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ABSTRACT
Elihn, K. 2002. Synthesis of carbon-covered iron nanoparticles by photolysis of ferrocene.
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One important driving force in nanotechnology today is the change which can be made in the
properties of a material when the dimensions of its individual building blocks are decreased
below approximately 100 nm. Such small building blocks, typically nanoparticles, may
induce new and unique properties compared to those of the corresponding bulk material. The
challenge in nanotechnology is to make nanoparticles with a discrete particle size within the
range 1-10 nm. It is also important to develop appropriate assembly methodologies in order to
construct devices composed of such small building blocks.

This thesis reports iron nanoparticle synthesis using laser-assisted photolysis of ferrocene.
The particles were protected against oxidation by a carbon shell formed in situ during their
growth. By varying the experimental conditions such as fluence, repetition rate and laser
beam area, particles could be synthesized in the size range 1 to 100 nm. Their size was
measured using a differential mobility analyser (DMA), transmission electron microscopy
(TEM) and X-ray diffraction (XRD). DMA was also used successfully to size-select particles
to facilitate the deposition of monodisperse nanoparticle films.

A theoretical “residence time approach (RTA)” model was developed to relate particle
volume to the laser parameters used. The growth of these particles was studied in situ using
optical emission spectroscopy; the results were compared with those from quantum
mechanical calculations. The particles were characterised ex situ by TEM, convergent beam
electron diffraction, XRD, X-ray photoelectron spectroscopy and Raman spectroscopy.
Results from the TEM investigations revealed that the carbon shell was graphitic close to the
iron core, while the outer part of the carbon shell was amorphous, indicating different growth
mechanisms. Both bcc and fcc iron particles were observed.
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1 Nanoparticles

The interest in nanoparticles has grown enormously during the past decade,
indicated by a large number of new conferences and scientific papers in the field.
The reason is the many times enhanced and sometimes unexpected properties of
nanoparticles and nanostructured materials, which deviate from the properties of the
corresponding bulk material. Moreover, the properties of nanoparticles are often
strongly dependent on particle size. This opens up possibilities to alter the properties
of the material by changing the size of the particles composing the material. This
kind of design approach can be used to tailor properties and create unique materials
for new applications.

Nanoparticles are normally classified as particles of diameters from 1 to 100 nm.
Particles in this size range have a high proportion of the atoms positioned at their
surface and, compared to bulk materials, their surface-to-volume ratio is very large.
As the nanoparticle size decreases, a higher fraction of the atoms becomes surface
atoms. A reduction of the nanoparticle size from 10 to 1 nm gives an increased
fraction of surface atoms from 10 to 90 %, see Table 1.

Table 1. Fraction of surface atoms for different sizes of nanoparticles.

Particle
diameter (nm)

Total number
of atoms

Fraction of
surface atoms (%)

1000 1010 0.1
100 107 1
10 50 000 10
5 6000 30
2 400 60
1 50 90

Atoms in the bulk are attracted and repelled by neighbouring atoms and are in
equilibrium with their surroundings. Surface atoms on the other hand are due to the
reduced co-ordination number, unilaterally attracted towards the interior of the
nanoparticle by the bulk atoms. This results in a higher energy state for the surface
atoms, and this surplus energy is referred to as the surface energy of the
nanoparticles. The increase in the fraction of surface atoms results in an increase of
surface energy as the nanoparticle size is reduced (Esurf ∝ 1/d); therefore, the
surface energy comes to play an important role for the properties of nanoparticles.
Reduction in interatomic distances has been observed for small particles and is one
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way that to reduce the surface energy and hence stabilise the particles. The
nanoparticles can also be stabilised by adopting another crystal structure. Hence,
many properties of nanoparticles are related to this surface effect that arises from a
large fraction of surface atoms. There are also volume effects that influence the
properties and cause the nanoparticles to behave differently compared to the
corresponding bulk material. Volume effects appear when the length scale of
physical processes becomes comparable to that of the nanoparticle size. For
example, when the size of the nanoparticle is smaller than a magnetic domain, the
mean free path of an electron, or the wavelength of light.

There are several observations of size dependent properties ranging from physical,
electrical, mechanical and chemical to magnetic properties. Lowering of the
melting point is observed when particle size is decreased which is shown in Fig.
1.1.

Figure 1.1. The dependence of the melting point on the particle size for gold
nanoparticles [1].

Figure 1.2. The dependence of the hardness on the grain size for nanocrystalline
iron [2].
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There are also reports about higher electrical resistivity in metals as well as
increased hardness of iron, see Fig. 1.2, due to reduction in particle size. An
important chemical property affected by the reduced particle size is the catalytic
activity of a material, but most effected by the change in particle size are the
magnetic properties. The coercivity of magnetic materials has been the most
studied. The coercivity increases to a certain critical nanoparticle size before it
drops as shown in Fig. 1.3 [3] leading to a superparamagnetic behaviour of the
particles. A room-temperature coercivity of 1050 Oe has been observed for 14 nm
iron nanoparticles [4], which is far greater than the bulk value of 10 Oe. An even
greater coercivity of 2500 Oe has been measured at 2 K for iron nanoparticles in a
silica matrix [5]. The critical size, where iron nanoparticles turn superparamagnetic,
is reported to be about 5-6 nm (300 K) [4, 6]. The magnetic nanoparticles have
several potential applications as high-density information storage, ferrofluids,
magnetic refrigerants etc.

Figure 1.3. The dependence of the coercivity on the nanoparticle size.

Several synthesis methods have been used for the production of nanoparticles. All
of them have different advantages and disadvantages, and it is difficult to find a
method that fulfils all the requirements of cleanliness, amount of product,
monodispersivity, kind of material etc. The ultimate goal is a production route
where single sized nanoparticles can be obtained directly with no need for size
separation. But direct growth of monodisperse nanoparticles often requires detailed
studies and understanding of the particle growth mechanism. The growth of
nanoparticles is usually very complex and involves several steps. To understand the
whole procedure it is important to examine initial growth species followed by
studies of how these build up nuclei and the growth mechanism to form the final
particle.

Investigations of size dependent properties of nanoparticles demand precise
methods to determine the particle size. Size determinations can be difficult and
time consuming. Recently, the differential mobility particle sizer (DMPS) was
introduced into materials science proving to be an excellent tool for determining
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the size of gas phase nanoparticles. This equipment can also separate nanoparticles
according to their size in order to obtain an almost monodisperse particle aerosol.

In this thesis, carbon-covered iron nanoparticles were formed by laser-assisted
chemical vapour deposition (LCVD) using ferrocene as a precursor [paper I]. The
choice of precursor made it a one step process where no extra step was needed to
form the carbon coating. To understand more about the growth of the nanoparticles,
the synthesis was studied by optical emission spectrometry (OES) [papers II and
III] and theoretical calculations [papers IV and V]. It was possible to determine
growth species, study the adsorption of species and also estimate the particle
temperature. Particle sizes were measured from transmission electron microscope
(TEM) micrographs [paper IV] or by using a DMPS [paper I]. The use of
different experimental parameters made it possible to control the particle size and
examine the dominating growth process of the particles. The particles were
characterised by TEM, X-ray photoelectron spectroscopy (XPS), X-ray diffraction
(XRD), convergent beam electron diffraction (CBED) and Raman spectroscopy.
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2 Synthesis of nanoparticles

There are a great variety of synthesis methods to produce nanoparticles and
nanostructured materials of metals. However, synthesis of pure iron nanoparticles
is challenging and most of the reported iron nanoparticles are oxidised. Addition of
small amounts of oxygen into the deposition chamber is often made deliberately to
passivate the particle surface since pure iron nanoparticles are pyrophoric in air.
Another way to protect the particles from complete oxidation is by coating them
with another material, e.g., carbon.

A solid state route to obtain nanoparticles is ball milling where a bulk material is
milled together with a milling media. The milling of iron powder will eventually
form iron nanoparticles, but it can take several days to obtain particles below 20 nm
[7]. So even if it is a relatively simple technique, it is time consuming and
contaminants from the milling media may be incorporated in the particles. In
solution, build-up techniques are used in the formation of nanoparticles. For
example, inverse micelles can be used in the synthesis of iron nanoparticles [8].
Synthesis in solution is also considered as a relatively simple technique, but once
again contamination can be a problem. Nanoparticles can also be synthesised by
several gas phase methods. These are generally considered to create nanoparticles
of high purity. Through the gas phase methods particles are obtained by
homogeneous nucleation of atoms, molecules and/or fragments, which are formed
using physical or chemical methods commonly referred to as physical vapour
deposition (PVD) and chemical vapour deposition (CVD). Different PVD and CVD
methods will be briefly described and compared with the photolytic laser-assisted
CVD method used in this thesis to synthesise carbon-covered iron nanoparticles.

The synthesis of nanoparticles in PVD can be maintained by evaporation of atoms
from a solid target in vacuum or in an inert gas flow. The vacuum approach has the
advantage to reduce gaseous contamination and create high purity nanoparticles.
Agglomerates of particles are common in evaporation syntheses, but this problem
can be reduced using a lower evaporation temperature or a higher inert gas pressure
in the evaporation chamber. A drawback with PVD in the synthesis of
nanocrystalline films is the difficulty to deposit onto complex-shaped substrates
because of the poor surface coverage.

The use of a thermal source, e.g. an oven, is the simplest way to evaporate a
material. Iron nanoparticles are formed by evaporating the metal from an alumina-
coated tungsten crucible in an argon flow [9]. The thermal evaporation can easily
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be scaled to produce large quantities of nanoparticles, but the synthesis cannot
handle high temperature melting point materials since there is a maximum
operating temperature set by the crucible and oven material. Impurities in the
crucible material may also be released by the high temperature and be incorporated
in the nanoparticles.

Synthesis of high melting point materials may require the use of a more powerful
heating source than an oven. Irradiation by a laser source, e.g. a CO2 laser, can
provide local temperatures up to 10 000 °C, enough to evaporate refractory target
materials and create mostly neutral atoms in an inert gas flow. Any target material
can be used but only small amount of particles can be generated in this way.
Ablation is a non-thermal method to synthesise nanoparticles by using a pulsed
laser, e.g., an excimer laser. It is not considered as a pure homogeneous nucleation
method since atoms, as well as clusters, are ejected from the target in a vacuum
chamber. Any material can be used in laser ablation, but the synthesis is limited to
short deposition times since the removal rate of ablated material decreases with
exposure time. Iron nanoparticles can for example be formed when ablating an iron
target by using a pulsed YAG laser (λ = 532 nm) at 30 Hz [10].

A material can also be evaporated by plasma sources. A plasma is an ionised gas,
e.g. of argon, that can deliver enough energy to evaporate any material. If the
ambient gas pressure is sufficiently high it is possible to yield gas phase nucleation
of particles of high purity. The generation of nanoparticles by plasma evaporation
is considered as a low temperature process that has several advantages such as
production of small particles and less risk for agglomeration of primary particles.
The low process temperature also allows deposition on temperature sensitive
substrates. A disadvantage is the relatively small quantity of particles that can be
synthesised. A plasma can also be created when a high voltage is applied between
two solid electrodes. An arc discharge is obtained, which evaporates the anode
material. Carbon-coated iron nanoparticles can for example be formed in an arc
discharge using a graphite anode containing iron [11-13].

CVD is widely used in the synthesis of nanoparticles and nanostructured materials.
It is somewhat more complex than PVD due to chemical reactions in the gas phase,
but has several advantages. CVD has good reproducibility and generally creates
uniform and pure materials although the precursor gases or reaction products may
introduce impurities. CVD enables synthesis of nanostructured films with good
conformal coverage and it has a good throwing power. One disadvantage of CVD
is the exposure to chemicals that may be toxic because many of the precursors may
be hazardous.

The simplest CVD technique to produce nanoparticles is thermally assisted CVD,
using an oven to decompose and chemically react the introduced gaseous
precursors. The advantage of thermal CVD over thermal PVD is the possibility to
introduce refractory materials as volatile compounds, e.g. metal organic
compounds, which decomposes in the furnace to a condensable material. Carbon-
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covered iron nanoparticles are formed together with nanotubes when ferrocene is
thermally decomposed in Ar/H2 at 900 °C [14].

The heat of a flame (2000-3000 ºC) can also initiate chemical reactions and
produce condensable monomers by means of burning gaseous or liquid precursors
injected into the flame. Particles produced by using a flame are normally limited to
oxide materials since an oxidising environment like H2/O2 or acetylene/O2 is most
commonly used. This method is an inexpensive route to produce large quantities of
oxide material. However, it is possible to obtain non-oxide materials when alternate
fuel sources are used, e.g., a mixture of H2/Ar or hydrocarbons/Ar. The flame
synthesis of nanoparticles has the disadvantage of yielding agglomerated particles,
especially at the high gas pressures applied in the industrial synthesis. Reduced
pressures can lower the amount of agglomerated particles. Another disadvantage is
the large temperature variations in the flame, which makes it difficult to control the
particle size.

A plasma can be employed instead of a high temperature to decompose, e.g. metal
carbonyls, in plasma enhanced CVD. Microwave plasma decomposition of
ferrocene in hydrogen form carbon-covered iron nanoparticles [15]. Using an
additional plasma zone can also create coated particles [16].

In laser-assisted chemical vapour deposition (LCVD) the heating source is a laser,
for example a CO2 laser. Laser-heating is rapid and results in thermal
decomposition of gaseous precursors in an inert gas flow. The laser provides heat
to the gas phase precursors by letting the beam pass through a window into the
deposition chamber. Laser-assisted CVD is a low temperature process. The source
molecules are heated selectively by absorption of the laser beam energy, whereas
the inert gas is only heated indirectly by collisions with the precursors. This
reduces the particle size and risk of agglomeration. The absence of heated walls
reduces the risk of product contamination. Iron nanoparticles can be formed using a
CO2 laser to decompose Fe(CO)5 [17, 18].

A laser can also induce a photochemical decomposition of gaseous precursors and
form nanoparticles in laser photolysis, see Fig. 2.1 [paper I]. For example,
ultraviolet laser light from excimer lasers can enter the deposition chamber via a
quartz window, where the gaseous precursors are excited and dissociated. The
chemical bonds of the precursors can selectively be broken depending on the
wavelength of the laser light [19-22] via one- or multiphoton absorption to produce
a supersaturated vapour of atoms and fragments.
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Figure 2.1. Schematic picture of laser-assisted photolysis of a gaseous precursor.

Laser photolysis is considered as a low temperature process that produces small
particles and reduces agglomeration, although the particles themselves may obtain
a very high temperature after being irradiated by the subsequent laser pulses. This
can be used to control the particle temperature and the cooling rates. Laser
photolysis generates relatively few particles, but on the other hand, provides unique
opportunities to control the particle size.

Laser beam

Substrate
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3 Growth of nanoparticles

The formation of nanoparticles in the gas phase requires a supersaturated vapour of
monomers. There are several ways of generating a monomer population of atoms,
molecules or fragments to support the growth as described in the previous chapter,
“Synthesis of nanoparticles”. A supersaturated vapour is obtained when the partial
vapour pressure (p) is greater than the equilibrium saturation vapour pressure (ps)
of the monomers. It can be obtained when cooling the vapour by, e.g., collision
with an inert gas. Chemical reactions or decomposition of precursor molecules,
where non-volatile condensable species are formed can also generate
supersaturation. A monomer population of atoms and fragments can, for instance,
be formed by photolytic dissociation of metalorganic precursors where each laser
pulse can generate high saturation ratios (p/ps).

A supersaturated vapour of monomers may lead to homogeneous nucleation in the
gas phase. These nuclei must exceed a critical diameter (dc) to become stable. If the
diameter of the nucleus (dn) is larger than dc, it continues to grow, or else the
nucleus decomposes.

The growth continues after nucleation by adsorption of atoms, molecules or
fragments onto the nanoparticle and/or by coalescence or coagulation due to
collisions between the nanoparticles, see Fig. 3.1. The growth of coated particles
involves additional steps, which are examined in this thesis for the formation of
carbon-covered iron nanoparticles in the photolysis of ferrocene. Log-normal size
distributions have frequently been experimentally found for nanoparticles.
Granqvist and Buhrman showed that a log-normal size distribution is obtained for
particles grown by coalescence [23]. However, the recent residence time approach
(RTA) model by Kiss et. al. explains that a log-normal size distribution can also be
obtained for nanoparticles grown by atomic adsorption without any coagulation
[24].

Attempts to form iron nanoparticles have resulted in several iron containing
products as reported from different synthesis methods. In addition to iron oxides,
also iron carbides, fcc and bcc iron have also been obtained. The formation of
carbides versus metals inside carbon shells has been discussed thoroughly but the
presented theories, resulting from several experiments, are often contradictory [25].
The existence of both bcc and the high-temperature fcc phase in nanoparticle
materials is believed to be caused by the rapid cooling of the particles, i.e., the
high-temperature phase is preserved. Other investigations point out that the small
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size and high surface energy of the nanoparticles can affect the stability of the high-
temperature phases.

Figure 3.1. The growth of nanoparticles via atomic adsorption, coalescence and
coagulation.

An understanding of particle growth is important when tailoring the size of
nanoparticles. Optical emission spectroscopy [papers II and III] and theoretical
calculation [papers IV and V] have been used in this thesis to monitor the growth
of carbon-covered iron nanoparticles in the photolysis of ferrocene. Several
analyses of the particle size, morphology and crystal structures of iron and carbon
of the nanoparticles have given additional information about the growth of these
particles.

3.1 Optical emission spectroscopy

Optical emission spectroscopy is a useful tool in the investigation of nanoparticle
growth during the photolysis of ferrocene. The emitted light from the reaction
chamber was transferred via an optical fibre to a grating spectrograph. An optical
multichannel analyser (OMA) recorded spectra of the emitted light. Atoms that are
excited, for example by a laser beam, emit light of wavelengths which are
characteristic of that atom and a line spectrum is obtained, whereas molecules or
fragments generates band spectra. Characteristic spectral lines and bands were
obtained when recording spectra of the photolytic decomposition of ferrocene at
0.1 mbar [paper II]. From these measurements it was possible to identify species
that maintain the growth of carbon-covered iron nanoparticles. At increased
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pressures in the reaction chamber, continuous spectra were recorded. They
originated from emission of blackbody radiation of the nanoparticles heated by the
laser pulses [paper III]. Blackbody radiation is commonly referred to as thermal
radiation and can be described by the Planck radiation law. These spectra enabled
determination of the particle temperature. The use of time resolved spectroscopy
also determined the cooling rate of the nanoparticles subsequent to a laser pulse.

3.1.1 Determination of nanoparticle temperature

From the wavelength at maximum intensity (λmax) in a blackbody radiation
spectrum, see Fig. 3.2, it is possible to determine the temperature. As the
temperature increases, the peak grows larger and shifts to shorter wavelengths
(Wien law).

Figure 3.2. The photon number distribution n(λ) for blackbody radiation. The
dotted lines represent λmax.

The recorded blackbody spectra of the emitted light from the carbon-covered iron
nanoparticles in this thesis had to be corrected by the transfer function of the
optical detection system due to the detector’s lower sensitivity to red light. The
transfer function is obtained by using a tungsten strip calibration lamp, at a given
well-known temperature, of which the emissivity variation over the visible
spectrum is less than 0.5 %. The corrected spectra can be fitted by the Planck
radiation law taking into account the emissivity (ε) of small spherical particles
according to the Mie theory. The emissivity of small spherical particles is
proportional to 1/λ when the particles are much smaller (1-100 nm) than the
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measured wavelength (around 600 nm). The modified radiation law can be
expressed as

1)/exp(

11
)( 5 −

×∝
kThc

n
λλ

λ (3:1)

where n(λ) is the number of photons in the (λ, λ + ∆λ) spectral region, h is the
Planck constant, c is the speed of light, λ is the wavelength of the emitted radiation,
k is the Boltzmann constant, and T is the nanoparticle temperature. The fitting
procedure gave the nanoparticle temperature.

3.2 Theoretical calculations

Quantum mechanical calculations can give insight on the growth process of
nanoparticles, such as the thermal decomposition of precursor molecules and the
surface growth by adsorption of the precursors, and the decomposition products. In
this study, density functional theory (DFT) calculations and molecular dynamics
(MD) simulations were used.

3.2.1 Density functional theory

Density functional theory (DFT) calculations (at 0 K) today have reached results in
close agreement with experimental data. DFT was founded by Hohenberg and
Kohn [26]. The driving principle behind DFT is that the total energy of a system
can be determined from the electron density. Since many properties depends on the
electron density, the calculations make it possible to predict experimental results,
e.g., bond distances and bond strength. In DFT, the total energy (Etot) of a system is
described as

Etot = Ekin + Epot + Ee-e + Exc                                      (3:2)

where Ekin is the kinetic energy of the electrons, Epot is the potential energy due to
the attraction between nuclei and electrons, Ee-e is the repulsive energy between
electrons and Exc is the exchange correlation energy. The finding of the lowest Etot
yields the ground state structure of a system. However, Exc cannot be calculated
exactly and approximations have to be used to obtain a total energy that is close to
reality for the system. Local density approximation (LDA) is the simplest
approximation because it treats a system that is inhomogeneous as being locally
homogeneous. This approximation normally leads to an electron density close to
reality and yields results in close agreement with experiments. However, it often
fails to describe regions where the electron density changes rapidly. In these cases,
introducing non-local corrections, normally referred to as generalised gradient
approximations (GGA), help to describe a system properly; thus, the LDA results
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can be improved. The LDA with non-local corrections is one of the most efficient
methods for calculations involving d-metal complexes.

By using DFT at 0 K based on LDA, and including a gradient approximation (P91)
and corrections for relativistic effects, the binding energies within ferrocene were
determined [paper IV] as well as the adsorption energies of ferrocene and its
fragments onto an iron (100) surface [paper V]. This procedure gave a general idea
about the stability of ferrocene and information about which species are formed and
most probably bind to the iron surface.

3.2.2 Molecular dynamics

The ab initio molecular dynamics (MD), invented by Car and Parrinello [27], can
describe the dynamic behaviour of a system including the formation and breaking
of bonds at different temperatures. The forces acting on the atoms are determined
using DFT (in each time step) while the atomic motions are determined classically.
This method requires no experimental data.

Using MD, the decomposition of a ferrocene molecule was studied at 300, 1000
and 2000 K [paper IV]. A constant temperature was used in each simulation. The
chosen time step in the MD simulations was normally 0.2 fs. These calculations
gave information about the thermally generated fragments that could act as growth
species on a particle surface.



14

4 Size determination of nanoparticles

From the fact that properties of nanoparticles changes for different particle sizes it
follows that an accurate method to determine the nanoparticle size of a material is
essential. Measurements using TEM micrographs are commonly used to determine
the particle size and size distributions of deposited particles; but this method is very
time consuming. XRD is faster, but it is only possible to obtain the average size
(dScherrer) of deposited particles. The particle size is determined from the width of the
diffraction peak (fwhm = full width at half-maximum intensity) using Scherrer’s
equation

θ

λ

cos

9.0

×
=

fwhm
d x

Scherrer
(4:1)

where λx is the X-ray wavelength and θ is the Bragg angle of the peak.

One of the goals in nanoparticle synthesis is to produce monodisperse nanoparticles,
i.e., nanoparticles of only one size, or the very least to produce particles of a very
narrow size distribution. A wide size distribution makes it impossible to analyse size
dependent properties. In most gas phase synthesis methods it is difficult to obtain a
narrow size distribution of as-synthesised nanoparticles. To reach that goal new
synthesis routes are needed. Another approach to obtain monodisperse nanoparticles
is to size separate the particles. For this purpose a differential mobility analyser
(DMPS) is an excellent tool. Besides determination of particle sizes and size
distributions, it also enables size selection of nanoparticles in the gas phase.

TEM [paper VI], XRD and DMPS [paper I] were used in this thesis for size
determinations of carbon-covered iron nanoparticles.

4.1 Differential mobility particle sizer

The differential mobility particle sizer (DMPS) has the advantage of measuring
particle size distributions on-line. It is a very fast method and the size distribution
of the generated particles is obtained within a few minutes. This short analysis time
makes it possible to directly observe the effect of changing the experimental
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parameters on the particle size. The DMPS can also easily produce a monodisperse
particle flow after size selection.

The DMPS includes a particle charger, a differential mobility analyser (DMA), see
Fig. 4.1, a particle counter and a controlling computer.

Figure 4.1. A schematic figure of the cross section of a differential mobility
analyser.

A radioactive source, e.g. 85Kr or 241Am, can be used as a charger to obtain a
known charge distribution of the particles. The particles have to be charged since
the particle size is selected according to their electrical mobility in the DMA. A
nano-DMA [28] is used for particles up to 30 nm and a Hauke-DMA [29] for larger
particles up to 100 nm. The DMA:s have a cylindrical design where a high voltage
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is applied to the central electrode while the outer electrode is electrically grounded.
The electrical field (E) in the DMA attracts the charged particles towards the
central electrode with an electrostatic force (FE) given by

FE = ne e E            (4:2)

where ne is the number of elementary charges e. The particles accelerates towards
the central electrode until they reach a constant terminal velocity (vp), where the
electrostatic force equals the counteracting force (FC).

FE = FC            (4:3)

The counteracting force depends mainly on the viscosity (η) of the reaction gas
mixture. (ηN2 = 16.5 × 10-6 Nsm-2, ηAr = 20.8 × 10-6 Nsm-2). Apart from the
polydisperse particle flow from the particle reactor, there is another (normally ten
times larger) flow of sheath gas entering from the top of the DMA for the
transportation of particles towards the outlet slit. The effect of gravity on the
nanometer size particles is negligible. According to Stokes´ law, the counteracting
force for particles with a diameter d is

     
c

p
c C

dv
F

πη3
=                          (4:4)

when taking the slip correction factor (Cc) into account. This correction is
necessary for particles smaller than 100 nm in diameter since the mean free path
(λgas) of the gas is in the size range of the particle sizes. (λN2 = 66nm, λAr = 70.2
nm). The slip correction function can be expressed as

              )]/55.0exp(800.0514.2[1
gas

gas
c dC

d
λ

λ
−+×+=            (4:5)

For each setting of the high voltage, the particles with a certain electrical mobility
(Zp) reach the outlet slit of the DMA. The electrical mobility is defined as

          
E

v
Z p

p =            (4:6)

and by combining Eq. 4:6 and Eq. 4:2 - 4:4, the electrical mobility can be
expressed as
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From Eq. 4:7 it follows that the electrical mobility of the particles depends on the
particle diameter and the number of elementary charges.

By step scanning the high voltage of the DMA and recording the particle
concentrations, size distributions of the particles were obtained. The size
distribution of experimentally generated nanoparticles was often found to be log-
normal, and can be described by a log-normal distribution function (fLN(d))
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where d is the particle diameter, dmean is the mean particle diameter and σg is the
geometric standard deviation. When this function is plotted on a logarithmic size
scale a bell shaped distribution is obtained where the peak value corresponds to
dmean, see Fig. 4.2 a. On a linear scale, however, the log-normal distribution
function is skewed, see Fig. 4.2 b.

Figure 4.2. The log-normal distribution function plotted a) on a logarithmic scale
and b) on a linear scale.

Another way to present a log-normal size distribution is in a log-probability plot,
see Fig. 4.3. The particle diameter is plotted on a logarithmic scale versus the
probability of finding a particle smaller than that diameter. A log-normal size
distribution yields a straight line in a log-probability plot.
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Figure 4.3 A log-probability plot.

From these plots it is easy to determine dmean and σg. The mean diameter is found at
50 % probability. The geometric standard deviation is determined by dividing the
diameter at 84.13 % probability in the log-probability plot by dmean. It is a measure
of the width of the log-normal size distribution, where σg equals 1.0 represents
particle of the same size. Monodisperse particle films are important for determining
size-dependent properties. The DMPS is, however, not able to deliver particles of
exactly the same size since Brownian motion, doubly charged particles and the
geometry of the DMA result in the broadening of the distribution of particle sizes.
With a fixed high voltage applied to the central electrode of the DMA,
nanoparticles of approximately equal size can be selected.

The differential mobility particle sizer (DMPS) was originally used to measure
particle sizes in atmospheric aerosols. Its normal working regime is, therefore, at
atmospheric pressure using nitrogen as sheath gas, measuring very low particle
concentrations. Nowadays, the DMPS is also employed in materials science in the
production of nanoparticles, which creates other requirements for the equipment in
terms of purity, particle concentration and the possibility to size select particles.
For example, an inert sheath gas is often required to produce pure nanoparticles.
Nitrogen is easily replaced by an inert gas, e.g. argon, but since the gas flow
through the DMA is very large (15-20 SLM) this becomes very expensive.
Regeneration of the sheath gas is possible, but again this can cause contamination
of the particles. A low-pressure DMA requiring less sheath gas has been recently
developed for materials science applications [30].

There are large losses of particles within the DMPS due to the length of tubes,
charger efficiency, DMA transfer function and counter efficiency. For nanoparticle
film deposition, especially of monodisperse nanoparticles, the low particle transfer
function of the equipment is a great disadvantage. The tubes between the particle
reactor and the counter can easily be shortened to minimise this problem, but the
other losses are more difficult to overcome.
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5 Synthesis of carbon-covered iron nanoparticles

5.1 Experimental set-up

An LCVD system was constructed for the synthesis of nanoparticles, see Fig. 5.1
[paper I]. Carbon-covered iron nanoparticles were formed by laser-assisted
photolysis of ferrocene vapour. The set-up consisted of a stainless steel vacuum
chamber with a cross section of 25 cm2. The chamber was closed at each end with
quartz windows. A continuous flow of argon transported the precursor vapour of
ferrocene from the sublimator to the particle chamber. An additional flow of argon
was used to purge the front quartz window to prevent precursor condensation and
particle deposition onto the window. An ArF excimer laser (Lambda Physik EMG
103 MSC, λ  = 193 nm, pulse width 16 ns) beam was aligned through the particle
chamber to dissociate the precursor vapour.

Figure 5.1. A schematic picture of the LCVD particle chamber used for the synthesis
of carbon-covered iron nanoparticles.

A vertical tube was connected on top of the chamber, sealed by a quartz window, to
allow optical spectroscopic observations during the experiments [papers II and
III]. Optical observations were made with a Czerny-Turner grating spectrograph
having a focal length of 275 mm and an aperture ratio of f/3.8. Light emitted from

FeCp2(g)/Ar Ar

To DMPS
or pump

Laser beam
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the particle chamber was transmitted to the spectrograph via a quartz optical fibre. A
CCD detector recorded the spectra, which were analysed by an optical multichannel
analyser. Information about ferrocene fragments and particle temperatures were
obtained from the optical measurements. Particle cooling rates were examined in
xenon, argon, helium and hydrogen using time resolved spectroscopy.

A differential mobility particle sizer (DMPS), see Fig. 5.2, was attached directly to
the LCVD particle chamber to measure particle size on-line [paper I]. The DMPS
used a 241Am charger, a nano-DMA or a Hauke-DMA, an ultrafine condensation
particle counter (UCPC) and a controlling computer. A polydisperse aerosol flow of
1.5 SLM (standard litre per minute) entered the DMA and was size separated using a
sheath flow of 15 SLM. A particle flow of 300 SCCM (standard cubic centimetre
per minute) was diverted into the UCPC for particle counting, but it was turned off
during deposition of particles. An electrostatic precipitator (ESP) was connected at
the end of the DMPS as a deposition chamber. The size distributions presented in
this thesis are from the particles generated inside the particle chamber. These were
determined from the experimental data obtained by the DMPS at atmospheric
pressure. Corrections for particle losses in the tubes between the particle reactor and
the counter, the efficiency of the charger, the DMA transfer function, and the
counter efficiency were all taken into account [31]. At reduced experimental
chamber pressures the DMPS could not be used for particle size measurements.
Instead, particles were deposited onto carbon-covered copper grids positioned in the
particle chamber and the size distribution was obtained from TEM micrographs.

Figure 5.2. A schematic picture of the DMPS including a charger, DMA and an
UCPC. An ESP is connected after the DMPS as deposition chamber.
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Particles were deposited onto silicon substrates for characterisations. X-ray
photoelectron spectroscopy (XPS) was used to determine the composition and
chemical bonding, X-ray diffraction (XRD) for the iron crystal structure and mean
particle size, and Raman spectroscopy was used to determine the type of bonding
and structure of the carbon shell. Particles were also deposited onto carbon-covered
copper grids for analysis of the crystal structure of single particles by using
convergent beam electron diffraction (CBED).

5.2 Experimental parameters

In the LCVD experiments the fluence, repetition rate and beam area of the laser was
varied to measure the effect on particle sizes at atmospheric pressure by using a
DMPS. The study at reduced pressures varied laser fluence, laser repetition rate and
total pressure. In this case the particle sizes were measured from TEM micrographs.
Experimental parameters in the particle size studies are listed in Table 5.1 [papers I
and VI]. The optical measurements were performed at different pressures using
xenon, argon, helium and hydrogen as ambient gas. The experimental parameters in
the optical measurements are listed in Table 5.2 [papers II and III].

Table 5.1. Experimental parameters during synthesis of carbon-covered iron
nanoparticles. Particle size measurements were made by using DMPS at

atmospheric pressure and from TEM micrographs at reduced pressures. The
parameters within brackets were kept constant during the experiments.

Size measurements by DMPS TEM

Repetition rate
(f) (Hz)

2-100
(I 60 mJ/cm2, Ab 4 mm2)

5-100
(I 150 mJ/cm2, p 10 mbar)

Laser fluence
(I) (mJ/cm2)

5-60
(f 20 Hz, Ab 4 mm2)

15-270
(f 50 Hz, p 10 mbar)

Beam area
(Ab) (mm2)

4–80
(I 60 mJ/cm2, f 2 Hz)

100 mm2

Total pressure
(p) (mbar)

1013 0.2-1013
(I 50 mJ/cm2, f 50 Hz)

Flows
(FeCp2 /window) (SCCM)

100/1400 40/30

Temperatures
(FeCp2/reactor) (ºC)

RT/RT 50/60
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Table 5.2. Experimental details in the optical measurements.

Ambient gas Ar Xe, Ar, He, H2

Total pressure
(mbar) 0.1 20 0.2-50
Flows

(carrier/purge, SCCM) 30/30 30/30 80/80
Temperatures

(sublimation/chamber, ºC) 50/60 50/60 50/60
Fluence
(mJ/cm2) 300 100 100

Repetition rate
(Hz) 50 50 50

Beam area
(cm2) 0.1 0.1 0.15

Gate pulse width
(µs) 1 1 0.5

Overall exposure time
(s) 1 1 1

5.3 Ferrocene as LCVD precursor

Ferrocene (Fe(C5H5)2, often written as FeCp2) proved to be a useful precursor in the
laser-assisted CVD synthesis of nanoparticles. The ferrocene molecule strongly
absorbs ultraviolet light [19], see Fig. 5.3.

Several studies of the multiphoton ionisation and dissociation of ferrocene have been
made and dissociation mechanisms have been proposed [19, 22, 33-35]. The
dominant dissociation mechanism, according to Ray et. al. [19], is shown in Scheme
5.1. According to mass spectrometric (MS) measurements the photolytic
dissociation products of ferrocene was mainly Fe and FeCp but small amounts of
Cp, Fe(C2H2) and Fe(C3H3) were present [19].

       FeCp2 + 2 hv  FeCp#+ Cp  Fe + 2 Cp

Scheme 5.1. The dominant multiphoton dissociation mechanism of ferrocene [19],
where FeCp# is an unstable intermediate.
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Ferrocene is a solid at room temperature and has the advantage of being stable in air,
which makes it very easy to handle. There are several reports about its high vapour
pressure [36-38], which allows the ferrocene to be sublimed at room temperature.
But since the reports are somewhat contradictory, the amount of ferrocene was
measured by the weight loss to get a more precise partial pressure of ferrocene in the
particle chamber. Ferrocene is reported to be thermally stable to about 770 K.
Thermal decomposition of ferrocene at 840 K mainly yields hydrogen and, to a
smaller extent, other gaseous products like CH4, C2H6 and C2H4 as analysed by MS
[39].

Figure 5.3. Absorption maxima at 201, 327 and 442 nm and shoulders at 235 and
270 nm in the ultraviolet spectrum of ferrocene [32].

5.4 Particle characterisations

Transmission electron microscopy (TEM) images of the nanoparticles revealed a
dark core and a light shell around the nanoparticles as can be seen in Fig. 5.4. This
finding suggested that the particles contained an iron core surrounded by a shell of
carbon.
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Figure 5.4. TEM image of carbon-covered iron nanoparticles as synthesised in
30 mbar H2 (laser repetition rate: 50 Hz, laser fluence: 100 mJ/cm2) The mean

particle diameter was 16 nm.

The morphology of the deposited nanoparticles was examined by TEM. The cores
were often seen to be nearly spherical; however, they sometimes tended to be
facetted. The nanoparticles on the TEM grids were isolated from each other, see
Fig. 5.4, sticking together in chains, see Fig 5.5, or in agglomerates. Chains of iron
nanoparticles can form due to magnetic interactions between the particles [40, 41].

Figure 5.5. TEM micrographs of carbon-covered iron nanoparticles in long chains
as synthesised in 400 mbar of argon (laser repetition rate: 50 Hz, laser fluence:

50 mJ/cm2). The mean particle diameter was 27 nm.
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X-ray photoelectron spectroscopy (XPS) analysis of the nanoparticle films
confirmed that the particles contained pure iron, see Fig 5.6 [paper I]. No shifts of
the iron peaks originating from iron carbide or iron oxide were observed. It was
concluded that the carbon shell protected the iron core from oxidation.

Figure 5.6. XPS spectrum showing the iron peaks.

X-ray diffraction (XRD) studies of the nanoparticle films indicated the presence of
both fcc and bcc iron crystal structure, see Fig. 5.7. The γ-Fe (111) peak and the α-
Fe (110) peak were present in the XRD spectrum. The ratio of the peak intensities
gave a rough measure of the fcc/bcc ratio. About the same amount of fcc and bcc
structured iron was obtained.

Figure 5.7. The XRD peaks indicating fcc and bcc iron content of the nanoparticle
films. The particles were synthesised in 10 mbar of argon (laser repetition rate:

50 Hz, laser fluence: 100 mJ/cm2).
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Convergent beam electron diffraction (CBED) of single particles confirmed the fcc
and bcc iron phase of the particles. It was also revealed that separate particle cores
consisted of either fcc or bcc iron, see Fig. 5.8. The cell parameters were calculated
from Fig 5.8 and resulted in 3.6 and 2.9 Å for fcc (3.57 Å) and bcc (2.87 Å),
respectively, which agrees well with the tabulated data in brackets [42]. Although
no carbide formation was observed from CBED measurements, carbon can still be
present in the iron cores. The cell parameter of fcc iron increases to 3.63 Å when
about 1.5 wt % of carbon is incorporated in the iron [42]. It was not possible to
measure the amount of carbon in the cores with the available instrumentation.
According to the iron-carbon phase diagram, fcc iron can contain a maximum of
2.06 wt % of carbon at 1427 K (austenite) while bcc iron (ferrite) only can have a
solid solution of 0.02 wt % of carbon.

                                          

Figure 5.8. CBED of single particles showed that the iron core was either fcc or
bcc iron. The particles were synthesised in 10 mbar of argon (laser repetition rate:

50 Hz, laser fluence: 50 mJ/cm2).

High-resolution TEM images showed that the carbon shell close to the iron core
consisted of graphitic layers, referred to as turbostratic graphite. The outer part of
the shell showed no layered structure and consisted probably of amorphous carbon,
see Fig. 5.9.

Raman spectroscopy confirmed that the carbon shells contained turbostratic
graphite and amorphous carbon [paper II]. The spectrum showed broad D (1340
cm-1) and G (1590 cm-1) peaks, see Fig. 5.10, which are characteristic for carbon. It
was concluded from the spectrum that the carbon shells had graphitic
microstructure. The broadening of the peaks is due to amorphous carbon. The
positions of the Raman peaks also revealed that the carbon phase contained no
hydrogen [43].
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Figure 5.9. TEM images showing turbostratic graphite and amorphous carbon
around the iron nanoparticle as synthesised in 30 mbar of xenon (laser repetition

rate: 50 Hz, laser fluence: 100 mJ/cm2).

Figure 5.10. Raman spectra of the carbon phase of the nanoparticles. The particles
were synthesised in 20 mbar of argon (laser repetition rate: 50 Hz, laser fluence:

100 mJ/cm2)

It can be concluded that the particles synthesised in the ArF laser photolysis of
ferrocene consist of an iron core of either fcc or bcc iron. The surrounding carbon
close to the shell is turbostratic graphite whereas the outer part of the shell is
amorphous carbon. The carbon shell contained no hydrogen.
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6 Growth of carbon-covered iron nanoparticles

The growth mechanism of iron nanoparticles enclosed in carbon shells, formed in
the photolysis of ferrocene, was investigated by optical emission spectroscopy
[papers II and III] and theoretical calculations [papers IV and V].

Figure 6.1. The upper spectra in all figures show the emission from the laser
photolysis of ferrocene in argon at a total pressure of 0.1 mbar. Lower spectra

show a) matching with peaks of ablated iron (Fe 99.5 %, 10 J/cm2 laser fluence at
10-2 mbar argon base pressure) while there is no matching with b) the C-line in
CCl4/Ar spectrum c) the C2-bands in C60/Ar spectrum or d) the CH-band in the

CCl4/H2 spectrum.
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Optical emission spectroscopy (OES) could identify atomic lines of iron in the
spectra, see Fig. 6a, during laser irradiation (λ = 193 nm) of ferrocene at low
pressure (0.1 mbar) [paper II]. This means that iron is one of the photofragments
that can act as a growth species of the iron nanoparticles. No other species were
identified by OES. No C-lines, CH- or C2-bands were found when compared with
earlier recorded spectra from CCl4 in Ar or H2, and C60 in Ar [44], see Fig. 6b-d. It
can therefore be concluded that no complete fragmentation of ferrocene occurs
from the photolysis of the precursor vapour. Besides Fe, intact cyclopentadienyl
rings in fragments such as Cp and FeCp are suspected to form in agreement with
MS analyses [19].

In addition, OES was used to estimate the particle temperature [paper III]. At total
pressures above 0.1 mbar, nanoparticles were formed and heated by the subsequent
laser pulses. OES determined the temperature of the particles from the emitted
black body radiation, see Fig. 6.2.

Figure 6.2. A calibrated black body radiation spectrum originating from carbon-
covered iron nanoparticles. The particle temperature was obtained by fitting the

modified Planck radiation law to the emitted spectrum (smooth line).

The initial particle temperature, directly after a laser pulse at an argon pressure of
10 mbar, was about 2750 K when using a laser fluence of 100 mJ/cm2. Time
resolved spectroscopy determined the temperature decrease with time after a laser
pulse, see Fig. 6.3. The cooling rate of the particles was about 0.5 × 108 K/s in
argon at a total pressure of 10 mbar when measured in the temperature range from
2800 to 1800 K.
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Figure 6.3. The temperature decrease of the particles in a 10 mbar argon
atmosphere with respect to the laser pulse.

Ferrocene is reported to be thermally stable up to 770 K [45-47]. However, in the
vicinity of the laser-heated nanoparticles the temperature is high enough to initiate
ferrocene decomposition. Molecular dynamic calculations resulted in possible
growth species of thermally decomposed ferrocene [paper IV]. At 300 K no
decomposition of ferrocene was observed which is in agreement with the reported
stability[45-47]. When increasing the temperature to 1000 and 2000 K, the MD
simulations showed fragmentation of ferrocene, see Fig. 6.4.

The first step of decomposition was C-H bond breaking followed by the breaking
of the C-C bonds in the cyclopentadienyl ring. Finally, the Fe-C bonds broke in
combination with the remaining C-C bonds. The bond breaking sequence followed
the calculated binding energies of ferrocene, see Table 6.1. The C-H bonds were
the weakest followed by the C-C and Fe-Cp bonds. Experimental binding energies
are tabulated in Table 6.1 for comparison. Complete fragmentation of ferrocene
was obtained after about 300 fs. This is a very short time compared to the cooling
time of the carbon-covered iron nanoparticles. Hence, the ferrocene molecule is
expected to decompose in the vicinity of the laser-heated nanoparticles before they
cool down. Several fragments were obtained in the thermal decomposition of
ferrocene. Fe, C, H atoms and occasionally CH, C2 and C3 fragments were
observed in the MD simulation.
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Figure 6.4. The fragmentation of ferrocene at 1000 and 2000 K. a) An intact
ferrocene molecule b) Nearly all the C-H bonds are broken c) C-C bonds start to

break d) Fe-C bonds break in combination with the remaining C-C bonds in
ferrocene, e) and f) show fragments such as C3, C2 and CH that occasionally

formed.

Table 6.1. Calculated (by using DFT) and experimental values of the binding
energies of ferrocene. The tabulated average binding energy of 1)a C-H bond based

on pentane and hexane [48], 2)a C=C double bond [48] 3)a Fe-Cp bond in the
heterolytic dissociation of ferrocene [49].

Calculated binding energies
(kJ/mol)

Experimental binding energies
(kJ/mol)

C-H 492 4141

C-C 602 6142

Fe-Cp 1480 13303

a) b) c)

d) e) f)
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By combining experimental results and calculations, a plausible scheme for the
growth of carbon-covered iron nanoparticles can be given. The formation of carbon
covered iron nanoparticles in the photolysis of ferrocene starts from a
supersaturated vapour of several fragments. The monomer population formed by
ultraviolet irradiation of ferrocene consists of iron atoms, as detected by using
OES, and most probably also of FeCp, Cp, Fe(C2H2) and Fe(C3H3) as reported from
the MS analyses [19]. A supersaturation of these fragments nucleates in the gas
phase to form small particles. The subsequent laser pulses heat the nanoparticles.
Fragments such as Fe, C, H, CH, C2 and C3 can form in the vicinity of the laser-
heated nanoparticles as observed in the MD simulations. The particles can grow by
adsorption and subsequent surface reactions of the laser-generated fragments and
the thermally decomposed fragments. At certain experimental conditions,
coalescence or coagulation also contributes to the particle growth. Initially after a
laser pulse, the particles are heated above the melting point of iron (1808 K), which
results in carbon being dissolved in liquid iron droplets. Numerous collisions by the
surrounding argon atmosphere quickly cool the particles (0.5 × 108 K/s at 10 mbar).
When the particle temperature decreases, carbon segregates from the liquid particle
to the surface and a carbon coating appears.

As analysed by HRTEM and Raman spectroscopy, the carbon coating close to the
iron core consisted of turbostratic graphite and was surrounded by amorphous
carbon. It was concluded that the turbostratic graphite was formed first, by
segregation of carbon from the iron melt, see Fig. 6.5. The small cores were
surrounded only by a few graphitic layers whereas larger particles had several layers
of turbostratic graphite around the core. A crude estimation of the amount of carbon
that comes from the iron core (when assuming that all graphite originates from
carbon that segregated from the iron melt) gave about 10 wt % of the total particle
mass. A 15 nm particle in total diameter, including the turbostratic graphite and
amorphous carbon, consists of about 50 wt % of carbon since the thickness of the
carbon shell is relatively large (3.5-6 nm). This means that there is a large amount of
carbon that does not originate from the iron core. The additional carbon coating of
amorphous carbon is suspected to form through continuous adsorption and
decomposition of fragments on the particle surface, see Fig. 6.5. Several volatile
hydrocarbon fragments, e.g. Cp, CH4, C2H4 and C2H6 [19, 39], are likely to be
present in the gas phase to support the growth of the amorphous carbon surface. This
hypothesis is supported by calculations of the collision frequency between particles
and the fragments. These collisions are frequent in the particle chamber
(107-1012 collisions/s). The theory is also supported by the suggested two-step
mechanism including surface segregation and additional carbon adsorption for the
growth of a carbon shell around iron nanoparticles by carbon arc discharge [50, 51].
The synthesis of particles by arc discharge resembles that of the photolysis of
ferrocene in that the particles in both processes are heated to very high temperatures.
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Figure 6.5. Carbon (o) segregates from the melted iron (•) droplet and forms
turbostratic graphite on the nanoparticle surface. The particle continues to grow

from volatile hydrocarbons in the gas phase and an outer layer of amorphous
carbon forms.

Adsorption of growth species onto a surface was studied by theoretical calculations
[paper V]. DFT at 0 K was used to study which of the species of ferrocene and its
fragments that formed the strongest bonds to an iron (100) surface. This study
involved adsorption of both thermally obtained growth species and photofragments.
Two bonding orientations of ferrocene were investigated as well as FeCp, Cp, Fe, C
and H positioned on top of an iron atom of the surface. The ferrocene molecule was
adsorbed with its molecular axis either parallel or perpendicular to the surface. But
neither orientation of ferrocene adsorbed onto the iron surface according to the
adsorption energies in Table 6.2. Several experimental studies report about the
adsorption of ferrocene where different preferred orientations have been observed.
Adsorption of ferrocene onto Mo (112) [52] and Cu (100) [53] at 150 K showed that
the parallel orientation was preferred, whereas adsorption onto Ag (100) at 130 K
[54] and 150 K [53, 55] and graphite at 140 K [56] resulted in perpendicular
oriented ferrocene. Associative desorption of ferrocene from Ag (100) surface was
observed at 250 K [54]. Calculations of the adsorption energies of FeCp and Cp
showed that these species adsorbed strongly to the iron surface, see Table 6.2. This
agrees with experimental observations of adsorbed fragments of ferrocene onto Ag
(100). Even partially fragmented ferrocene that lost hydrogen adsorbed much more
strongly to the surface compared to ferrocene [54, 57]. When comparing the
adsorption of the atomic growth species, carbon adsorbed the strongest to the iron
surface followed by Fe and H as calculated by using DFT, see Table 6.2.

Table 6.2. The adsorption energies (kJ/mol) of ferrocene (parallel (=),
perpendicular ( ) to the surface) and several fragments onto an iron surface where

exothermic energies are presented by positive values.

FeCp2
   =

FeCp2 FeCp Cp Fe C H

<< 0 << 0 1365 1429 493 905 314
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It was concluded from the calculations that the intact ferrocene molecule does not
contribute to the growth of carbon-covered iron nanoparticles. This means that
ferrocene has to be thermally decomposed or dissociated by ultraviolet light to form
growth species that can adsorb on the surface and support the particle growth. Cp
forms the strongest bonds to the iron surface, followed by FeCp, C and Fe. These
fragments are likely to support the particle growth according to the theoretical
calculations. Hydrogen also adsorbs to the surface as calculated by DFT at 0 K;
however, it is very likely desorbed at increased surface temperatures induced by the
laser heating of the particles. The hydrocarbon bonds of the other fragments are also
likely to break at high particle temperatures as concluded by Durston and Palmer
[56]. This bond breakage would explain the lack of H in the carbon shell of the iron
nanoparticles as observed by Raman spectroscopy.

The carbon-coated iron nanoparticles synthesised in argon yielded iron cores of
either fcc or bcc iron. Different ambient gases were introduced into the particle
chamber in an attempt to influence the fcc/bcc ratio [paper III]. Xenon, argon,
helium and hydrogen resulted in different cooling rates of the particles and were
compared in the study. Xenon is the poorest cooler due to a low thermal
conductivity, argon is better, followed by helium and hydrogen, see Fig. 6.6. A fast
undercooling of the particles was expected to give a higher content of fcc iron
particles. The phase transition from bcc to fcc iron occurs at 1184 K. Below 1184 K
bcc is the stable iron phase, but when using a fast cooling rate with initial
temperatures above 1184 K, the fcc iron phase is expected, even below the transition
temperature.

Figure 6.6. The cooling rates of carbon-coated iron nanoparticles at different total
pressures of xenon, argon, helium and hydrogen as determined by optical emission

spectroscopy.
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However, no indication of more or less fcc phase was observed by XRD using the
different gases for particle cooling. All the experiments yielded both fcc and bcc at
approximately the same amount. Other studies have observed an increase in the
fcc/bcc ratio. Masuda et. al. report about quenching of iron nanoparticles
(10-100 nm) formed in arc discharge using an increased pressure of helium from 1
to 5 atm [58]. Their experiments resulted in a larger fraction of fcc iron compared
to the bcc iron and Fe3C that also was formed. However, the same study observed
no increase in the amount of fcc iron when the pressure was increased from 50 to
600 Torr. The study by Zhao et. al. reports on pure fcc particles (30-83 nm)
obtained by fast cooling in the nanoparticles synthesis by CO2-laser irradiation of
Fe(CO)5 [18]. The difference in cooling rate as obtained by using xenon, argon,
helium or hydrogen in the quenching of nanoparticles in the photolysis of ferrocene
seemed to be too little to influence the fcc/bcc ratio in this study; nor the increase in
total pressure was enough to get a higher amount of fcc iron. Host et. al. also made
reports about fcc iron (10-50 nm) and some Fe3C nanoparticles encapsulated in
graphite that are formed in an arc discharge at 100-600 Torr. They suggest that the
fcc phase is obtained due to the small size of the nanoparticles and claim that
undercooling of the high temperature phase is unlikely [59]. It is possible that
different particle sizes stabilise different crystal structures. The study by de Caro et.
al. observed that iron nanoparticles smaller than 2.5 nm obtained the bcc structure
crystal whereas the larger particles were of fcc iron [60]. However, the bulk iron
possesses bcc crystal structure, which means that particles at an increased size once
again must switch to bcc. It is therefore possible that the finding of both fcc and bcc
iron of the particles formed in the photolysis of ferrocene is a result of the particle
size distribution.
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7 Size control and size selection of carbon-covered iron
nanoparticles

The particle size dependence on fluence, repetition rate and beam area of the laser as
well as the amount of ferrocene in the particle chamber was examined for the
photolysis of ferrocene [papers I and VI]. At atmospheric pressure, as measured by
DMPS, the particle size was controlled by the laser parameters [paper I]. For
example, particle sizes between 1 and 100 nm were generated using different beam
areas of the laser, see Fig. 7.1.

Figure 7.1. Particle diameters of 1-100 nm were synthesised in the photolysis of
ferrocene using different laser beam areas (laser fluence 60 mJ/cm2, repetition rate

2Hz).

The study revealed a linear relationship between the particle volume (as calculated
from the mean particle diameter) and the fluence, repetition rate and the beam area
of the laser as seen in Fig. 7.2.
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Fig. 7.2. The linear relation between particle volume and the used laser parameters
a) fluence b) repetition rate and c) beam area in the photolysis of ferrocene (for

experimental parameters, see Table 5.1).

To explain these linear dependencies a theoretical model was developed for the
particle formation by photolysis of ferrocene. This model was based on the residence
time approach model (RTA) proposed by Kiss et. al. [24] [paper I]. The RTA model
can be applied when atomic adsorption is the dominating process of the nanoparticle
growth and coalescence can be neglected. Calculations of the collision frequencies
proved that the RTA model was applicable since the atoms/fragments collided
frequently with the particles under the operating experimental conditions
(107-109 collisions/s). Hardly any collisions occurred among 1 and 10 nm particles.
According to the model, the growth rate of the particle volume (dV/dt) due to
adsorption of atoms or fragments can be written as

kA
dt

dV
= (7:1)

where k is the volumetric adsorption rate of the building fragments per unit area and
A is surface area of the particle. Integration of Eq. 7:1 over the growth time (t) yields
the particle volume (V)

0 20 40 60

0

200

400

600
a)

P
ar

tic
le

 v
ol

um
e 

(n
m

3 )

Laser fluence (mJ/cm2)

0 20 40 60 80 100

0

1000

2000

3000

b)

P
ar

tic
le

 v
ol

um
e 

(n
m

3 )

Repetition rate (Hz)
0 20 40 60 80

0

2000

4000

6000
c)

P
ar

tic
le

 v
ol

um
e 

(n
m

3 )
Beam size (mm2)



38

            3
3
4

ktV π= (7:2)

An expression for k can be obtained from the collision frequency by including the
sticking probability (qi). The volumetric adsorption rate includes the concentration of
particle building fragments in the beam after a laser pulse (ni(1)). The total
concentration of building fragments after several laser pulses in the whole reactor
volume can be obtained by multiplying ni(1) by the frequency of the laser repetition
rate (f) and the ratio of the beam area and reactor area (Ab / Ar). The full expression of
the particle volume becomes [paper I]
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where nFeCp2 is the concentration of ferrocene, vi is the mean velocity of the
fragments relative to the particle, pi is the probability that a one photon excited
FeCp2 molecule dissociates and pi

(2) is the probability that an excited FeCp2
molecule absorbs a second photon and dissociates to the i-type of fragment,
respectively, mi is the mass and ρi is the density of the corresponding solid state of
the i-type of fragment. It can now be seen that the particle volume (V) is linearly
dependent on the repetition rate (f, Fig. 7.1a), the laser fluence (I, Fig. 7.1b) and the
beam size (Ab, Fig. 7.1c), as observed in the experiments. The particle volume is also
linearly dependent on the ferrocene concentration (nFeCp2) as shown in Eq. 7:3. This
expression for the particle volume is valid within certain limits for the laser-assisted
nanoparticles synthesis [paper I].

The particle volume was also examined as a function of total pressure by adding
argon to the particle chamber [paper VI]. The size measurements of the particles
were made from TEM micrographs since the DMPS system only works at
atmospheric pressure. A laser fluence of 50 mJ/cm2 was used in the syntheses. The
particle volume increased linearly versus the total pressure up to 25 mbar, see Fig.
7.3. Thereafter, the volume increased only slightly with increasing pressure, see Fig.
7.4.
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Figure 7.3. The particle volume as measured at different total pressures up to 25
mbar (laser fluence 50 mJ/cm2, repetition rate 50 Hz).

Figure 7.4. The particle volume ( ) and the amount of ferrocene ( ) versus the total
pressure in the particle chamber (laser fluence 50 mJ/cm2, repetition rate 50 Hz).
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The amount of evaporated ferrocene, as measured by weight-loss measurement,
followed the same trend as the particle volume as measured for different
experimental pressures, see Fig. 7.4. This is in agreement with Eq. 7:3, where the
particle volume is proportional to the amount of ferrocene. However, calculations of
the collision frequencies reveal that atomic/fragment adsorption to the particles only
dominates up to 25 mbar. At higher total pressures the particles start to collide more
often (about 1000 collisions/s) with each other, i.e., coalescence was expected to
give a significant contribution to the particle growth. (Eq. 7:3 is only valid when the
particle growth is maintained by adsorption of atoms and fragments). This means
that the particle volume should not be proportional to the amount of ferrocene above
25 mbar, but instead give a larger increase of the particle volume due to coalescence
than what was observed. This discrepancy may be explained by coagulation of
particles. The temperature of the particles decreases very fast due to collisions with
argon in the particle chamber (108 K/s at 25 mbar of argon). If they are too cold
before they collide, this may prevent the particles from coalescing. Instead of
coalescing, the primary particles can coagulate and form agglomerates. The size
measurements using the TEM micrographs measured the primary particle size and
not the size of the agglomerates. Therefore, the volume of the particles still appears
to follow the amount of ferrocene above 25 mbar.

An extended study of the effect of laser fluences on the particle size was made for
high fluences [paper VI]. Previously, fluences from 5 to 60 mJ/cm2 were used at
1 atm total pressure, see Fig. 7.2a. This time fluences up to 270 mJ/cm2 were
examined. A reduced total pressure of 10 mbar was used. In the former experiments
using low fluences, a linear dependence between the particle volume and the laser
fluence was obtained, see Fig 7.2a. This relation was, however, not observed at high
laser fluences. An increase in the particle size was observed only from 15 to 30
mJ/cm2. Above 90 mJ/cm2, however, a continuous decrease of the particle size was
obtained, see Fig. 7.5.

This decrease in particle size could be explained by measuring the temperature of
the particles as a function of laser fluence. These measurements revealed that the
temperature was above 2200 K at 90 mJ/cm2 and close to the boiling point of bulk
iron at 200 mJ/cm2, see Fig 7.6. It was therefore concluded that the decrease of the
particle size at laser fluences higher than 90 mJ/cm2 could be explained by
evaporation of iron from the particle core.
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Figure 7.5. The total particle diameter ( ) and the diameter of the iron core ( ) as
measured from TEM micrographs for particles synthesised at different laser

fluences (total pressure of argon 10 mbar, repetition rate 50 Hz).

Figure 7.6. The temperature of the carbon-covered iron nanoparticles measured at
different laser fluences.
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The effect of the repetition rate on the particle size was also examined at a high laser
fluence of 150 mJ/cm2 and at a total pressure of 10 mbar [paper VI]. The high laser
fluence resulted, once again, in partial evaporation of the particle iron core and the
expected linear increase from the study at atmospheric pressure, see Fig. 7.2b, was
not observed. This time the increased repetition rate did not only increase the
number of laser generated fragments, but also, increased the evaporation since each
pulse evaporated iron from the particles as long as they were in the beam. The
competition between formation of more fragments and evaporation of the particles
yielded particles that were almost constant in size versus the laser repetition rate, see
Fig. 7.7. At high repetition rates depletion of the ferrocene is also suspected to be the
cause of this relation.

Figure 7.7. The particle diameter as measured for different repetition rates at a total
pressure of 10 mbar of argon (laser fluence 150 mJ/cm2).

The drawback with the as-synthesised particles is that they are not monodisperse.
The particles synthesised by the photolysis of ferrocene obtain a distribution of the
particle sizes. They were found to approximately follow a log-normal distribution, as
measured by TEM, see Fig. 7.8, and by DMPS, see Fig. 7.9. The width of a log-
normal size distribution depends on the ratio between the diffusion and drift time of
the particles in the growth zone as proposed by Kiss et. al. [24]. An increased drift,
i.e., a higher gas velocity that transports the particles through the particle chamber,
gives a geometric standard deviation (σg) that approaches unity. The width of the
size distribution was obtained by the DMPS system at atmospheric pressure. The
linear velocity of the ambient gas was the same in all experiments, not affecting the
residence time, and therefore σg was expected to be constant. This was also the
result form the DMPS measurements. All the experiments performed at atmospheric
pressure yielded a σg of about 1.85 [paper I]. At a reduced total pressure of 10 mbar
the linear velocity of the particles increased and a narrower size distribution was
expected. As calculated from log-probability plots, see Fig. 7.8, σg for all the 10
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mbar experiments was about 1.3, i.e., a much narrower size distribution than for the
particles synthesised at atmospheric pressure was obtained [paper VI].

Figure 7.8. A log-probability plot showing a close to straight line, which means that
the particles are log-normally distributed as synthesised at 10 mbar (σg = 1.3)

The DMA was also able to size select nanoparticles [paper I]. The width of the size
distribution for the as-made particles at atmospheric pressure was 1.85, while the
size selected particles had a standard deviation (σg) of 1.14, see Fig. 7.9. The
theoretical smallest σg is 1.1 when using a 1:10 polydisperse aerosol to sheath flow,
i.e. 1.14 is very close to the theoretical limit.

Figure 7.9. The particle size distribution of a) as-synthesised particles and b) after
size selection of 10 nm particles. (laser fluence 30 mJ/cm2, repetition rate 20 Hz,

beam area 4 mm2)
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8 Concluding remarks

Nanoparticles will have a great impact in science and technology. This future impact
has raised large investments in this field and many research groups today are
working hard to discover new and useful properties. Some results have been
obtained so far but there is most likely more to be discovered in this field of
nanotechnology. For example, iron nanoparticles have been found to have size
dependent properties. Particles in the size range 5-6 nm are superparamagnetic, 14-
20 nm-particles have enhanced coercivity and at sizes smaller than 2.5 nm the
particles switch from fcc to bcc crystal structure.

In this thesis, laser-assisted photolysis of ferrocene has been used to synthesize iron
nanoparticles encapsulated in a shell of carbon. The shell turned out to be very
useful as a protective coating of the iron nanoparticles, which otherwise are
pyrophoric in air. The carbon coating made it possible to expose the samples to air
without any oxidation of the iron particles.

Iron nanoparticles, especially below 30 nm in diameter, are of great interest due to
their special features in this size range. In the photolysis of ferrocene, different
particle sizes could be synthesised by varying the laser parameters such as fluence,
repetition rate, beam area and amount of ferrocene. At atmospheric pressure, the
mean particle diameter (dmean) varied between 3 and 22 nm and the standard
deviation (σg) was 1.85. In the study at 10 mbar the total dmean varied between 13
and 25 nm and σg equalled 1.3. When varying the total pressure in the particle
chamber the total dmean was between 7 and 24 nm. Hence, the photolysis of ferrocene
easily produces iron nanoparticles enclosed in a protective carbon shell in the size
range of interest. The size of the iron core was examined either from TEM
micrographs or by XRD. The iron core of the particle generated in 30 mbar of argon
had a mean diameter of 7.0 nm as measured by TEM. As measured by XRD using
the Scherrer equation, the average size of the iron particles synthesised in 30 mbar
was about 7 nm, i.e., in agreement with the TEM measurements. The use of a DMA
enabled synthesis of monodisperse particles via on-line size selection of particles
directly after the particle chamber. A σg of 1.14 was obtained for the deposited
particles.

Part of the work in this thesis focused on how the particles are formed and grow in
the particle chamber. Possible growth species could be identified from theoretical
calculations and the particle temperature during growth was measured in situ by
OES. These results in combination with particle characterisation revealed a possible
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growth mechanism of the particles. The formation of the carbon shell started with
carbon segregation from an iron/carbon melt and gave a graphitic layer around the
iron particles. Additional carbon adsorption onto the particles created an outer layer
of amorphous carbon.

In the future, measurements of the magnetic properties of carbon-covered iron
nanoparticles would be interesting. The synthesis route of these particles by
photolysis of ferrocene will enable magnetic measurements of iron particles without
any surface oxide. Even more interesting would be to measure the magnetic
properties of monodisperse iron nanoparticles. Development of the synthesis, or use
of the DMA, is necessary for the deposition of films containing particles of only one
size. These samples can be used to examine size dependent properties of the
particles. The iron nanoparticles in this thesis had both fcc and bcc crystal structure.
It is therefore important to find out the parameters, which control these structures, in
order to be able to prepare pure fcc or bcc iron nanoparticle samples. From such
samples it would be possible to measure the size-dependent magnetic properties of
bcc or fcc iron.
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