapor pressures. Furthermore, C60 and C70 molecules
are fully miscible in the crystals of the particles. It is difficult to separate
different fullerenes by aerosol droplet drying, vaporization of fullerenes and
subsequent vapor condensation, when starting from C60–C70 solution droplets.   
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1. Introduction
The discovery of fullerenes (C60, C70, etc.) has caused the development of new
areas of chemistry and physics regarding carbon-based materials. Fullerenes and
related materials are exciting from both fundamental and technological
viewpoints because of interesting properties such as superconductivity,
ferromagnetism and nonlinear optical characteristics. Possible applications of
fullerenes and fullerene based materials include superconducting and nanoscale
devices, catalysts, optical limiters, carbon composites and molecular sieves.
Furthermore, fullerene molecules are interesting due to their unique structure.
The C60 fullerene, which is a closed cage of 60 carbon atoms with a shape of a
truncated icosahedron (a soccer ball), is perhaps the most symmetric molecule
(Dresselhaus et al., 1996), and is probably the perfect nanoscale structural unit
(Ball and Garwin, 1992).

The gas-phase synthesis of fullerenes and growth of large crystals is well
established. However, when developing new applications for fullerene-based
nanomaterials, there is a considerable need to develop controlled processing
routes that begin with purified fullerenes and produce fullerene-based materials
in different particulate and nanostructured forms. Nanostructured materials and
nanometer-size particles with a grain and/or particle size in the nanometer size
region have a large volume fraction of atoms at their surfaces and grain
boundaries. As a result of such a microstructure, they have interesting and
possibly useful mechanical, optical, electrical, magnetic and catalytic properties
(Gleiter, 1992; Ichinose et al., 1992; Edelstein and Cammarata, 1996).

This overview focuses mainly on aerosol synthesis of fullerene particles in
nanostructured, ultrafine forms. In general, high-purity powders with controlled
particle size and crystallinity can be produced by aerosol processing methods.
Furthermore, aerosol methods can be used to produce materials that contain or
are composed of particles or grains in the nanometer size range. Therefore,
aerosol routes are promising methods for the production of nanostructured
materials (Pratsinis and Kodas, 1993; Kodas and Hampden-Smith, 1999).

The primary objectives of the thesis are to develop aerosol processing routes for
nanostructured fullerene particles and to understand their formation and
crystallization mechanisms. The particle formation and crystallization
mechanisms need to be understood in order to control fullerene particle size and
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crystallinity during aerosol synthesis. The work of this thesis was initiated to
demonstrate that ultrafine fullerene particles can be generated via a vapor
condensation method in a continuous flow reactor system at ambient pressure
(Paper I). Later, the work was continued to produce nanostructured fullerene
particles by a aerosol droplet drying and crystallization method. In that system,
the particle formation mechanisms and crystallization were further studied
(Papers II and III). In addition, the possibility of separating different fullerenes
when particles are produced from droplets of C60 and C70 in toluene (Paper III)
was studied. Recently, the work has concentrated more on the crystal growth
mechanisms of fullerene particles with a well-defined crystal habit (Papers IV–
VI). Furthermore, the reactor constructions were improved to achieve uniform
conditions (flow and temperature profiles, residence times) for homogeneous
particle production (Paper VI). The results of the above-mentioned studies,
described in Papers I–VI, are summarized and discussed in this overview.

This thesis is organized as follows. Firstly, a short literature review on
fullerenes, materials processing, and the production of fullerene particles
introduces the background to this work. Secondly, the production and
characterization methods are described in Chapter 3. The fullerene particles
were produced in laminar flow reactors and characterized by aerosol
measurement techniques, electron microscopy and high-performance liquid
chromatography. In addition, computational fluid dynamics (CFD) calculations
were performed to examine reactor conditions and, finally, evaporation
calculations were carried out to estimate the vaporization of fullerene particles
during the synthesis.

The main results of Papers I–VI are discussed in detail in the following
chapters. The experiments show that it is possible to produce particles with
controlled crystallinity and morphology. Fullerene particles are fine-grained,
nanocrystalline at low processing temperatures and they are polycrystalline or
single crystals at higher temperatures. Many of the crystalline particles are
perfectly faceted. Their shape is typically hexagonal plate-like, decahedral or
icosahedral. The plate-like particles are lamellar twinned and the decahedral and
icosahedral particles are multiply twinned. The formation and crystallization
mechanisms of fullerene particles during aerosol synthesis are discussed.
Finally, this work is brought to a conclusion and some recommendations for
future studies are discussed.
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2. Literature review
This literature review briefly introduces fullerenes, nanostructured materials and
aerosol methods for particle production. The synthesis of fullerene based
materials in particulate and nanostructured forms is discussed in more detail.

2.1 Fullerenes

The discovery of fullerenes and some of the solid state properties of fullerenes
are briefly introduced in this chapter. In addition, the synthesis of the different
forms of solid fullerene materials is described. Finally, some possible
applications of fullerene nanomaterials are introduced.

2.1.1 Background of fullerenes

Fullerenes (C60, C70, etc.) are a novel family of carbon allotropes. The best
known fullerene molecule is the buckminsterfullerene, C60, which has 60 carbon
atoms forming a truncated icosahedral structure with twelve pentagonal and
twenty hexagonal rings. The structure is essentially that of a football (a soccer
ball in the U.S.A.). The second common fullerene is C70, which is an elongated
molecule containing 12 pentagons and 25 hexagons. Figure 1 shows the
structures of the C60 and C70 molecules. Generally, fullerenes are defined as
closed convex cage molecules, containing only hexagonal and pentagonal faces
(Dresselhaus et al., 1996; Smalley and Yakobson, 1998).

Figure 1. Structures of the C60 (on left) and C70 (on right) molecules.
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Fullerenes were discovered by Kroto et al. (1985) in 1985. They produced
carbon clusters by laser vaporization of carbon species from graphite into a
high-density helium flow. The time-of-flight mass spectra of the carbon clusters
showed a significant enhancement of carbon clusters with 60 carbon atoms, as
well as of clusters with 70 atoms, but less prominently. It was suggested that the
remarkably stable C60 cluster has a truncated icosahedral structure like a soccer
ball. The structure of fullerenes has since been confirmed by nuclear magnetic
resonance and other methods (Dresselhaus et al., 1996). In 1996, Robert F. Curl,
Sir Harold W. Kroto, and Richard E. Smalley were winners of the Nobel Prize
in Chemistry for their discovery of fullerenes.

Five years after their discovery, Krätschmer et al. (1990) developed a method to
synthesize fullerenes in macroscopic amounts. They produced carbon soot with
a few percent of C60 molecules by evaporating graphite electrodes in a helium
atmosphere. Subsequently, the soot was dispersed in benzene and the fullerenes
were dissolved, producing a wine-red to brown liquid. The liquid was then
separated from the soot and dried, forming solid fullerene crystals. From these
crystals the structure of solid crystalline fullerenes was then determined by X-
ray and electron diffraction. Since then a variety of other techniques have been
used to produce fullerene molecules from carbon-rich vapors, including ac or dc
plasma discharge between carbon electrodes, laser ablation of carbon electrodes,
and oxidative combustion of a benzene/argon gas mixture (Howard et al., 1992;
Dresselhaus et al., 1996).

The discovery of the methods for producing macroscopic quantities of
fullerenes stimulated a wide variety of studies of the chemistry and physics of
fullerene materials. It was soon found that fullerenes and related materials have
many interesting properties. One of the most significant properties is
superconductivity, which was first demonstrated for potassium-doped C60 at
18 K by Hebard et al. (1991b). Soon superconductivity was also observed for
C60 doped with other alkali metals or Ca (Buntar and Weber, 1996; Dresselhaus
et al., 1996). Other interesting properties include non-linear optical properties,
ferromagnetism, catalytic activity and ability to convert to diamond when
rapidly compressed. Possible applications include catalysts, optical limiters,
carbon composites, molecular sieves, and superconducting and nanoscale
devices (Fleming et al., 1992; Dresselhaus et al., 1993; Rao et al., 1995; Buntar
and Weber, 1996; Dresselhaus et al., 1996; Huffman, 1996). The interest in
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fullerenes is also due to their peculiar geometrical shapes; the C60 fullerene is
perhaps the most symmetric molecule. In addition, it is a very interesting
compound for testing and developing crystal growth theories because the crystal
structure can be regarded as a close spacing of spheres bounded by relatively
weak, isotropic van der Waals forces (Verheijen et al., 1992b; Verheijen et al.,
1993).

2.1.2 Solid fullerenes

Fullerenes are the third crystalline from of pure carbon, in addition to graphite
and diamond. The solid form of the fullerenes is often called fullerite. In the
crystal, fullerene molecules are bound together essentially by weak, isotropic
van der Waals forces. The van der Waals forces between fullerene molecules
are much weaker than between carbon atoms in the fullerene molecule.
Therefore, the fullerene crystals are relatively soft, although the molecule itself
is quite stable. Furthermore, fullerene crystals contain interstitial voids between
relatively large molecules (diameter about 1 nm). It is possible that rather large
molecules and atoms can be incorporated into these voids (Dresselhaus et al.,
1993; Fischer, 1993; Dresselhaus et al., 1996; Huffman, 1996).

The first experiments indicated that the crystals grown from solvent have hcp
(hexagonal close-packed) structure (Krätschmer et al., 1990). However,
subsequent works showed that the crystal structure of pure C60 at ambient
temperature is fcc (face-centered cubic) with a lattice constant of 14.17 Å when
the crystals are formed from vapor and they do not contain any impurities. Both
hcp and fcc structures are closed-packed structures. They are energetically very
similar, but have a different stacking arrangements. The hcp structure has an
ABABAB... stacking sequence, while for fcc it is ABCABC... (Kingery et al.,
1976). In the crystal at room temperature, the C60 molecules are rotating
randomly and rapidly. Upon cooling to about 255 K, a phase transition from fcc
to a simple cubic (sc) structure occurs. The molecules cannot rotate freely
anymore and they completely lose two of their three degrees of rotational
freedom (Dresselhaus et al., 1993; Fischer, 1993; Dresselhaus et al., 1996;
Huffman, 1996).

The crystal structure of C70 is more complex than that of C60. It has several
different crystal structures as a function of temperature. At high temperatures
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(T > 340 K), the fcc structure with a lattice parameter of 15.01 Å is most stable,
but the hcp structure is almost equally stable. At ambient temperature, both fcc
and hcp crystals are observed to form in the vapor phase (Verheijen et al.,
1992a; Dresselhaus et al., 1993; Van Tendeloo et al., 1993; Dresselhaus et al.,
1996).

Defects such as stacking faults and twins frequently occur in large single
fullerene crystals even if they have grown very slowly from the gas phase. The
microstructure of these fullerene crystals is very similar to those of fcc metals
and alloys with a low stacking fault energy (Muto et al., 1992; Van Tendeloo et
al., 1992) In a stacking fault there are misplaced planes of molecules in the
stacking arrangement (see Figure 10), while there is a mirror plane in the
stacking arrangement in a twin boundary (see Figure 13). A stacking sequence
for a stacking fault and a twin is, for example, ...ABCABABC... and
...ABCABCBACBA..., respectively (Ashcroft and Mermin, 1976).

Since the tight fullerene molecules are weakly bounded together by van der
Waals forces, the mechanical properties of the solid fullerenes can be described
as light, weak and soft. Solid fullerenes easily compress under the action of
pressure. As for the electrical properties, the solid, pure C60 is a semiconductor
with a large band gap of about 1.5 eV. Its electrical conductivity is very low.
However, the conductivity of solid fullerenes can be increased by doping, even
to such an extent that they are superconductive. As for thermodynamic
properties, solid fullerenes sublimate at comparatively low temperatures (about
450 °C), and they do not have a liquid phase. (Hagen et al., 1993; Buntar and
Weber, 1996; Dresselhaus et al., 1996; Huffman, 1996; Yao et al., 1997). Since
fullerenes sublimate at low temperatures and are soluble in a number of organic
solvents, fullerene materials in different forms can be produced easily.

2.1.3 Synthesis of fullerene crystals, particles and clusters

Solid fullerene materials have been produced in different forms: large single
crystals, particles or crystals in the micrometer and nanometer size range, very
small clusters and aggregates, as well as thin films.

The first crystals of solid fullerenes were grown from benzene solutions by
Krätschmer et al. (1990). The fullerene crystals were micrometer-sized (up to
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500 µm) and mainly rods, platelets and star-like flakes in shape. The main
disadvantage in the growth of fullerene crystals and particles in the liquid phase
is that solvent molecules and impurities can be incorporated into the lattice, and
various crystal structures and solvate crystals can be obtained (Fleming et al.,
1991a; Fleming et al., 1992; Dresselhaus et al., 1996; Ceolin et al., 1997).
However, solvent-free fullerene crystals with fcc structure grown from organic
solvents have also been reported (Yosida et al., 1992; Talyzin et al., 1996). The
large single fullerene crystals (up to a millimeter in size) have been grown
mainly from the vapor phase by sublimation, and by vapor transport methods in
a vacuum or in an inert gas atmosphere in a closed or in an open tube. In
addition to defect-free single crystals, twinned and multiply-twinned crystals
were observed frequently (Fleming et al., 1991b; Meng et al., 1991; Verheijen et
al., 1992a; Verheijen et al., 1992b; Haluska et al., 1993; Liu et al., 1993;
Dresselhaus et al., 1996).

Several methods to produce fullerene particles and crystals in the nanometer
size range have been reported. Ohno and Yatsuya (1998) reported the
preparation of fullerene nanoparticles via the gas-evaporation technique by
heating fullerene (C60 and C70) samples to 1000–1750 °C in an argon
atmosphere at 0.7–2.6 kPa pressures. Almost all of the particles had irregular
external shapes with sizes from 100 to 400 nm. Only a few particles with
defined crystal habits, e.g. lamellar and multiply-twinned particles, were
observed. Wragg et al. (1990) prepared "smoke" particles, with sizes below 100
nm, by heating fullerene powders in a helium atmosphere at 13 kPa pressure.
The particles were postulated to consist of roughly spherical microcrystals with
diameters of about 20 nm. Ito et al. (1998) used a similar inert gas condensation
method to produce fullerene crystals of about 50 nm in size.

Fujitsuka (1997) generated granular particles with an average diameter of 270
nm by reprecipitation of a solution of fullerenes in CS2 and ethanol. Scrivens
and Tour (1994) prepared an aqueous solution of fullerene particles by mixing a
solution of fullerenes in benzene, THF and acetone with water. The particles
formed by precipitation were roughly spherical and uniform in size, with an
average diameter of 300 nm. In addition, Andrievsky et al. (1995) synthesized
an aqueous colloidal solution of fullerenes with particle sizes from several
nanometers to 220 nm by evaporating a solution of fullerenes in toluene and
water.
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Thin films of fullerenes have been prepared by vacuum sublimation and other
methods. Epitaxial, polycrystalline and amorphous films have been grown on a
variety of substrates (Hebard et al., 1991a; Krakow et al., 1993; Dresselhaus et
al., 1996; Gao and Zhang, 1996; Richter et al., 1997). Fullerene particles and
crystals may be grown during the initial stage of the thin film growth processes.
The formation of fullerene nanoparticles and nanocrystals during the thin film
growth on various substrates, e.g, on NaCl, KI, mica and GaAs, has been
reported in numerous papers (Li et al., 1991; Saito et al., 1993; Tanigaki et al.,
1993; Lüthi et al., 1994a; Yanagi and Sasaki, 1994). The diameters of the
particles varied from a few nanometers up to micrometers, and different
morphologies were observed: e.g. irregular shapes, hexagonal and triangular
plates as well as multiply-twinned particles (Saito et al., 1992; Zhou et al.,
1993).

Fullerene clusters and aggregates consisting of several molecules were reported
to have been formed in the gas phase (Martin et al., 1993) and in organic
solutions (Ying et al., 1994; Ahn et al., 1998) as well as at early stages of
nucleation during a thin film growth (Janda et al., 1998). Jensen and Sorensen
(1996) discussed the formation of fullerene clusters by depositing coatings via
electrospraying.

2.1.4 Applications of fullerene nanomaterials

Fullerene nanomaterials have many possible applications. For instance,
fullerene and fullerene-based nanomaterials can be used as carrier materials for
drugs, isotopes and antibodies in medicine (Scrivens and Tour, 1994; Kolari et
al., 1996), as high surface area particles and supports in catalysis (Ichinose et
al., 1992; Dresselhaus et al., 1996), as an electron beam resist for lithography
(Tada and Kanayama, 1996), as sensor materials (Saab et al., 1998), and in
optical and electronic devices (Haddon et al., 1995; Tanigaki, 1995). Fullerenes
can also be used as source material for carbon-based (e.g. amorphous and
diamond-like) coatings and other nanostructures (Dresselhaus et al., 1996;
Huffman, 1996; Milani and Manfredini, 1996).

Ultrafine fullerene nanoparticles can be used in medical applications for studies
and treatment involving the lymphatic system. The best absorption from
interstitial space to the lymphatic system seems to be achieved with particle
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sizes of 30–50 nm. An optimal nanoparticle could be also used for visualization
in vivo, as a carrier material for drugs, isotopes and antibodies, and for contrast
enhancement (Kolari et al., 1995; Kolari et al., 1996).

Since fullerene nanocrystals can be moved on a substrate with a scanning force
microscope, Lüthi et al. (1994b) proposed that fullerene nanocrystals could be
used in the field of nanotechnology. For instance, fullerene nanoparticles with a
well-defined shape could be used as transport devices for fabrication processes
of nanometer-size machines.

2.2 Materials processing

Aerosol synthesis methods have been applied for the production of
nanostructured fullerene particles in this thesis. In this chapter, nanostructured
materials and aerosol processing routes for material production are briefly
described. In addition, a short summary of the aerosol synthesis of fullerene
particles is given.

2.2.1 Nanostructured materials

Nanostructured materials are generally defined as materials having a
characteristic length scale of typically less than about 100 nm in at least one
dimension. The length scale can be a particle diameter, a grain size or a layer
thickness. These materials are also known as nanocrystalline and nanophase
materials, and the particles as ultrafine particles and nanoparticles.
Nanostructured materials have interesting and possibly useful mechanical,
physical, optical, electrical and magnetic properties (see reviews Gleiter, 1989;
Gleiter, 1992; Siegel, 1993; Suryanarayana, 1995; Edelstein and Cammarata,
1996).

Nanostructured materials with a grain or particle size of 1–20 nm have a large
volume fraction of atoms at their grain boundaries or particle surfaces. As a
result of such microstructure, several properties of nanostructured materials
differ from those of bulk or coarse-grained materials. The sintering and
densification temperatures of nanophase ceramics and metals are lower than
those of conventional materials, and they can deform easily at low temperatures.
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They can be fabricated to be stronger, tougher and harder than their
conventional forms. Nanostructured ceramics can be elastic or even
superplastic. Nanocrystalline or nanometer-size particles with very high surface
areas can have significant reaction rates and improved catalytic selectivity in
catalytic applications. In addition, metallic nanoparticles can be used as
components in single-electron devices in electronics (Gleiter, 1989; Ichinose et
al., 1992; Siegel, 1993; Suryanarayana, 1995; Edelstein and Cammarata, 1996).

Nanostructured materials can be produced in the gas phase, e.g. by gas
condensation from supersaturated vapor, in the liquid phase, e.g. by chemical
methods, and in solid state, e.g. by mechanical attrition. The synthesis
techniques for nanostructured materials include inert-gas condensation,
sputtering, plasma processing, vapor deposition, sol-gel, electro-depositing,
rapid quenching, crystallization of amorphous solids, and mechanical milling/
alloying (Gleiter, 1989; Uyeda, 1991; Ichinose et al., 1992; Siegel, 1993; Li et
al., 1994; Suryanarayana, 1995; Edelstein and Cammarata, 1996). Aerosol
synthesis methods can also be used to produce materials that contain, or that are
composed of, particles or grains in the nanometer size range. Therefore, aerosol
routes are promising for the production of nanostructured materials (Kodas and
Hampden-Smith, 1999).

2.2.2 Aerosol processing of materials

Aerosol processing methods are commonly used to generate a wide variety of
materials such as metals, metal oxides, non-oxide ceramics, semiconductor and
superconducting materials as well as nanostructured materials. Aerosol methods
can be used to produce high-purity powders with controlled crystallinity and
particle size (Kodas, 1989; Gurav et al., 1993b; Messing et al., 1993; Pratsinis
and Kodas, 1993; Kruis et al., 1998; Pratsinis, 1998; Kodas and Hampden-
Smith, 1999).

Aerosol routes in material processing can be classified into gas-to-particle and
droplet-to-particle conversions. In the gas-to-particle conversion route, particles
are formed from supersaturated vapor of a condensable species in a carrier gas.
Supersaturated vapor is formed either as a result of chemical reactions which
create new molecules, or physical processes, such as cooling which reduces the
saturation vapor pressure of the condensable species. At a sufficiently high
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supersaturation, new particles are formed by nucleation, which is followed by
particle growth via condensation, coagulation and agglomeration. Generally,
particles produced by gas-to-particle conversion have a relatively narrow size
distribution and consist of solid, spherical primary particles. However, hard
agglomerates are often formed and it can be difficult to produce
multicomponent particles with homogeneous chemical composition. The gas-to-
particle conversion route has been used for the production of metals (e.g. Ag,
Au, Cu, Mo), oxide and non-oxide ceramics (e.g. Al2O3, TiO2, SiO2, MgO, AlN,
BC), and semiconductors (e.g. GaAs, ZnS). Furthermore, nanostructured
materials and nanoparticles are relatively easy to produce by the gas-to-particle
route, since the primary particle size is generally small, from several nanometers
to micrometers, depending on the process. On an industrial scale, titania, fumed
silica and carbon blacks are produced using this method (Scheibel and
Porstendörfer, 1983; Kodas, 1989; Gurav et al., 1993b; Pratsinis and Kodas,
1993; Kodas and Hampden-Smith, 1999).

In the droplet-to-particle conversion route, precursor solution droplets are
suspended in gas by liquid atomization. These droplets are converted to powder
by drying, by direct pyrolysis or by in situ reactions with carrier-gas
components. Aerosol decomposition (i.e. spray pyrolysis) and aerosol droplet/
spray drying are the most common processes for the generation of powders from
liquid-phase precursors. These processes involve the atomization of the
precursor solution into droplets, which are then carried through a furnace by a
carrier gas. Inside the furnace the solvent evaporates from droplets, and
precursor precipitation occurs to form dry precursor particles. In the case of
spray pyrolysis, this is followed by intraparticle reaction of the precursors
within the dried particles to form the product powder and gaseous reaction
products. Generally, organic and inorganic materials as well as multicomponent
particles with high purity and uniform chemical composition can be produced
via droplet-to-particle route. In addition, unagglomerated spherical particles
with controlled size can be generated. However, porous, hollow particles are
often formed and the spread of the particle sizes is limited by the spread of the
generated droplets. Furthermore, phase segregation may occur for
multicomponent particles. The droplet-to-particle conversion routes have been
used for the production of metals (e.g. Ag, Au, Cu, Ni, Pd), simple metal oxides
(e.g. CuO, Fe2O3, Fe3O4, SnO2, V2O3), complex metal oxides (e.g. mullite,
NiFe2O4, BaTiO3), superconductors (e.g. YBa2Cu3O7-x, Bi-Sr-Ca-Cu-O) and
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non-oxide ceramics (e.g. AlN, BN, ZnS). On an industrial scale, simple and
complex metal oxides are produced (Kodas, 1989; Gurav et al., 1993b; Messing
et al., 1993; Pratsinis and Kodas, 1993; Kodas and Hampden-Smith, 1999).

The droplet-to-particle conversion route can be also used for the production of
nanostructured materials. A particle may consist of many nanometer-sized
crystallites although the particle diameter can be much larger. During the
production the grain size of the particles can be kept small by operating at
temperatures which are sufficient for complete drying (aerosol droplet drying)
and decomposition (aerosol decomposition) of precursors, but not high enough
to cause excessive grain growth. For instance, the aerosol decomposition route
has been used for the production of nanostructured PdO, V2O5, Fe3O4 and
YBa2Cu3O7-x particles and YBa2Cu3O7-x/Ag nanocomposites (Kodas, 1989;
Lyons et al., 1992; Gurav et al., 1993b; Pratsinis and Kodas, 1993; Joutsensaari
and Kauppinen, 1997).

2.2.3 Aerosol synthesis of fullerene particles

Fullerene particles studied in this thesis have been produced by aerosol
synthesis methods. Since fullerenes are soluble in a range of organic solvents
(e.g. toluene and benzene) (Sivaraman et al., 1992; Ruoff et al., 1993) and have
appreciable vapor pressures above 500 °C (Baba et al., 1994; Piacente et al.,
1995; Piacente et al., 1996), both droplet and vapor phase aerosol routes can be
applied to produce fullerene or fullerene-based particles. Gurav et al. (1993a)
introduced the production of nanostructured fullerenes and fullerene-rhodium
nanocomposites. Nanostructured fullerene particles were generated by aerosol
droplet drying of a mixed fullerene solution in toluene using N2 as a carrier gas
at a processing temperature of 200 °C. The particles were polycrystalline with a
small crystallite size of roughly 10 nm. Fullerene-Rh nanocomposites were
produced by aerosol decomposition (i.e. spray pyrolysis) of fullerene solution
and Rh precursor in toluene at 550 °C. The particles formed were
nanocomposites with a crystallite size of about 4 nm and 10 nm for rhodium and
C60 respectively.

In a following study the generation of the fullerene nanoparticles via vapor
condensation in a continuous flow system was introduced (Paper I; Gurav et al.,
1994). Recently, formation mechanisms and crystallite growth of fullerene
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particles during the aerosol synthesis of nanostructured fullerene particles have
been further studied, starting from the atomized fullerene-toluene solutions.
(Papers II–VI). The studies on formation and crystallization of fullerene
particles and their mechanisms during the aerosol synthesis are described in
Papers I–VI and the results are summarized and discussed in this overview.
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3. Methods
Fullerene particles studied in this thesis were produced both by gas-to-particle
and droplet-to-particle conversion routes, i.e. from fullerene vapor via vapor
condensation and from fullerene-toluene droplets via aerosol droplet drying. In
this chapter, particle production experiments and characterization methods as
well as fluid dynamics and fullerene particle evaporation calculations are
described briefly. They are discussed in the papers in detail.

3.1 Fullerene particle production

Four different types of experiments were carried out to produce fullerene
particles and to study their formation and crystallization mechanisms. In the first
experiments ultrafine fullerene particles were produced via vapor condensation,
starting from fullerene powders that were vaporized in tubular flow reactors
(Paper I). The experimental set-up is shown in Figure 1 in Paper I. Batches of
pure C60 (purity 99.5 %) or mixed fullerene extract (MFE, 85 % C60 and 15 %
C70) were loaded at the center of the hot zone of the reactor and then heated to
400–600 °C to generate fullerene vapor. The fullerene vapor was carried though
the reactor using nitrogen as a carrier gas. When the fullerene vapor was cooled
at the reactor exit, ultrafine fullerene particles were formed.

In the rest of the experiments (Papers II–VI), fullerene particles were generated
via aerosol droplet drying, starting from droplets of fullerenes in toluene. The
experimental set-up is shown in Figure 2. The precursor solutions were
atomized to droplets of about 700 nm in diameter by a constant output atomizer
using nitrogen as a carrier gas. Subsequently, the toluene was vaporized from
initial aerosol droplets, forming dry particles in the reactor inlet followed by
crystallization of the particles at the heated zone and the reactor outlet. In the
second set of experiments (Paper II), mixed fullerene extract (MFE, 84 % C60 ,
15 % C70 and 1 % higher fullerenes) was used as the starting material. Pure C60

(purity >99.5 %), pure C70 (>98 %) and mixed fullerene (MF, 50 % C60 and 50
% C70) particles were generated in the third set of experiments (Papers III–V),
and pure C60 (purity >99.5 %) in the fourth set of experiments (Paper VI).



25

In all experiments, particles were generated in tubular reactors with laminar
flow, using nitrogen as a carrier gas at ambient pressure. Basically, two different
types of laminar flow reactors were used in the studies: a large-scale (Papers I–
V) and a small-scale reactor (Paper VI). The large-scale reactor design was
adapted from the one used by Gurav et al. (1993a). The reactor consisted of a
mullite tube with an inner diameter of 8 cm and a heated length of 91 cm in a
three-zone furnace. A carrier-gas flow rate of 3 l/min was normally used (Papers
II–V). In the experiments where particles were generated via vapor condensation
(Paper I), flow rates of 1.5–10 l/min were used. The latest experiments (Paper
VI) were carried out in the small-scale reactor with a mullite tube of inner
diameter of 2.2 cm and a heated length of 60 cm, using a low aerosol flow rate
of 0.3 l/min (see Figure 1 in Paper VI). The previous experiments (Papers III–V)
indicated that particles with different morphologies can be formed due to non-
uniform temperature and flow profiles. Thus, the small reactor was designed and
constructed to achieve uniform conditions for particle synthesis. The direction
of the flow was horizontal in the both reactors.

In addition, some experiments were carried out using monodisperse (size-
classified) aerosols (Paper VI). The monodisperse aerosols were classified with
a differential mobility analyzer (DMA) from the polydisperse aerosols.
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Figure 2. Experimental setup for production of nanostructured fullerene via
aerosol droplet drying (Paper III).
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3.2 Fullerene particle characterization

The number-size distributions of the particles (Papers I–VI) were determined in
the gas phase by a differential electrical mobility analyzer (DMA) (Knutson and
Whitby, 1975; Wang and Flagan, 1990; Reischl, 1991), and the mass-size
distributions of mixed fullerene particles (Paper III) by a multi-stage low-
pressure impactor (LPI) (Berner and Lürzer, 1980; Berner, 1984; Kauppinen
and Pakkanen, 1990; Hillamo and Kauppinen, 1991). The principles of the
DMA and the LPI are described briefly in Paper III. In the DMA the particles
are classified according to their mobility diameter which, for non-porous
particles, is essentially the Stokes diameter. For a spherical particle, the Stokes
diameter is equivalent to the actual physical diameter. The impactor classifies
the particles based on their aerodynamic diameter. By comparing the volume-
size distributions calculated from the DMA results to the LPI mass-size
distributions plotted as a function of the Stokes diameter, particle density can be
estimated as in the studies in Paper III.

The C60/C70 ratio as a function of particle size was determined from the size-
classified impactor samples for the mixed fullerene particles (Paper III). The
HPLC (high performance liquid chromatography) method (Van Cleempoel et
al., 1996) was utilized to detect C70 and to determine the C60/C70 ratio of the
particles collected at the different impactor stages.

The particle morphology was studied by scanning electron microscopy (SEM).
The recent SEM analyses were carried out with a low acceleration voltage (0.9–
3 kV) without any conductive sample coating, in order to visualize the structures
on the particle surfaces (Papers III–VI). The surface structure of the particles
gives an indication of particle crystallinity. The crystal structure and
crystallinity of fullerene particles were studied in detail by transmission electron
microscopy (TEM), by high resolution electron microscopy (HREM) and by
electron diffraction (ED) (Kirkland et al., 1990; Marks, 1994; Williams and
Carter, 1996; Amelinckx et al., 1997). Most of the samples for electron
microscopy were obtained by collecting particles directly on a holey (or lacy)
carbon-coated copper grid by an electrostatic precipitator sampler.
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3.3 Modeling of reactor conditions and fullerene particle
evaporation

To further clarify the transformation and crystallite growth mechanisms of
fullerene particles, the reactor conditions and evaporation of fullerene particles
during the particle synthesis were modeled. The calculations were carried out
for the small-scale reactor and they are described in detail in Paper VI.

Computational fluid dynamics (CFD) calculations were used to examine the
effects of flow development, heat transfer and buoyancy on particle trajectories
for the reactor used in the experiments (Paper VI). The reactor flow and
temperature fields were calculated using the commercial Fluent CFD package.
Furthermore, evaporation rates of the fullerene particles during the synthesis
were calculated in order to estimate the concentration of fullerene vapor in the
gas phase at the heated zone of the reactor (Paper VI). The evaporation of the
particles was calculated using a diffusional transport equation (eq. 1 in Paper
VI) according to Flagan and Seinfeld (1988).
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4. Results and discussion
The main results of Papers I–VI are summarized in this chapter. The
experiments show that it is possible to produce particles with controlled
crystallinity and morphology. The formation and crystallization mechanisms of
fullerene particles during aerosol synthesis are discussed in detail in this
chapter.

4.1 Particle production conditions

In this chapter, conditions for fullerene particle production during particle
synthesis are discussed. The results from the CFD calculations and the
improvements in the reactor set-up design are discussed. Finally, the particle
production conditions of the aerosol methods used in this study are compared to
other methods for producing fullerene particles.

4.1.1 Reactor design and fluid dynamics

In order to achieve more uniform conditions for particle production, the small-
scale reactor set-up was designed and used in the recent study (Paper VI). The
set-up has been improved in several ways when compared with the large-scale
ones that were used previously (Paper I–V). A smaller reactor tube, a slower
cooling rate after the heated zone, and a connections with low angle expansion/
restriction between the reactor tube and the piping have been introduced. This
can significantly affect both particle formation and crystallite growth
mechanisms.

The flow and temperature fields of the small-scale reactor were examined by
CFD calculations. The results of the CFD calculations (Paper VI) show (see
Figure 2 in Paper VI) that the flow has large recirculation regions at the inlet
and outlet of the heated zone when the gas is rapidly heating or cooling.
However, the flow and temperature profiles as well as the residence time
histories of the particles at the maximum temperature are uniform within the
heated zone. The minimum residence time in the center of the reactor tube is at
least several seconds for all particles. It is noteworthy that many processes, e.g.
grain growth and particle vaporization, are exponentially related to the



29

temperature and linearly to the residence time. To summarize, the CFD
calculations show that uniform conditions, especially regarding the temperature
and flow profiles and the residence times in the heated zone, can be achieved in
a small tubular aerosol reactor using a low aerosol flow rate. This indicates that
particles with relatively homogeneous crystallinity and morphology can be
produced.

4.1.2 Comparison with other methods

In comparison with other particle production methods, e.g. precipitation in
liquids, or gas-evaporation techniques, aerosol flow reactor techniques have
several advantages (Paper V). With careful reactor design, the temperature and
flow profiles are uniform and the residence times for particle formation and
crystallization are longer. Thus particles with more uniform crystallinity,
morphology and size can be produced. Moreover, particles with high purity and
uniform crystallinity can be produced, whereas in liquid phase processes solvent
molecules can affect the crystallinity of the particles (Dresselhaus et al., 1996).
When particles are formed during thin film growth, the substrate may contribute
to particle formation and crystal growth. In aerosol flow reactors, the particles
are formed in an inert atmosphere, and the formation and crystal growth
mechanisms are easier to clarify and understand. Finally, the aerosol flow
reactor methods are continuous processes, whereas many other production
methods are batch processes.

4.2 Fullerene particle formation and densification

Fullerene particles were produced by the vapor condensation method starting
from fullerene vapor, and by the aerosol droplet drying method starting from
fullerene-toluene droplets. The condensation method resulted in ultrafine
particles with diameters of 30–60 nm, whereas the droplet-to-particle method
was mainly used to produce larger particles with a diameter of around 100 nm.
In this chapter the formation mechanisms and the densification of fullerene
particles during the aerosol synthesis are discussed based on particle size
distribution measurements and particle vaporization calculations In addition, the
possibility of separating different fullerenes when particles are produced from
droplets of C60 and C70 in toluene are discussed.
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4.2.1 Particle formation mechanisms and densification

Fullerene particles can be produced by both gas-to-particle and droplet-to-
particle aerosol routes. In the vapor condensation method, ultrafine fullerene
particles were produced by vaporizing fullerene powders in a continuous flow
reactor (Paper I). The mechanisms occurring during particle formation are
shown schematically in Figure 2 in Paper I. Since fullerenes are volatile at
400 °C and have appreciable vapor pressures above 500 °C (Baba et al., 1994;
Piacente et al., 1995), fullerene evaporates when the reactor is heated to 500 °C
and above. The fullerene vapor cools while exiting the heated zone of the
reactor, thereby increasing the saturation ratio, which lead to the formation of
new particles via homogeneous nucleation. The critical radius is estimated to be
several nanometers, depending on the cooling rate (Seker et al., 1996).
Subsequently, the particles are grown by condensation and agglomeration.

Figure 3 shows the number size distributions for C60 particles produced at
different reactor temperatures via vapor condensation. The results show that
ultrafine (30–60 nm) fullerene particles can be produced by vapor condensation.
The sizes of the fullerene particles can be controlled by varying the reactor
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reactor temperatures via vapor condensation.



31

temperature and the cooling rate at the reactor exit. For instance, the geometric
mean diameter increases monotonically from 30 nm to 60 nm when the reactor
temperature is raised from 500 °C to 600 °C. Such an increase in the particle
size as well as in the total particle concentration with increasing temperature is
caused by the increasing amount of fullerene vapor generated at higher
tempesratures due to the increased vapor pressure (Paper I).

In the aerosol droplet drying method (Papers II–VI), the fullerene particles with
diameters of about 100 nm are formed from fullerene-toluene droplets by drying
and crystallization. The mechanisms occurring during particle formation are
shown schematically in Figure 6 in Paper III. In this case, the toluene (solvent)
is vaporized from the initial aerosol droplets, forming dry particles in the reactor
inlet. This is followed by densification and crystallization of the particles in the
hot zone of the reactor. The particle-size distribution measurements show that
the average particle size reduces when the reactor temperature rises from room
temperature to 400 °C, as shown in Figure 4. The reduction in the particle size
is mainly due to particle densification and crystallization. DMA-impactor
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comparison results (Paper III) indicate that the density of mixed fullerene
particles (50 % C60 and 50 % C70) monotonically increased from 1.1 to 1.6
g/cm3 when raising the reactor temperature from 400 °C to 700 °C. At higher
temperatures (600–700 °C), the particle density is close to the bulk density of
C60 and C70 (1.7 g/cm3) (Dresselhaus et al., 1996), indicating that almost
completely dense fullerene particles can be produced (Paper III).

At higher temperatures (500–600 °C), the results show that two types of
particles in the different size ranges are formed: larger particles with diameters
of about 100 nm and ultrafine particles with diameters of about 30 nm (Figure
4). This indicates that the fullerene particles are partially vaporized and new
ultrafine particles are formed via homogeneous nucleation, and subsequently
grown by condensation when fullerene vapor is cooled at the reactor exit.
However, the particle size distribution is unimodal and quite narrow (see Figure
6d in Paper VI) for particles with a high initial mass concentration (78 mg/m3)
produced under the controlled conditions at 500 °C (Paper VI). This indicate
that fullerene is mainly vaporized from the particles and subsequently
condensed back onto surfaces of the residual particle as in evaporation-
condensation monodisperse aerosol generator (Hinds, 1999).

The evaporation calculation results (Paper VI) for polydisperse particles having
a higher mass concentration (15–78 mg/m3) show that the amount of fullerene
vapor in the gas phase in the heated zone increased from a few percent to 100 %
when the gas temperature increased from 400 °C to 500 °C (see Figure 5). This
indicates that a major fraction of fullerene is vaporized during the synthesis. It
should be noted that the calculations were stopped at the end of the heated zone,
i.e. the current model simulates only fullerene particle evaporation in the heated
zone of the reactor. Furthermore, in the calculations the fullerene particles were
assumed to be monodisperse perfect spheres with smooth surfaces whereas the
actual particles were solid with mainly irregular shapes and rough surfaces.
Some of the particles were even perfectly faceted.
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4.2.2 Separation of mixed fullerenes

The C60/C70 ratio of the size-classified mixed fullerene (50 % C60 and 50 % C70)
particles collected at the different impactor stages, and of the filter samples were
determined by the HPLC (high performance liquid chromatography), in order to
understand the vaporization and subsequent new particle formation and
condensation in a binary system of fullerenes (Paper III). Only a slight
differences in the C60/C70 ratio between different impactor stages were observed.
In addition, overall impactor and filter results show that the average particle
C60/C70 ratio does not change with different reactor operating temperatures. This
indicates that only minor fractionation occurs during the synthesis of mixed
fullerene particles. This is due to the small differences in partial vapor pressures
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(Baba et al., 1994). Furthermore, C60 and C70 molecules are fully miscible in the
crystals of the particles (Paper IV). The results show that it is difficult to
separate different fullerenes by aerosol droplet drying, vaporization of
fullerenes and subsequent vapor condensation when starting from C60–C70

solution droplets.

4.3 Particle crystallinity, morphology and transformation

The crystallinity and crystal structure of the particles are discussed in this
chapter. The results show that the fullerene particles are nanocrystalline at 20–
200 °C, polycrystalline at 300–400 °C and single crystals at 500–600 °C (Papers
II–VI). At processing temperatures of 500 °C and above, particles with clearly
faceted shapes were observed (Papers III–VI). The most common shapes among
perfectly faceted particles were hexagonal plate-like, decahedral and icosahedral
(see Figure 6). The plate-like particles are lamellar-twinned and the decahedral
and icosahedral particles are multiply-twinned. The structure and growth
mechanisms of lamellar and multiply-twinned particles as well as the theoretical
shape of fullerene particles is discussed in detail in this chapter. Finally, the
transformation and growth mechanisms of faceted fullerene particles during the
aerosol synthesis are discussed (Paper VI). The results base mainly on our
HREM results of the fullerene particles as well as on the result for other
materials and fullerenes produced via various synthesis methods.

4.3.1 Particle crystallinity and crystal structure

The crystallinity and morphology of fullerene particles mainly depend on the
processing temperature. The electron microscopy results indicate that C60

particles are roughly spherical, having pores and voids at temperatures of
300 °C and below (Paper VI). The particles are already crystalline and likely to
be fine-grained at 20 °C and they are polycrystalline at temperatures up to
300 °C. At 400 °C, the polydisperse particles are crystalline, but sometimes
heavily faulted. Smaller particles with sizes of around 100 nm and below are
single crystals and sometimes clearly faceted. At 500 °C and above, larger C60

particles are mainly single crystals when processed in controlled conditions
(Paper VI), whereas the particles are highly disordered (mostly polycrystalline)
or single crystals, some of them being clearly faceted, when processed in less



35

controlled conditions (Papers III–V). At 600 °C the particles are mostly single
crystals and some of them are perfectly faceted.

Similar results are observed for the C70 and the mixed fullerene particles.
However, they are less crystalline at the same processing temperatures (Papers
II–V). For instance, crystallites with a size of a few nanometers are already
formed at 200 °C for particles produced from mixed fullerene extract (84 % C60,
15 % C70 and 1 % higher fullerenes). The size is increased to about 20–30 nm at
500 °C (Paper II).

a)

200 nm

b)

Figure 6. SEM images of a) hexagonal plate-like (particle on left),
decahedral (particle on right) (Paper IV) and b) icosahedral fullerene
particles.
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The particle crystallinity can be controlled by varying the reactor operating
temperature during the aerosol synthesis. Of course the residence time in the
heated zone also contributes to the particle crystallinity. The effect is, however,
less significant (Gurav et al., 1996). In short, fullerene particles are
nanocrystalline at 20–200 °C, polycrystalline at 300–400 °C and single crystals
at 500–600 °C. The grain size can be kept small by operating at sufficiently low
temperatures where grain growth is minimized. Roughly the same crystallization
sequence has previously been observed for metal oxides, but at higher
temperatures (Lyons et al., 1992; Joutsensaari and Kauppinen, 1997). The
mechanisms occurring during particle crystallization are shown schematically in
Figure 15 in Paper VI.

The ultrafine fullerene particles formed via vapor condensation are mostly
polycrystalline, solid, and spherical in shape for all fullerenes at 500 °C (Papers
I, IV and V). In addition to polycrystalline particles, some (defected) single
crystals are observed at 600 °C. When ultrafine particles are formed at the end
of the reactor during gas cooling, their residence time is too short (a few
seconds) to form perfect crystals. Furthermore, the growth rate of the fullerene
particles is quite fast due to high supersaturation of the fullerene vapor at the
reactor outlet.

The crystal structure of the fullerene particles produced by aerosol droplet
drying was determined by electron diffraction (ED) analysis (Paper IV–VI). The
results show that the structure of well-crystallized C60, mixed fullerene (50 %
C60 and 50 % C70) and C70 particles is fcc with lattice constants of 1.41 nm, 1.43
nm and 1.47 nm, respectively (Paper IV). The intermediate lattice parameter of
mixed fullerene particles indicates that the particles are solid solutions of C60

and C70, i.e. C60 and C70 molecules are fully miscible in the crystal lattice of the
fcc phase. Previous studies indicated that the solid solution crystals of C60 and
C70 can be formed both by condensation from the vapor phase (Kniaz et al.,
1995) and by crystallization in the solution (Baba et al., 1994). Our results
indicate that fullerene alloys can also be produced via aerosol synthesis methods
(Paper IV).
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4.3.2 Equilibrium morphology of fullerene particle

The crystal habit of the particles depends on the crystal composition, the
structure of the crystal, and the growth conditions, as well as on the kinetics of
growth. If the kinetics of growth dominate then the shape is determined by the
growth rates on the different crystal faces. The predicted morphology depends
on the relative growth rates in the different crystallographic orientations.
Generally, the faces that grow fast disappear and the slow-growing ones remain.
If the particles are formed in thermal equilibrium, their shape results from
minimizing the surface energy (El-Shall and Edelstein, 1996; Liu and Bennema,
1996). Verheijen et al. (1992a; 1992b) have predicted theoretical equilibrium
shapes for fcc (face-centered cubic) C60 and C70 crystals that are grown slowly
from the vapor phase, based on the periodic bond chain (PBC) theory (Hartman
and Perdok, 1955c; Hartman and Perdok, 1955a; Hartman and Perdok, 1955b).
The equilibrium morphology of an fcc C60 and C70 crystal is an octahedral shape
of {111} faces truncated by {100} faces at the corners as shown in Figure 7. A
similar shape is also predicted for many fcc metals (Uyeda, 1991).

Particles with the truncated octahedral shape have only occasionally been
observed in the present study. Figure 7 shows a SEM image of a C70 particle

200 nm

Figure 7. The equilibrium morphology of an fcc C60 and C70 crystal (left)
(Verheijen et al., 1992b). It is an octahedral shape of {111} faces truncated by
{100} faces at the corners. SEM image (right) of a C70 particle with such a
crystal shape.
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with just such a crystal shape. Apparently, the equilibrium crystal morphology
has not yet been reached because the average residence time is only from a few
seconds to tens of seconds for crystal growth in the heated zone, and even much
shorter in the reactor exit, where the gas cools down and nucleation and
condensation occurs. Furthermore, many of the particles with a clear faceted
shape have defects such as stacking faults and twins that can promote crystal
growth (Papers IV–VI). This indicates that the kinetics of growth dominates
crystal formation of the faceted fullerene particles during aerosol synthesis.

4.3.3 Lamellar twinned particles

The hexagonal plate-like shape is the most common shape of clearly faceted
fullerene particles (see Figure 6a). Under certain conditions (Paper VI; PD-high
at 500 °C) almost all particles are hexagonal platelets. The hexagonal particles
are often lamellar-twinned and have twin boundaries parallel to the extended
{111} surface (Papers IV–VI). Re-entrant (groove) and convex (ridge) corners
at the twin boundaries were found on the side-faces of the particles (see SEM
image in Figure 6a, TEM and HREM images in Figure 8). The particles are
likely to grow rapidly on the side-faces in the direction parallel to the twins,
while the close-packed {111} faces grow relatively slowly. The grooves can act
as favorite nucleation sites for the growth of a new molecular layer in the
hexagonal particles.

Generally, the local vapor pressure is not the same at all locations over the
crystal surface of faceted particles (Rogers and Yau, 1989). Over the large flat
surface (111) of the platelet particles, the local vapor pressure and also the
evaporation-condensation rate can be significantly different from that over the
re-entrant corner on the side face of the particle (see Figure 8 above). If the
curvature of the re-entrant corner is concave, the local vapor pressure over it is
lower than that over a flat surface (reverse Kelvin effect), and thus the re-entrant
corner is a sink for the vapor. This implies that small spherical particles
disappear due to higher evaporation (the Kelvin effect), that flat surfaces remain
relatively stable and that surfaces with re-entrant corners and/or other defects
grow under certain conditions (Paper VI).
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The crystal growth mechanism of lamellar-twinned particles on a molecular or
atomic scale is more complicated (see e.g., Ming and Sunagawa, 1988; van de
Waal, 1996). Figure 9 illustrates the growth of crystal by the re-entrant corner
growth mechanism (van de Waal, 1996). The coordination number of a new
molecule (number 1 in Figure 9b) on a perfect {111} surface is three, while it is
four in a re-entrant corner (number 3 in Figure 9b) of the hexagonal plate-like
particle with lamellar twins. This means that a new fullerene molecule is more

Figure 8. TEM (above) and HREM (below) images of lamellar twinned
particles (Papers V and VI). HREM image shows the presence of several
microtwins and stacking faults. Examples of twins are marked with T and an
example of a stacking fault is marked as SF on the image below.
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probably attached to a re-entrant corner than to the flat {111} surface. The
probability is over 60 times higher at 500 °C (Paper VI). Therefore, the re-
entrant grooves are the preferential sites for growth of the new layers of
fullerene molecules. When a new fullerene molecule has been attached to the re-
entrant corner, it creates new favorable sites (5-coordinated) next to it, and a
new row of molecules can spread over the re-entrant corner. Molecules attached
to the re-entrant corner are surrounded by favorable 5-coordinated sites (Figure
9c), and the new layer is spread until it reaches the end of a crystal or some
defect. The shape of the re-entrant corner stays the same and the growth process
will start all over again, and produce thin platelets (Figure 9d). A crystal with a
single twin will develop into a thin triangular platelet, whereas a crystal with
lamellar twins forms hexagonal platelets.

The re-entrant corner growth mechanism proposed for hexagonal plate-like
particles was first described for fcc germanium crystals (Hamilton and
Seidensticker, 1960; Wagner, 1960). Lamellar-twinned particles have been
observed for many fcc metals and a variety of other materials including
crystalline C60 (Harris, 1995). In fact, hexagonal fullerene particles with planar
defects have already been observed in the first images of solid fullerenes by
Krätschmer et al. (1990). Harris et al. (1992) suggested that these particles have
twins parallel to the large faces {111}. Moreover, the growth mechanism of the
lamellar-twinned particles has been discussed in detail by a number of authors

Figure 9. The re-entrant corner growth mechanism of lamellar twinned
particles (van de Waal, 1996). Twin boundaries are indicated by solid lines.
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(Ming and Sunagawa, 1988; Ming and Li, 1991; Ming, 1993; Li et al., 1994;
van de Waal, 1996).

The thickness growth of the platelets is highly influenced by the occasional
presence of defects such as dislocations or stacking faults. An observation of
that is shown in Figure 10, where a lamellar particle is imaged "edge on" by
HREM. Several (111) layers are observed originating at the surface step caused
by a stacking fault which is lying along a different (111) plane. The surface step
caused by the stacking fault can act as a step-generation source for crystal
growth. Figure 11 illustrates the stacking fault mechanism of crystal growth
(Ming et al., 1988; van de Waal, 1996). A sub-step with a height of 1/3 (or 2/3)
of the elementary growth layer (δ(111)) is generated by a stacking fault on the
(111) surface of an fcc crystal (Figure 11a). A row of molecules will be
adsorbed along the sub-step, forming a sub-step with height of 2/3 δ(111) and a
full-step which can quickly grow out (Figure 11b). Subsequently, a new row of
molecules will be adsorbed along the new sub-step created, forming an another
full-step and a sub-step. This process is repeated, and thus the stacking will
operate as a self-perpetuating step source. The coordination numbers in the full-

SF

Figure 10. HREM image a lamellar twinned particle "edge on" Note the
presence of the stacking fault (SF) and the nucleation of new (111) planes at the
stacking fault, indicated as small arrows (Paper III) .
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step and the sub-steps are five and four, respectively, while the number is three
on a perfect {111} surface, indicating that preferential nucleation in the full-step
and the sub-step is very probable. A step generation mechanism from stacking
faults has been proposed by Bauser and Strunk (Bauser and Strunk, 1982;
Bauser and Strunk, 1984), and it has been discussed in detail by a number of
authors (Ming et al., 1988; Jin et al., 1989; Ming, 1993; van de Waal, 1996).

4.3.4 Multiply-twinned particles

The decahedral and icosahedral particles (see Figure 6) are multiply-twinned
particles (MTPs) that are often found in the early stages of nucleation and
growth of fcc metal crystals in the gas phase and in solutions (see reviews
Ajayan and Marks, 1990; Kirkland et al., 1990; Marks, 1994; Hofmeister,
1998). A relatively large number of multiply-twinned particles have been
observed for both C60 and C70 fullerenes (Papers III–V). The multiply-twinned
particles adopt preferentially the decahedral or icosahedral shape. They can be
considered as five or twenty fcc tetrahedra joined by twin boundaries (Figure
12). A decahedral particle consisting of unstrained fcc tetrahedra cannot be
closed: the theoretical angle between two (111) planes is 70.52°, while the
wedge angle of the five tetrahedra required for a coherent and continuous
decahedral particle is 72°. Nevertheless, the observed decahedral C60 and C70

particles are continuous, implying that they must be strained (Papers IV and V).
Figure 13 shows a HREM image from the center of a decahedral C70 particle
where five crystals are joined together. The electron diffraction and HREM
results of C60 and C70 particles indicate an orthorhombic expansion along the
[110] direction of about 2–3 %, accompanied by an eventual small contraction
along the [100] direction. This deformation is sufficient to accommodate the
angular deficit in the decahedral particle (Paper V).

Figure 11. The staking fault mechanism for crystal growth (van de Waal, 1996).
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Figure 12. Schematic representation of a) decahedral and b) icosahedral
particles consist of five or twenty fcc tetrahedra joined by twin boundaries
(Harris, 1995). Particles formed from unstrained fcc tetrahedra have angular
defects due to they cannot completely fill the space.

 

TWIN

I

II

III
IV

V

Figure 13. HREM image a multiply twinned particle (decahedral). A twin
boundary is marked by a white arrow and the five crystals bonded by twin
boundaries are marked by Roman numerals.
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Some of the decahedral particles have a modified shape, called Marks'
decahedron (see Figure 14) which is the energetically favored shape for small
clusters of fcc metals, according to an elastic theory (Marks, 1984) and
computer simulations (Cleveland and Landman, 1991). The energy differences
between multiply-twinned particles and single crystals are, however, very small,
and clusters need not have a single stable structure, but many configurations
(Doraiswamy and Marks, 1995). Recent theoretical studies of the relative
stability of decahedral, icosahedral or perfect C60 fcc clusters demonstrate that
the decahedral and fcc structures are the most stable structures for small clusters
(more than about 15 molecules) (Doye et al., 1995; Doye et al., 1996; Doye et
al., 1997). Once a decahedral cluster (nuclei) is formed, its shape can remain
during the crystal growth of the particles. This means that the final particle
structure is already formed at the early stages of nucleation and growth.
Furthermore, the re-entrant corners of the Marks' decahedron can act as
preferred nucleation sites during crystallite growth (Marks, 1984; Marks, 1994),
as observed for the lamellar-twinned particles. Each re-entrant twin boundary
will act as a permanent source of a new layer of molecules and the lateral
growth will proceed toward the center of the edge. The icosahedral particles are
probably also formed in a similar way, although the icosahedral shape is favored
only for tiny clusters (less than about 15 molecules) (Doye et al., 1997).

200 nm

Figure 14. TEM (on left) and SEM (on right) images of fullerene particles with
a shape of Marks' decahedron (Paper IV). Twin boundaries of the multiply
twinned particle at re-entrant corners are marked by lines in the left image.
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No uniform mechanism for the formation of multiply-twinned particles are
found in the literature (Ajayan and Marks, 1990; Hofmeister, 1998). The
multiply-twinned fullerene particles observed in this study can also be formed
during grain growth, particle coalescence and successive twinning (Yagi et al.,
1975; Ajayan and Marks, 1990; Hofmeister, 1998). For instance, five or twenty
grains in a polycrystalline particle can grow together during grain growth,
forming a multiply-twinned particle. In addition, two lamellar twins that are
crossed form a region with a local five-fold symmetry. This cross-twinning
region may act as an embryo for growth of a decahedral particle (van de Waal,
1996; Hofmeister, 1998).

Decahedral C60 particles have previously been observed to form during the
growth of thin films by vacuum deposition (Saito et al., 1992; Zhou et al.,
1993), by gas-evaporation method (Ohno and Yatsuya, 1998) and large single
crystals (millimeter sized) by a sublimation-condensation method in a vacuum
(Haluska et al., 1993). To the author's knowledge, icosahedral fullerene particles
have not been reported before. However, clusters of C60 molecules (13 and 55
molecules) with icosahedral structure have been observed (Martin et al., 1993).

4.3.5 Particle transformation and growth during aerosol synthesis

The growth mechanisms of the lamellar and the multiply-twinned fullerene
particles are discussed in the chapters above. In this chapter, the growth
mechanisms of the individual particles are connected to the aerosol synthesis
processes.

The experiments show that the morphology of the fullerene particles changes
from irregular or roughly spherical to clearly crystalline when the processing
temperature rises to 500 °C (Papers III–V). The evaporation calculations
indicate that a major fraction of fullerene can be vaporized during the synthesis
at 500 °C (Paper VI). In addition, the particle size measurements show that
fullerene mainly evaporates from particles and subsequently condenses back to
the partially evaporated particles during the synthesis (Paper VI). These results
indicate that the vaporization of the fullerene particles plays an important role
during synthesis of single crystalline particles with well-defined shape during
the particle synthesis (Paper VI). A similar particle morphology transformation
has been previously observed for volatile metal oxides such as V2O5 and MoO3
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produced via aerosol decomposition (Lyons et al., 1992; Xiong et al., 1992;
Kodas and Hampden-Smith, 1999).

The presumable transformation and growth mechanisms for multiply and
lamellar-twinned particles occurring during aerosol synthesis are schematically
shown in Figure 15. When the fullerene particles enter the heated zone of the
reactor, they start to evaporate and the molecules rearrange, e.g. by evaporation/
condensation and surface migration. Simultaneously, particle agglomeration,
coalescence and grain growth occur (Paper VI). Finally, decahedral/ icosahedral
nuclei or partially vaporized particles with multiple twinning are formed, and
subsequently multiply-twinned particles are mainly grown by a layer-by-layer
mechanism from the nuclei (Paper IV). The lamellar-twinned particles are
grown from partially vaporized particles with planar defects by a re-entrant
corner growth mechanism in the direction parallel to the twins and stacking
faults (Papers IV–V). Mainly, growth of the multiply and lamellar-twinned
particles already occurs in the heated zone. The growth can be accelerated by
condensation at the reactor exit when the aerosol cools. In addition, new
ultrafine particles can be formed via homogeneous nucleation and condensation.

The growth of the particles with well-defined crystal habit is often promoted by
defects, such as twins and stacking faults (Papers IV–VI). Defects can be
formed during grain growth and particle agglomeration and coalescence

Partial
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>400 °C

Crystal
reorganization

Poly- crystalline particles/
Defected single crystals

C60
Vapor

Coalescence

Coagulation

Grain growth

Growth by re-entrant
corner growth
mechanism Hexagonal

platelets

Single crystals with
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Single
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icosahedral nuclei /

Small multiply
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particles
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nucleaction/ growth
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Figure 15. Schematic description of possible mechanisms for the transformation
of lamellar and multiply twinned as well as ultrafine fullerene particles during the
aerosol processes at 500 °C.
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(McGinn et al., 1982b; McGinn et al., 1982a; Mumaw and Haugh, 1986; Harris,
1995). Particles are mainly polycrystalline up to temperatures of 400 °C,
indicating that grain growth is probably the main mechanism to introduce
defects. Impurities in the particles can also form defects during particle
crystallization. Furthermore, defects frequently occur in large single fullerene
crystals even if they have grown very slowly from the gas phase. The
microstructure of these fullerene crystals is very similar to those of fcc metals
and alloys with a low stacking fault energy (Muto et al., 1992; Van Tendeloo et
al., 1992).

At 600 °C, the particles have a less distinct crystal habit when produced in the
controlled conditions (Paper VI). The transformation and growth mechanisms of
fullerene particles are shown in Figure 16 in Paper VI. The fullerene particles
are vaporized almost completely in the heated zone. Subsequently, fullerene
vapor condenses onto the surfaces of the residual particles and also forms new
ultrafine particles via homogeneous nucleation and condensation at the reactor
outlet where the carrier gas cools down. Clearly faceted particles are not formed
during fast cooling. In addition, the crystal structure and the surface morphology
may be destroyed thermally at higher temperatures. Furthermore, the defects
that promote crystal growth may migrate along the crystal and disappear at
higher temperatures.
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5. Conclusions
The primary objectives of this thesis were to develop routes for the production
of nanostructured, ultrafine fullerene particles and to understand fullerene
particle formation and crystallization mechanisms during the aerosol synthesis.
When developing new applications for fullerene-based nanostructured materials,
the production method techniques of nanostructured fullerene particles need to
be developed. The nanostructured, ultrafine fullerene particles were produced
by vapor condensation and by aerosol droplet drying and crystallization methods
in tubular flow reactors. The formation and crystallization mechanisms were
studied using aerosol measurement techniques (DMA, LPI) and electron
microscopy (SEM, TEM and HREM). The production conditions and the
vaporization of fullerene particles during the synthesis were evaluated using
computational fluid dynamics and evaporation calculations. In addition, a high-
performance liquid-chromatography method was utilized to study whether it is
possible to separate different fullerenes during aerosol processes.

The study demonstrated that ultrafine (30–60 nm) fullerene particles can be
generated by vapor condensation in a continuous flow reactor. The size of the
fullerene particles can be controlled by changing the reactor temperature. The
particles are spherical, solid and polycrystalline at processing temperatures of
500 °C and above.

The larger fullerene particles, around 100 nm in size, were produced by using
the aerosol droplet drying and crystallization method starting from fullerene
toluene solution. The particles are roughly spherical, having pores and voids,
and are nanocrystalline when produced at low reactor operating temperatures
(20–200 °C). At higher temperatures of up to 400 °C, the particles are denser
and mostly polycrystalline. The crystallinity of the fullerene particles can be
controlled by varying the reactor operating temperature during the aerosol
droplet drying synthesis.

Fullerene particles with a clear faceted shape were observed at processing
temperatures of 500 °C and above. The most common shapes among perfectly
faceted particles were hexagonal plate-like, decahedral and icosahedral shapes.
Electron microscopy revealed that the plate-like particles are lamellar twinned
whereas the decahedral and icosahedral particles are multiply twinned. The
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lamellar-twinned particles are probably grown rapidly on the side-faces in the
direction parallel to the twins by a re-entrant corner growth mechanism, while
the large close-packed {111} faces grow relatively slowly. No uniform
mechanism was found for the formation of multiply-twinned particles. The
multiply-twinned particles are probably grown layer-by-layer around the exiting
decahedral and icosahedral nuclei, which are stable structures for small
fullerene clusters. Furthermore, the multiply-twinned particles can be formed
during grain growth from polycrystalline particles, particle coalescence and
successive twinning.

The growth of the particles with well-defined crystal habit is often promoted by
defects, such as twins and stacking faults. Furthermore, the vaporization of
fullerene particles and the fullerene vapor play an important role during the
formation and growth of particles with a clearly faceted shape. For multiply and
lamellar twinned particles, following particle formation and crystallization
phenomena during the aerosol synthesis fullerene particle are proposed. At
500 °C, during particle vaporization in the reactor, decahedral/icosahedral
nuclei or partially vaporized particles with multiple twinning are formed, and,
subsequently, the multiply-twinned particles are probably grown by a layer-by-
layer mechanism. Similarly, the lamellar-twinned particles are grown from
partially vaporized particles with planar defects by a re-entrant corner growth
mechanism in the direction parallel to the twins and stacking faults. The growth
of the particles mainly occurs already in the heated zone of the reactor. The
growth can be accelerated by condensation at the reactor exit when the aerosol
cools. At 600 °C, the particles have a less distinct crystal habit. The fullerene
particles are vaporized almost completely in the heated zone. Subsequently,
fullerene vapor condenses onto the surfaces of the residual particles. In addition
at high temperatures (500–600 °C), new ultrafine particles are formed via
homogeneous nucleation and condensation from fullerene vapor at the reactor
outlet where the carrier gas cools down.

Computational fluid dynamics calculations show that with a careful reactor
design, uniform conditions with respect to temperature and flow profiles, as
well as residence times in the heated zone, can be achieved in a small tubular
aerosol reactor using a low aerosol flow rate. The uniform reactor conditions
and residence times of few seconds at least for particle formation and
crystallization indicate that particles with relatively homogeneous crystallinity
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and morphology can be produced. Experiments show that almost all of the
particles are hexagonal platelets produced in particular processing conditions at
500 °C.

The high performance liquid chromatography results from size-classified
samples indicate that only minor fractionation occurs during the synthesis of
mixed fullerene particles, due to the small difference of partial vapor pressures.
Furthermore, C60 and C70 molecules are fully miscible in the crystals of the
particles, forming alloys of fullerenes. The results show that it is difficult to
separate different fullerenes by aerosol droplet drying, vaporization of
fullerenes and subsequent vapor condensation when starting from C60–C70

solution droplets.

In summary, ultrafine, nanostructured fullerene particles can be produced by
aerosol processing methods. Particle size can be controlled from 20 nm to 300
nm and crystallinity from nanocrystalline to single crystal. Furthermore, the
defects such as stacking faults and twins as well as vaporization of the fullerene
particles play an important role during the crystal growth of the fullerene
particles with distinct crystal habit. The synthesis method can also be extended
to process, for instance, fullerene metal composites and compounds. For
possible applications, fullerene particles produced in this study can be used in
medical applications for visualization in vivo of the lymphatic system, and as a
carrier material for drugs, isotopes and antibodies.

The formation mechanisms of multiply-twinned particles are not clear as yet.
Further studies are needed to clarify the formation mechanisms of multiply-
twinned particles. However, the formation of multiply-twinned particles could
be a chance phenomenon, indicating that particles are only be formed
occasionally. Finally, it will be interesting to develop aerosol-processing routes
for the production of carbon nanotubes, which have very interesting properties
and possible applications.
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