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Preface
There are carbon allotropes such as graphite, graphene, diamond, lonsdaleite, fullerene,
carbon nanotubes, carbon coils and carbon onions. These allotropes have their own
unique mechanical, electrical, optical and chemical properties. The densities of two
phases; gas and liquid, become identical and the size of molecular clusters increases at
the critical points. Fluid over the critical point is called super-critical fluid. Near-critical
and super-critical fluids are often used in nanotechnology as well as chemical, electrical,
environmental science and engineering.

The objective of the present doctoral study is to synthesise novel carbon nanostructures
in near- and super-critical benzene. The thesis is composed of six chapters. Three types
of nanostructures; i.e., (a) magnetic metal-containing carbon nanoparticles, (b) magnetic
alloy-containing carbon nanoparticles and (c) carbon coils, are produced by mixing
different organometallic compounds with near- and super-critical benzene, which is
irradiated with ultraviolet laser beams of different wavelengths. Those nanostructures are
self-assembled via the interactions among the organometallic molecules, benzene
molecules and photons.

The presently synthesised magnetic nanoparticles can be utilised particularly in the field
of biomedicine as well as in the fields of mechanical, electronic, optical and chemical
engineering. I believe that the present methodology may well be utilised for the synthesis
of a variety of carbon nanoparticles containing different core particles by mixing different
organometallic compounds with the solvent.
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Nomenclature and units

CPW:

Cells per well [-]

d:

Lattice spacing [nm]

f:

Frequency [Hz]

Lp:

Laser power [W mm-2]

H:

Magnetic field [A m-1]

Mc:

Coercivity [A m-1]

Mr:

Remnant magnetisation [Wb m kg-1]

Ms:

Saturation magnetisation [Wb m kg-1]

P:

Pressure [Pa]

Pc:

Critical pressure [Pa]

T:

Temperature [K], [°C]

T c:

Critical temperature [K], [°C]

ρ:

Density [kg m-3]

ρc:

Critical density [kg m-3]

θ:

Diffraction angle [°]
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Abbreviation

AC:

Amorphous carbon nanoparticles

CO:

Carbon onions

Co@C: Cobalt-containing carbon nanoparticle
CNT:

Carbon nanotube

CVD:

Chemical vapour deposition

DWNT: Double-walled carbon nanotube
EDS:

Energy dispersive X-ray spectrometry

Fe@C: Iron-containing carbon nanoparticle
FC:

Field Cooling

ICDD: International Centre for Diffraction Data
MAC:

Metal-containing amorphous carbon nanoparticle

MA@C: Magnetic alloy-containing carbon nanoparticle
MCO:

Metal-containing carbon onions

MWNT: Multi-walled carbon nanotube
PVD:

Physical vapour deposition

SEM:

Scanning electron microscope, Scanning electron microscopy

SQUID: Superconducting quantum interference device
SWNT: Single-walled carbon nanotube
TEM:

Transmission electron microscope, Transmission electron microscopy

TGA:

Thermogravimetric analyser

UV:

Ultraviolet

VSM:

Vibrating sample megnetometer

XRD:

X-ray diffraction, X-ray diffratometry, X-ray diffractometer

ZFC:

Zero field cooling
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1.1 Carbon and carbon nanostructures
Carbon is an element which forms the backbone of all organic compounds. The
atomic number and atomic weight of carbon are 6 and 12.0107. There are three carbon
isotopes; that is, 12C, 13C and 14C. 12C is used for the determination of the atomic weight
of atoms. 13C exists in nature although the amount of 13C is very small, whereas 14C is
radioactive, nothing that 14C, which is present in organic matter, is used for radiocarbon
dating. Carbon has allotropes such as graphite, graphene, diamond, lonsdaleite, fullerene,
carbon nanotubes, carbon coils and carbon onions. These allotropes have their own
unique mechanical, electrical, optical and chemical properties. The most commonly used
carbon allotrope is graphite. Graphite is composed of only six-membered rings of carbon
which are formed via sp2 hybrid orbitals [1], whereas graphite layers are weekly bonded
via van der Waals forces [2], because of which graphite can be easily peeled off. A single
layer of graphene has recently been separated from graphite by Geim and Novoselov [3]
and its mechanical, electrical, electronic, optical and magnetic properties have been
intensively investigated and analysed [4-8]. Diamond and lonsdaleite are mechanically
extremely hard. In diamond, carbon atoms are bonded in a three-dimensional space via
sp3 hybrid orbitals. Diamond is the hardest material on the earth. Taking advantage of this
property, diamond is widely used in the blade of industrial cutters. The thermal
conductivity is very high [9], but the electrical conductivity is very low [10]. Lonsdaleite,
which was named in honour of Kathleen Lonsdale, is also called hexagonal diamond [11].
Pure lonsdaleite is harder than diamond [12]. C60 fullerene, which was discovered by
Kroto and his group in 1985 [13], is a soccer ball shaped molecule formed by 60 carbon
atoms (Figure 1(a)). The application of C60 molecules to various fields has been
intensively investigated in mechanical, electrical, chemical, biochemical and medical
engineering [14-18]. C60 is semiconducting [19, 20], physically stable [21, 22] and a good
gas absorbent [23]. It is also well known that several atoms can be captured inside C60
[24]. Carbon onions are multi-layered fullerene (Figure 1(b)) [25]. Some materials can
- 11 -

also be captured in carbon onions [26]; e.g., iron intercalated into carbon onions can be
protected from oxidation [27]. Carbon nanotubes (CNTs), which were discovered by
Iijima et al in 1991 [28], are acknowledged as one of the most important nano materials
as well as fullerene and graphene. CNTs were discovered in a cathode of an arc discharge
system in the process of synthesising C60 [29]. A single-walled CNT (SWNT) (Figure 2)
is in a sense a rolled-up graphene and there are three types of SWNTs depending on the
differences in chirality; i.e., chiral, armchair and zig-zag SWNTs (Figure 2(a)(b)(c))
[30,31]. SWNTs are conductive in the case of an arm chair arrangement, whereas they
are semiconducting in the case of zigzag and chiral structures [32]. CNTs are categorised
into three types depending on the number of walls; that is, single-, double- and multiwalled CNTs (SWNTs, DWNTs and MWNTs) (Figure 3(a),(b),(c)) [33-35]. Magnetic
materials-containing carbon nanotubes have also been synthesised [36]. Bamboo-shaped
CNTs are interesting for their unique shapes, structures and growth modes [37,38].
Carbon coils are spring-like carbon structure [39]. Typically, carbon coils can be grown
using metallic catalysts [40,41]. The shape of carbon coils is changed depending on the
shape of metallic nanoparticles [42]. Carbon coils possess excellent mechanical strength,
thermal stability and thermal conductivity, which are comparable to those of CNTs [4346]. Carbon coils are expected to be used as nano springs, electric conductors and
electromagnetic wave absorbers [47-50].
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(a)

(b)

Figure 1 Fullerene and carbon onion. (a) C60 fullerene. (b) Carbon onion.
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(a)

(b)

(c)

Figure 2 Single-walled carbon nanotubes with different chiralities. (a) Chiral. (b)
Armchair. (c) Zig-zag.
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(a)

(b)

(c)

Figure 3 Classification of carbon nanotubes based on the number of walls. (a) Singlewalled CNT (SWNT). (b) Double-walled CNT (DWNT). (c) Multi-walled CNT
(MWNT).
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1.2 Near- and super-critical fluids
Charles Cagniard de la Tour discovered the critical point of alcohol in 1822,
observing that the gas-liquid interface disappeared at a certain temperature [51]. Each
substance in fact has its own critical pressure, critical temperature and critical density. A
generalised phase diagram of substances is shown in Figure 4, where the critical point is
characterised by the critical temperature; Tc, pressure; Pc, and density; ρc. Table 1.2 shows
the critical parameters of some typical substances. At the critical point, the densities of
two phases; gas and liquid, become identical and the size of molecular clusters increases
and becomes comparable to the wavelength of light. Figure 5 shows photographs of
benzene in a sub-critical region, at the critical point and in a super-critical region. Fluid
is not transparent at the critical point; known as critical opalescence. Fluid over the critical
point is called super-critical fluid. In terms of non-equilibrium transport phenomena,
perturbations of the temperature, pressure and density propagate as acoustic waves due
to low thermal diffusivity and high compressibility, which is known as the piston effect
[52-55], and strong buoyancy convection is induced due to the low thermal diffusivity
and high temperature coefficient of volume expansion [56-62]. Near-critical and supercritical fluids are often used in nanotechnology as well as chemical, electrical,
environmental science and engineering. Chemicals are extracted, semiconductors are
washed and cleaned and nanomaterials and nanostructures are efficiently created in nearcritical and super-critical fluids [63,64]. The application of supercritical carbon dioxide
to decaffeinate from coffee beans is well known. Super-critical and near-critical carbon
dioxide is commonly used as a solvent to extract and dry a specific substance [65,66].
Near- and super-critical benzene can also be used for the creation of carbon
nanostructures. The critical-temperature, pressure and density of benzene are,
respectively, 562.16 K, 4.89 MPa and 302 kg m-3 [67].
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Figure 4 Pressure-temperature phase diagram of substances.
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Table 1 Critical temperature (Tc), pressure (Pc) and density (ρc) of various substances.

Substance

Critical
temperature
Tc [K]

Critical pressure
Pc [MPa]

Critical
density
ρc [kg m-3]

Benzene (C6H6)

562.16

4.898

302

[67]

Carbon dioxide
(CO2)

304.2

7.38

466

[68]

Water (H2O)

647.30

22.12

315.46

[69]

Ethane (C2H6)

305.30

4.871

204.5

[70]

Xenon (Xe)

289.73

5.840

1110

[71]

Carbon monoxide
(CO)

132.91

3.491

299

[52]

Helium (He)

5.1

0.229

69.30

[72]

Argon (Ar)

151

4.862

531

[73]

Dimethyl ether
(C2H6O)

467

3.606

264

[74]

Acetone (C3H6O)

508.50

4.721

273

[75]

Ethyl alcohol
(C2H6O)

516

6.382

276

[76]

Cyclohexane
(C6H12)

553

4.052

273

[77]
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Figure 5 Photographs of benzene confined in a container. (a) Sub-critical region. Gas and
liquid are separated under terrestrial gravitational conditions. (b) Near-critical region.
Incident light cannot penetrate the fluid due to the formation of large molecular clusters.
(c) Super-critical region. There is no interface and the fluid is transparent again.
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1.3 Benzene
Faraday discovered benzene in 1825 and Mitsctherlich, who named this organic
substance as benzene, clarified the molecular formula of benzene in 1834. Benzene, the
chemical formula of which is C6H6, is the simplest aromatic hydrocarbon (Figure 6).
Carbon atoms are bonded via sp2 hybrid orbitals to form a hexagonal six-membered ring.
Benzene is highly volatile, flammable and toxic. The melting and boiling points of
benzene are, respectively, 5.5 and 80.1 °C. Benzene in general reacts with the electrophile
(aromatic electrophilic substitution reaction). Benzene is often used as a carbon source to
create carbon nanostructures such as amorphous carbon, fullerene, carbon onions, carbon
nanotubes and carbon coils [78-85].
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Figure 6 Benzene. Benzene consists of six carbon atoms and six hydrogen atoms.
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1.4 Metallocenes
Metallocene is an organometallic compound, in which a metal atom is in general
sandwiched between two cyclopentadienyl ligands (Figure 7). One of the most wellknown metallocenes is ferrocene. Pauson and Kealy synthesised a metallocene in 1951.
Metallocene is soluble in organic solvents and carbon dioxide [86,87]. Metal
nanoparticles and metal-containing carbon structures; e.g., nickel-, iron- and cobaltcontaining carbon nanoparticles and carbon onion, were created by mixing metallocene
with organic solvents and carbon dioxide via arc discharge, chemical vapour deposition
and laser ablation processes [88-90]. Alloy-containing carbon structures such as alloycontaining carbon nanotubes and carbon nanoparticles were also synthesised by CVD and
plasma CVD [91,92]. Metallic nanowires were synthesised by mixing benzene with
ferrocene and sulphur [93]. The application of magnetic particles-containing carbon
structures or nanoparticles to biomedical fields is particularly important considering their
mechanical, electrical, electronic and optical properties; e.g., magnetic particles can be
utilised for nano drug delivery, hyperthermia and a contrast agent [94-97].
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Figure 7 General chemical structure of a metallocene compound. M is some metal cation.
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1.5 Metal nanoparticles
Metal nanoparticles have been intensively studied in various fields. There are several
methodologies for synthesising metal nanoparticles; e.g., the grinding, aggregation,
thermal decomposition, physical vapour deposition (PVD), chemical vapour deposition
(CVD) and laser ablation methods. Magnetic nanoparticles can be manipulated using
magnetic fields [98] and heated via the hyperthermic effect applying alternating magnetic
fields [99], whereas nonmagnetic nanoparticles can also be used as catalysts, contrast
agents and photo thermal media heated by near-infrared light [100].
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1.6 Objective and outline of the thesis
The objective of the present doctoral research is to synthesise novel carbon structures
in near- and super-critical benzene.
In Chapter 2, the equipment and methods, which were used for materials
characterisation, are summarised, focusing on scanning electron microscopy (SEM),
transmission electron microscopy (TEM), energy dispersive X-ray spectroscopy (EDS),
vibrating sample magnetometry (VSM), superconducting quantum interference device
(SQUID), X-ray diffractogramme (XRD) and Raman spectroscopy. In Chapter 3, the
creation of metal-containing carbon onions via self-assembly in metallocene/benzene
solution, which is irradiated with an ultraviolet laser, is investigated. Those carbon
nanostructures contain iron or cobalt nanoparticles. In Chapter 4, Fe/Co alloy-containing
carbon onions are synthesised by irradiating a UV laser into benzene, in which ferrocene
and cobaltocene are dissolved. The effect of the annealing temperature on the structures,
compositions and magnetic characteristics is clarified. In Chapter 5, the effect of catalysts
of organometallic compounds on the formation of carbon coils in near- and super-critical
benzene is investigated. Organometallic compounds of copper are mixed with supercritical benzene and a UV laser beam is irradiated into the solution. Nanoparticles and
nano fibres composed of copper and carbon coils are synthesised. In Chapter 6, the results
obtained by the present doctoral research are summarised.
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The materials synthesised and/or dealt with in the present doctoral research were
thoroughly characterised and analysed using the following microscopes and
spectroscopic analysers.

2.1 Scanning electron microscopes
Scanning electron microscopes (SEMs) are the most commonly used devices for the
observation and analysis of the structures of nanomaterials. When an electron beam is
irradiated on the sample surface (Figure 1), backscattered electrons (BSEs), secondary
electrons (SEs), Auger electrons, X-ray and Cathode luminescence come out from the
surface of the sample. When the sample is very thin, the electron beam transmits through
the sample, noting that the electrons are called transmitted electrons. In SEM, BSEs and
SEs come out from the surface of the sample are detected and the surface structure is
visualised. BSEs are suitable for observation of the composition and unevenness of the
surface of the sample, whereas SEs for observation of the shape of the surface of the
sample. Therefore, users need to choose the best viewing mode depending on the
characteristics of samples. In the present research, an SEM (SU8030, Hitachi Ltd.)
(Figure 2) is used for observation of carbon coils and copper nanoparticles.
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2.2 Transmission electron microscopes
Transmission electron microscopes (TEMs) are also used for observation of
nanomaterials. An electron beam transmitted through the sample is detected and therefore,
it is possible to observe the internal structure of nanoparticles (Figure 1). What is more,
3D images of samples can be constructed thanks to recent advancement in tomographical
technology. In the present research, the internal structure of graphitic layers of carbon
nanoparticles and carbon coils is visualised by a TEM (JEM-2200FS, JEOL) (Figure 3).

2.3 Energy dispersive X-ray spectroscopy
Energy dispersive X-ray spectroscopy (EDS) is one of the most commonly used
elemental analysis systems. When an electron beam is irradiated onto a sample, X-rays
are emitted from the surface of the sample (Figure 1). The elements composing the sample
can be identified detecting a specific X-ray emitted from the sample. EDS is often
equipped with SEMs and TEMs. In the present research, elements such as carbon, iron,
cobalt and copper are identified using an EDS (JED-2300T, JEOL) (Figure 4).
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Figure 1 Scanning and transmission electron microscopy. When an electron beam is
irradiated onto a sample, various types of electrons and X-ray are emitted from the surface
of the sample, whereas when the sample is very thin, transmission electrons are also
detected.
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Figure 2 Scanning electron microscope. SU8030 (Hitachi Ltd.).

Figure 3 Transmission electron microscope. JEM-2200FS (JEOL).
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Figure 4 Energy dispersive X-ray spectroscope. JED2300T (JEOL).
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2.4 Vibrating Sample Magnetometer
A vibrating sample magnetometer (VSM) is a device for measuring the magnetic
properties of samples. A sample is placed in a uniform magnetic field and then is vibrated
at a constant frequency and amplitude (Figure 5). The induced electromotive current is
measured by a detection coil installed around the sample so that the magnetic properties
of the sample such as the saturation magnetisation, remanent magnetisation and coercivity
can be evaluated. In the present study, the magnetic properties of iron-containing and
cobalt-containing carbon onions are measured by a vibrating sample magnetometer
(VSM) (7407, Lake Shore Crytronics Ins.) (Figure 6).
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Figure 5 Vibrating sample magnetometer. A sample is vibrated and the change of the
electromotive force induced by the fluctuating magnetic field is measured.
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Figure 6 Vibrating sample magnetometer. 7407 (Lake Shore Crytronics Ins.).
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2.5 Superconducting quantum interference device
Superconducting quantum interference devices (SQUIDs) are also designed for
measuring the magnetic properties of samples. SQUIDs are composed of Josephsondevices. Each Josephson-device has one or two Josephson-junctions, which are
constructed by a very thin normal conductor or insulator sandwiched by superconductors
(Figure 7). There are two types of SQUID devices; i.e., rf-SQUID and dc-SQUID. An rfSQUID has a one point Josephson-junction (Figure 8), whereas dc-SQUID two points
Josephson-junctions (Figure 9). Dc-SQUIDs are generally used for accurate measurement
of the magnetic properties. The sensitivity of dc-SQUIDs is higher than that of rf-SQUIDs.
In the present study, a dc-SQUID (MPMS3, Quantum Design, Inc.) (Figure 10) was
used for the measurement of the magnetic properties of materials synthesised and
processed.
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Figure 7 Josephson-device. Insulator or normal conductor are sandwiched vertically
between superconductors.

Figure 8 Rf-SQUID. Rf-SQUIDs have one Josephson-junction.
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Figure 9 Dc-SQUID. Dc-SQUIDS have two Josephson-junctions.
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Figure 10 Superconducting quantum interference device. MPMS3 (Quantum Design,
Inc.).
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2.6 X-ray diffraction
X-ray diffraction (XRD) is widely used in the fields of nanoscience/technology and
materials science/technology as a means of examining the structural state and physical
properties of materials. When X-rays, the wavelength of which ranges of the atomic
distance (0.05 - 0.3 nm), are irradiated onto a substance, in which atoms are regularly
arranged, they are scattered by electrons belonging to each atom. The scattered X-rays
interfere with each other and construct specific patterns in a particular direction (Figure
11). The path difference of X-rays scattered by the first and second grating surfaces is 2d
sinθ, where d, θ and 2θ are the lattice spacing, Bragg angle and diffraction angle. When
the path difference is an integral multiple of the wavelength of the incident X-rays, the
intensity is increased. Therefore, the diffracted X-rays are observed only in the direction
that satisfies the following Bragg equation (eq. (1)).
2d sinθ＝n λ

(1)

Knowing θ and λ in advance, the d-spacing of a sample material; that is, the structure of
the crystal, is clarified. In the present study, the crystallinity and components of
nanoparticles synthesised are analysed by an X-ray diffractometer (XRD) (SmartLab (9
kW)-RPA, Rigaku Corp.) (Figure 12).
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Figure 11 X-ray diffraction. When X-rays hit crystal lattices, some specific patterns are
formed via interference with each other.
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Figure 12 X-ray diffractometer (XRD). SmartLab (9 kW)-RPA (Rigaku Corp.).
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2.7 Raman spectroscopy
Molecular dynamics can be analysed by Raman spectroscopy, which detects the
spectrum of light scattered by materials of molecular vibration. When photons are
irradiated onto materials, reflection, refraction, absorption and scattering occur. The
scattered light includes some wavelengths different from those of the incident light
(Figure 13). The Raman spectroscopy can measure the molecular structure and
crystallinity of materials and evaluate the identification of chemical bonds of substances,
and the degrees of distortion of the crystal lattices by detecting Stokes and Anti-Stokes
light. In the present research, a Raman spectrometer (LabRAM, HR-800, HORIBA
JOBIN YVON S.A.S) (Figure 14) is used for measuring the state of carbon before and
after annealing.
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Figure 13 Raman scattering. When incident light is irradiated onto molecules, the
incident light is scattered by molecular vibration. Stokes light is detected in the case of
carbon materials.
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Figure 14 Raman spectrometer. LabRAM, HR-800, (HORIBA JOBIN YVON S.A.S).
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2.8 Thermogravimetric analyser
A thermogravimetric analyser (TGA) is used for the analysis of the oxidation,
pyrolysis, dehydration, heat resistance and reaction rate of the sample materials. In the
present research, a TGA (DTG-60H, Shimadzu) (Figure 15) is used for the annealing of
as-synthesised nanoparticles (Chapter 4) and for the analysis of pyrolysis of bis(tbutylacetoacetato)copper(II):Cu(tbaoac)2 (Chapter 5).
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Figure 15 Thermogravimetric analyser. DTG-60H (Shimadzu).
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Chapter 3
Creation of metal-containing carbon onions
via self-assembly in metallocene/benzene
solution irradiated with an ultraviolet laser
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Abstract
Sub- and super-critical benzene, in which metallocene such as ferrocene or
cobaltocene is dissolved, is irradiated with a UV laser of 266 nm wavelength and it is
found that benzene and metallocenes are dissociated and iron- and cobalt-containing
carbon onions (Fe@C and Co@C) are created. The operational temperature of the
present method is much lower than that of conventional ones for the growth of
nanomaterials and therefore coagulation among metal-containing carbon onions is
avoided. The average diameters of the core iron and cobalt nanoparticles are,
respectively, 7.5 and 7.2 nm, whereas the thickness of the layers of carbon onions
surrounding the core metal particles is 3.2 nm in both Fe@C and Co@C cases. The
metal-containing carbon onions show superparamagnetic characteristics.
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3.1 Introduction
Nanostructures are commonly created by so-called top-down ultra-fine fabrication
techniques such as photolithography, X-ray lithography and etching [1,2], whereas they
can also be formed via bottom-up self-assembly processes learning from biological
systems [2,3]. Carbon nanostructures such as fullerenes, carbon nanotubes and graphene
are self-assembled during the arc-discharge, laser ablation and chemical vapour
deposition processes [4]. It has been shown that fluids such as carbon dioxide and
benzene under near- and super-critical conditions can be used as solvents for the
creation of nanostructures [5-13]. Gas-liquid coexistence curves terminate at the critical
points, where large clusters are formed by fluids’ molecules and as a result, incident
light, scattered by the clusters, cannot penetrate the fluids, which is known as critical
opalescence [14]. The physical properties such as the specific heat and compressibility
diverge as the fluid systems approach the critical points due to the long ranged coherent
molecular clusters and the abnormal behaviour of fluids under near-critical conditions
has been investigated from a universal point of view both theoretically and
experimentally [14]. In terms of non-equilibrium transport phenomena occurring near
the critical points, it is known that temperature and pressure perturbations propagate as
acoustic waves due to the extremely low thermal diffusivity and high compressibility,
which is known as the piston effect [15-18], and strong buoyancy convection is induced
due to the low thermal diffusivity and high temperature coefficient of volume expansion
[17-23]. In addition to their unusual characteristics, near- and super-critical fluids have
been recognised as useful fluids from a technological point of view and therefore they
are often used in chemical, electronic and environmental sciences and engineering.
Reactions are encouraged [24], chemicals are extracted [25], semiconductors are
cleaned and purified [26] and nanostructures are created [5-13] in super-critical fluids.
In terms of the formation of nanostructures, carbon particles, onions, coils, needles and
fibres were created in near- or super-critical carbon dioxide, benzene and their mixture
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[5-13]. In this chapter, a bottom-up method of producing metal-containing carbon
onions is demonstrated using benzene under sub- and super-critical conditions.
Metallocene such as ferrocene or cobaltocene is mixed with benzene and an ultraviolet
laser is irradiated into the metallocene/benzene solution. Ii is found that iron- and
cobalt-containing carbon onions are formed via self-assembly in benzene under suband near-critical conditions. The dependence of the structural and magnetic
characteristics of the nanoparticles produced in benzene on the temperature of the
benzene/metallocene solution is clarified.
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3.2 Experimental details
An outline of the experimental system is shown in Figure 1. Metallocene such as
ferrocene or cobaltocene was dissolved in benzene and the metallocene/benzene
solution was confined in a cylindrical container made of stainless steel. The mass
concentration of ferrocene or cobaltocene in benzene was set at 3.52, 11.76, 17.64 or
23.52 mg ml-1 and the amount of benzene was set at the critical density. The inner and
outer diameters and inner and outer heights of the container were, respectively, 13 and
60 mm, and 23 and 66 mm. A synthetic quartz was mounted at the top of the container
for the introduction of the laser beam (see Figure 1). The diameter and thickness of the
quartz window was 20 and 10 mm. A platinum resistance thermometer (Pt100, Chino
Co. Ltd.) was set in the container wall and the temperature of the fluid was controlled
by a heater installed around the container and a temperature controller (LT470, Chino
Co. Ltd.). The fluid conditions were changed from a sub-critical liquid-gas two-phase
region to super-critical one by controlling the fluid temperature. Note that the critical
temperature Tc, pressure Pc and density ρc of benzene are Tc = 289 °C, Pc = 4.92 MPa,
ρc = 300 kg m-1 [27]. In each experiment, 50000 pulses of a UV laser beam of 266 nm
wavelength were irradiated from a neodymium doped yttrium/aluminium/garnet
(Nd:YAG) laser (Brilliant Quantel Ltd. Co.) into the metallocene/benzene solution, the
temperature of which was set at 25, 150, 200, 250 or 290 °C. The diameter of the laser
beam was 10 mm and the energy flux was Lp = 5.2 mW mm-2. The duration of each
laser pulse and the frequency of the pulse generation were 4.3 ns and f = 10 Hz. The
beam was not focused on any particular point. After each experiment, the temperature of
the fluid was decreased gradually down to room temperature.
I observed the residue products in benzene by a scanning electron microscope
(SEM) (JSM-7400F, JEOL) and transmission electron microscope (TEM) (JEM-2200FS,
JEOL). I also analysed the structures of the products by the selected area electron
diffraction (SAED) method (JEM-2200FS, JEOL), the elementary components of the
- 59 -

structures by energy-disperse X-ray spectroscopy (EDS) (JED-2300T, JEOL) and the
magnetisation by a vibrating sample magnetometer (VSM) (7407, Lake Shore
Crytronics Inc).
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Figure 1 Outline of the experimental system. Benzene, in which metallocene such as
ferrocene or cobaltocene is dissolved, is confined in a cylindrical container made of
stainless steel. The temperature is controlled by a heater installed around the container
and a laser beam of 266 nm wavelength is irradiated into the solution.
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3.3 Results and discussion
I irradiated UV laser into sub- and super-critical benzene, in which ferrocene or
cobaltocene was dissolved, at different temperatures; 25, 150, 200, 250 and 290 °C. The
relation between the structures created in the solution after the laser irradiation and the
temperature of the solution is summarised in Table 1. Amorphous carbon particles and
metal-containing amorphous carbon particles were produced when the temperature was
lower than or equal to 200 °C, whereas carbon onions and metal-containing carbon
onions as well as amorphous carbon particles and metal-containing amorphous carbon
particles were produced when the temperature was 250 and 290 °C. TEM images,
SAED

patterns

and

EDS

mappings

of

carbon

nanostructures

formed

in

ferrocene/benzene and cobaltocene/benzene solutions are, respectively, shown in
Figures 2, 3 and 4, where the temperature of the solution during laser irradiation was
290 °C and the mass concentration of ferrocene or cobaltocene mixed with benzene was
3.52, 11.76, 17.64 or 23.52 mg ml-1. Iron-containing and cobalt-containing carbon
onions were produced at both 250 and 290 °C irrespective of the differences in the mass
concentration of ferrocene and cobaltocene mixed with benzene. It is clearly shown that
the core particles were formed by iron or cobalt. The number of metal-containing
carbon onions formed at 290 °C was more or less the same as that formed at 250 °C,
whereas no metal-containing carbon onion was formed when the temperature was lower
than or equal to 200 °C as mentioned. The number of metal-containing carbon onions
increased with an increase in the mass concentration of metallocenes mixed with
benzene. I measured the diameters of the core metal particles from TEM images,
targeting 1083 iron particles and 921 cobalt particles. The diameter of the core iron
particles produced at 290 °C was 7.5 ± 5.2 nm, whereas that of the cobalt particles 7.2 ±
3.6 nm. The average thickness of the carbon onions was 3.2 nm in both cases of ironand cobalt-containing carbon onions. The gap between the adjacent graphitic layers in
carbon onions was 0.34 nm [28] (see Figure 2).
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Table 1 Carbon structures created in benzene after laser irradiation into
metallocene/benzene solutions. (Note: AC: amorphous carbon particles; MAC:
metal-containing amorphous carbon particles; CO: carbon onions; MCO:
metal-containing carbon onions.)

Temperature
Metallocene

25 °C

150 °C

200 °C

250 °C

290 °C

Ferrocene
AC, MAC
Cobaltocene
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CO, MCO, AC, MAC

Figure 2 TEM images of metal containing carbon onions. (a) Iron-containing carbon
onion. (b) Cobalt-containing carbon onion. The distance between adjacent graphitic
layers is 0.34 nm in both cases.
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Figure 3 TEM images, SAED pattern and EDS mappings of iron-containing carbon
onions. (a) TEM image and SAED pattern of iron-containing carbon onions. The
contrast of the SAED pattern was modified using photographic software (Adobe
Photoshop CS5 ver.12.1, Adobe Systems Inc.). (b) TEM image of iron-containing
carbon onions. (c) EDS mapping of carbon corresponding to (b). (d) EDS mapping of
iron corresponding to (b).
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Figure 4 TEM images, SAED pattern and EDS mappings of cobalt-containing carbon
onions. (a) TEM image and SAED pattern of cobalt-containing carbon onions. The
contrast of the SAED pattern was modified using photographic software. (b) TEM
image of cobalt-containing carbon onions. (c) EDS mapping of carbon corresponding to
(b). (d) EDS mapping of cobalt corresponding to (b).
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The diameters of the metal-containing carbon onions and core metal particles were
the same irrespective of the differences in the temperature; i.e., 250 and 290 °C, and the
mass concentration of metallocenes mixed with benzene. The sources of metals forming
the core particles are metallocenes; i.e., ferrocene and cobaltocene, whereas those of
carbon are benzene and metallocenes. The dissociation energy of one hydrogen atom
from benzene is 4.90 eV [29]. Photons of 266 nm wavelength, which were irradiated
into benzene in the present experiment, are absorbed by benzene [29]. The photon
energy of 266 nm wavelength being 4.66 eV, it is supposed that at least two-photon
absorption was occurring for hydrogen dissociation from benzene. However, the
dissociation energy of the second hydrogen atom is lower than 4.90 eV once the first
hydrogen atom has been dissociated [29] and therefore six-membered rings of carbon
atoms may be quite easily produced. It is also possible for carbon atoms to be
dissociated from metallocenes [30, 31]. It is known that the decomposition energy
corresponding to Fe(cp)2 → Fe + cp + cp is 6.8 eV [32], whereas that corresponding to
Co(cp)2 → Co + cp + cp is 5.64 eV [33]. It is therefore supposed that two-photon
absorption was constantly occurring and ferrocene and cobaltocene were decomposed
into iron and cobalt and two cp-rings during the irradiation of photons of 266 nm
wavelength. It is also supposed that during the interval between two pulses, dissociated
high-energy iron and cobalt atoms were cooled and coagulated each other to form the
core particles, during which the excess energy was transferred to cp-rings and
six-membered rings and as a result, those rings formed carbon onions [35]. I suppose
that the diameter of iron particles was more or less the same as that of cobalt particles
since the melting temperature and surface tension of iron and cobalt are similar [36] and
the absorption characteristics of UV photons of 266 nm wavelength passing through
ferrocene/benzene, cobaltocene/benzene solutions are also the same (see Figure 5).
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Figure 5 Absorption spectra of benzene, ferrocene/benzene and cobaltocene/benzene
solutions. The absorption spectrum of ferrocene/benzene solution is very similar to that
of cobaltocene/benzene solution. Each sample also has a UV absorption near 266 nm.
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The magnetisation curves of iron- and cobalt-containing carbon onions are shown
in Figure 6. The iron- and cobalt-containing carbon onions showed super paramagnetic
characteristics. The saturation magnetisation increased with an increase in the mass
concentration of ferrocene, but in the case of cobaltocene, it did not change when the
mass concentration of cobaltocene was over 17 mg ml-1 since cobaltocene did not
dissolve in benzene at room temperature once the mass concentration exceeded 17 mg
ml-1. Note that super paramagnetism of iron and cobalt is, respectively, caused by bcc
[37] and hcp lattice structures [38] (see also Figures 3(a) and 4(a)). The saturation
magnetisation of cobalt-containing carbon onions was higher than that of
iron-containing carbon onions since the crystallinity of the cobalt particles was higher
than that of the iron particles. I suppose that the difference in the crystallinity of the core
particles might have been caused by the difference in the initial temperature of iron and
cobalt atoms dissociated from metallocenes. The initial temperature of the cobalt atoms
was higher than that of the iron atoms since the decomposition energy of cobaltocene is
lower than that of ferrocene as mentioned.
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Figure 6 Magnetisation-magnetic field curves. (a) Iron-containing carbon onions. The
magnetisation increased with an increase in the mass concentration of ferrocene mixed
with benzene. (b) Cobalt-containing carbon onions. The magnetisation did not change
once the mass concentration of cobaltocene mixed with benzene exceeded 17 mg ml-1.
There was no hysteresis loop in the magnetisation curves in both iron- and
cobalt-containing carbon onions cases.
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These particles are covered with carbon and therefore the surface of the particles
can be quite easily chemically modified, which makes the present magnetic
nanoparticles more attractive and practical considering their application to the fields of
nanoelectronics, nanomagnetics, biochemistry and biomedical science and engineering
[39-42]. The operational temperature of the present methodology is as low as 290 °C,
which is also favourable for a practical use since coagulation of particles can be avoided
during the synthesis process of the particles [43]. The present metal-containing carbon
onions may well be utilised particularly in biomedical fields; e.g., the imaging of
biomolecules and cells [44], nanosurgery [45] and drug delivery [46], as well as in the
fields of nano/micro electronics, magnetics and electromechanics [47]. It may be
possible to synthesise alloys such as Fe-Co and Fe-Ni by mixing two types of
metallocenes such as ferrocene and cobaltocene, or ferrocene and nickelocene with
benzene, in which case the magnetisation may be changed by altering the elementary
ratio. The synthesis of alloy-containing carbon nanoparticles will be focused on in
Chapter 4.

3.4 Conclusions
I irradiated sub- and super-critical benzene/metallocene solutions with a laser beam
of 266 nm wavelength and found that iron- and cobalt-containing carbon onions, which
have superparamagnetic characteristics, are created. The number and diameter of
metal-containing carbon onions were the same irrespective of the difference in the
temperature; i.e., 250 and 290 °C, and the saturation magnetisation of iron- and cobalt
-containing carbon onions increased with the mass concentration of metallocenes mixed
with benzene. The present metal-containing carbon onions may well be utilised
particularly in biomedical fields as well as in the fields of nano/micro electronics,
magnetics and electro mechanics.
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Chapter 4
Synthesis of magnetic alloy-containing
carbon nanoparticles in super-critical
benzene irradiated with an ultraviolet laser
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Abstract
Magnetic nanoparticles are of great importance particularly in the field of
biomedicine as well as nanotechnology and nano materials science and technology.
Here, magnetic alloy-containing carbon nanoparticles (MA@C NPs) are synthesised via
the following two-step procedure; (1) irradiation of a laser beam of 266 nm wavelength
into super-critical benzene, in which both ferrocene and cobaltocene are dissolved, at
290 °C; and (2) annealing of the particles at 600 and 800 °C. It is found that the core
particles are composed of cobalt (Co), iron (Fe) and oxygen (O) and covered with
carbon layers. The structure of the core particles as-synthesised and annealed at 600 and
800 °C is, respectively, amorphous, CoFe2O4 and FeCo. The viability of L929 cells in
the presence of MA@C NPs is investigated and it is found that there is no serious
advert effect of the MA@C NPs on the cell viability thanks to the carbon layers
covering the core particles. The magnetic properties are well characterised. The
saturation and remnant magnetisation and coercivity increase and as a result, the
hyperthermic efficiency becomes higher with an increase in the annealing temperature.
The further modification of the surface of the present particles with several functional
molecules becomes easier due to the carbon layers, which makes the present particles
more valuable. It is therefore supposed that the presently synthesised MA@C NPs may
well be utilised for nanotechnology-based biomedical engineering; e.g., nano
bioimaging, nano hyperthermia and nano surgery.
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4.1 Introduction
Magnetic nanoparticles have attracted a lot of attention in recent years considering
particularly their application to biomedical studies; e.g., they can be used as nano agents
for the enhancement of magnetic resonance imaging, nano media for hyperthermic
treatment of cancer cells, nano vehicles for drug delivery and nano robots for the
encouragement of biochemical reactions and surgery on target cells [1-9]. Heat is
generated in magnetic nanoparticles by applying alternating magnetic fields to them via
either the Néel or hysteresis loss heating effect depending on the magnetic nature of
nanoparticles; i.e., superparamagnetism or ferromagnetism [10]. Hyperthermic
treatment of cancer cells using magnetic nanoparticles subjected to alternating magnetic
fields has been actively studied in recent years since only target cells can be locally
heated and killed without damaging any other normal cells [11-14]. Biocompatibility of
nanoparticles, however, becomes a crucial factor when they are used for medical
treatment, noting that metallic particles are in general cytotoxic [15,16]. The size of
particles is also important when the particles are used for biomedical purposes [17,18].
It should also be noticed that the efficiency of hyperthermic treatment of cells depends
on the magnetic nature of the particles and the magnetic properties; that is, the
saturation and remnant magnetisation, and coercivity [19].
Magnetic materials such as iron, cobalt and nickel are appropriate candidates for
hyperthermic treatment of cells, but the biocompatibility, size and magnetic properties
of the particles become crucial factors as mentioned. Carbon materials are generally
speaking chemically stable and biocompatible compared to metal particles [20] and
therefore it is demanded to produce biocompatible magnetic nanoparticles covered with
carbon layers.
The gas-liquid coexistence curves terminate at the critical points, where large
molecular clusters are formed and several critical anomalies such as divergence of the
physical properties and fast propagations of temperature, pressure and density
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perturbations occur [21,22]. It has also been demonstrated that nano materials can be
efficiently synthesised in near-critical and super-critical fluids such as carbon dioxide,
benzene and acetone under their near- and super-critical conditions, by irradiating
ultraviolet (UV) laser beams into the fluids [23-25].
Here, magnetic alloy-containing carbon nanoparticles (MA@C NPs) are
synthesised via the following two-step procedure; i.e., (1) irradiation of a UV laser
beam into super-critical benzene, in which both ferrocene (Fe(cp)2) and cobaltocene
(Co(cp)2) are dissolved, at 290 °C; and (2) annealing of the particles at 600 and 800 °C.
The magnetic properties, cytotoxicity and hyperthermic ability of the MA@C NPs are
also examined. The experimental details are summarised in the second section. The
results of the experiments are discussed in the third section and the results obtained in
the present research are summarised in the final section.
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4.2 Experimental details
Synthesis of magnetic alloy-containing carbon nanoparticles (MA@C NPs)
An outline of the experimental system is shown in Figure 1. Benzene, in which
both Fe(cp)2 and Co(cp)2 were dissolved, was confined in a cylindrical container made
of stainless steel. The inner and outer diameters, and inner and outer heights of the
container were, respectively, 13 and 60 mm, and 23 and 66 mm. The density of benzene
was set at its critical value and the concentration of Fe(cp)2 and Co(cp)2 in benzene was
set at 200 and 15 mg ml-1; i.e., 1.08 and 0.08 mM ml-1, respectively. A synthetic quartz
window was mounted at the bottom of the container for the introduction of a laser beam.
The diameter and thickness of the synthetic quartz window was 20 and 10 mm. A
platinum resistance thermometer (Pt100, Chino Co. Ltd.) was set in the container wall
and the temperature of the fluid was regulated by a heater, which was installed around
the container, and a temperature controller (LT470, Chino Co. Ltd.). The fluid
conditions were changed from a gas-liquid two-phase region at 25 °C to super-critical
one at 290 °C by controlling the fluid temperature. Note that the critical temperature Tc,
pressure Pc and density ρc of benzene are 289 °C, 4.92 MPa and 302 kg m-3 [26]. 50000
pulses of a UV laser beam of 266 nm wavelength were irradiated from a neodymium
doped yttrium/aluminium/garnet (Nd:YAG) laser (Brilliant Quantel Ltd. Co.) into the
solution of Fe(cp)2 and Co(cp)2 dissolved in benzene. The diameter and energy flux of
the laser beam were, respectively, 10 mm and Lp = 5.2 mW mm-2. The duration of each
laser pulse and the frequency of the pulse generation were 4.3 ns and f = 10 Hz. The
beam was not focused on any particular point. After UV laser irradiation, the
temperature of the fluid was decreased gradually down to room temperature switching
the heater off and then the fluid was gradually released. The particles produced in the
container were separated using a neodymium magnet, washed five times with ethanol
and dried in a vacuum evaporator for 24 h. The particles were annealed in a
thermogravimetric analyser (TGA) (DTG-60H, Shimadzu) under a constant flow of
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argon, increasing the temperature from 25 up to either 600 or 800 °C at a rate of 20 °C
min-1. Once the temperature reached the target value; that is, 600 or 800 °C, the
temperature was kept at 600 or 800 °C for 1 min and the particles were cooled naturally
down to room temperature in the TGA.
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Figure 1 Outline of the experimental system. Benzene, in which metallocene such as
ferrocene and cobaltocene are dissolved, is confined in a cylindrical container made of
stainless steel. The temperature is controlled by a heater installed around the container
and a laser beam of 266 nm wavelength is irradiated into the solution.
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4.3 Characterisation of nanoparticles
The structures of the particles were observed and analysed by transmission electron
microscopy (TEM) (JEM-2200FS, JEOL), X-ray diffractometry (XRD) (SmartLab
(9kW)-RPA, Rigaku Corp.) and Raman spectroscopy (LabRAM, HR-800, HORIBA
JOBIN YVON S.A.S). The elemental components of the structures were analysed by
energy-disperse X-ray spectroscopy (EDS) (JED-2300T, JEOL). The size of the
particles was measured from TEM images, targeting at least 1000 particles synthesised
under the same experimental conditions. The magnetic properties of the particles were
measured by a superconducting quantum interference device (SQUID) magnetometer
(MPMS3, Quantum Design, Inc.). The zero field cooling (ZFC) and field cooling (FC)
magnetisation curves of particles as-synthesised, and annealed at 600 and 800 °C were
obtained in the temperature range between 2.0 and 400 K in an applied field of 100 Oe
(= 105/4π A m-1). The mass magnetisation – magnetic field curves were also obtained at
4 and 300 K.

4.4 Cell viability evaluation by an Alamar blue assay
An outline of the experimental system of an Alamar blue assay is shown in Figure 2.
A test cell line; L929 (Cat EC85011425-FO, DS Pharma Biomedical Co., Ltd.), was
cultivated in a flask of 25 cm3, which contained Dulbecco’s modified eagle media
(DMEM) (Gibco, Life Technologies) supplemented with 10 % foetal bovine serum and
1 % penicillin-streptomycin. The cells were seeded in 96-well plates with DMEM at a
cell number density of 2 × 103 cells per well (CPW) and incubated for 24 and 48 h.
Then, the media were removed and replaced by fresh ones and the cells of 2 × 10 3 CPW
were incubated in the presence of a different concentration of particles; 0, 10, 20, 40, 60,
80 and 100 µg ml-1, followed by treatment with an Alamar blue reagent for 3 h. The
incubation was performed in an atmosphere of 5 % CO2 at 37 °C. The fluorescence of
the solution was then measured to evaluate the cell viability using a fluorescence imager
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(Typhoon FLA 7000, GE Healthcare Life Science Ltd.) with an excitation wavelength
of 532 nm. The cells in the media in the absence of particles acted as the positive
control. Statistical analysis was performed using the one-way ANOVA and the
Turkey-Kramer multiple comparison post hoc test (Social Survey Research Information
Co. Ltd.) and the significant level was set at 0.01. The results were presented as mean ±
standard deviation.
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Figure 2 Outline of the experimental system of an Alamar blue assay. Cells at a cell
number density of 2 × 103 cells per well (CPW) were seeded in 96-well plates with
DMEM added by 100 μl at a cell number density of 2 × 103 cells and incubated for 24
and 48 h. Then, the media were removed and replaced by fresh ones and the cells of 2 ×
103 CPW were incubated in the presence of a different concentration of particles; 0, 10,
20, 40, 60, 80 and 100 µg ml-1, followed by treatment with 10 µl Alamar blue reagent
for 3h.
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4.5 Evaluation of hyperthermic performance
An outline of the experimental system of induction heating is shown in Figure 3. I
carried out some preliminary experiment to investigate the hyperthermic performance of
the nanoparticles dispersed in ethanol. The concentration of the nanoparticles in the
solution was set at 0.5 mg ml-1. The solution was introduced into a 1 ml test tube, which
was placed at the centre of an induction heating coil (EASYHeat 8310 LI, Ambrell An
American Co.). An ac magnetic field, the frequency and strength of which were f = 331
kHz and H = 47.9 kA m-1, was applied for 5 min. The surface temperature of the
solution was measured by a radiation thermometer (Testo855, Testo Co. Ltd.), which
was set 100 mm above the surface of the solution in the test tube.
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Figure 3 Outline of the experimental system of induction heating. The Fe/Co@C is
dispersed in ethanol, the concentration of which is set at 1 mg ml-1. The sample
dispersed in ethanol in a tube is placed in the centre of the induction coil. The
temperature of the surface of the solution is measured by a radiation thermometer,
which is set 100 mm above the surface.
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4.6 Results and discussion

I synthesised nanoparticles by irradiating a laser beam of 266 nm wavelength into
benzene, in which both Fe(cp)2 and Co(cp)2 were dissolved, under its super-critical
conditions at 290 °C, and then annealing the particles at 600 and 800 °C, as mentioned.
Figure 4 shows TEM images of particles produced via the interactions between the laser
beam, and the solutes and benzene molecules. The TEM images clearly show that the
core particles are covered with some layers in all of the cases; i.e., particles
as-synthesised (see Figure 4(a)), and particles annealed at 600 (Figure 4(b)) and 800 °C
(Figure 4(c)).
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Figure 4 TEM images of nanoparticles. (a) Nanoparticles as-synthesised. (b)
Nanoparticles annealed at 600 °C. (c) Nanoparticles annealed at 800 °C.
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Figure 5 TEM image and EDS mappings of nanoparticles as-synthesised. (a) TEM
image; (b) EDS mapping of carbon corresponding to (a); (c) EDS mapping of iron
corresponding to (a); (d) EDS mapping of cobalt corresponding to (a); (e) EDS energy
peaks.
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Figure 6 TEM image and EDS mappings of nanoparticles annealed at 600 °C. (a) TEM
image; (b) EDS mapping of carbon corresponding to (a); (c) EDS mapping of iron
corresponding to (a); (d) EDS mapping of cobalt corresponding to (a); (e) EDS energy
peaks.

- 92 -

Figure 7 TEM image and EDS mappings of nanoparticles annealed at 800 °C. (a) TEM
image; (b) EDS mapping of carbon corresponding to (a); (c) EDS mapping of iron
corresponding to (a); (d) EDS mapping of cobalt corresponding to (a); (e) EDS energy
peaks.
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According to EDS, TEM and XRD analyses on the elements and structures of the
particles, the core particles were composed of Co, Fe and O and covered with a mixture
of graphitic and amorphous carbon layers (see Figure 4 and also Figure 5, 6, 7 and 8
respectively, for the TEM and EDS images and X-ray diffractometory of the particles).
No clear sharp peaks being detected by X-ray diffractometry, it is supposed that most of
the core structures of as-synthesised particles were amorphous (Figure 8(a)), whereas
clear peaks corresponding to FeCo, CoFe2O4 and Co appearing in the particles annealed
at 600 and 800 °C, it is supposed that the degree of the crystallinity of the core particles
increased with an increase in the annealing temperature (Figures 8(b) and 8(c)). Note
that CoFe2O4 particles were produced due to oxygen molecules dissolved in benzene,
whereas Co particles were synthesised via both pyrolytic [27] and photolytic
decomposition of Co(cp)2 (see Figure 8). The weight percentages of FeCo, CoFe2O4 and
Co were 9.5, 85.0 and 5.1 % when the particles were annealed at 600 °C, whereas those
were 83.9, 10.5 and 5.5 % when the particles were annealed at 800 °C, according to the
reference intensity ratio values (ICDD 01-077-7452, ICDD 01-071-7171 and ICDD
01-074-6402). In other words, the composition of the core particles can be changed
depending on the annealing temperature; that is, the core particles are mainly composed
of CoFe2O4 at 600 °C, while they are composed of FeCo at 800 °C [28].
The layers covering the core particles were composed of a mixture of graphitic
carbon layers, where the gap between two adjacent sheets was 0.34 nm [29], and
amorphous carbon (see Figure 4). Raman spectra of the nanoparticles as-synthesised and
annealed at 600 and 800 °C are shown in Figure 9. In all of the cases, peaks
corresponding to the G and D bands appeared and there was no appreciable change in
the spectra before and after annealing. In other words, there was no distinct effect of
annealing on the structure of the carbon layers covering the core particles.
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Figure 8 X-ray diffractogram of nanoparticles. (a) Nanoparticles as-synthesised. (b)
Nanoparticles annealed at 600 °C. (c) Nanoparticles annealed at 800 °C.
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Figure 9 Raman spectra. (a) Nanoparticles as-synthesised. (b) Nanoparticles annealed
at 600 °C. (c) Nanoparticles annealed at 800 °C.
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I measured the equivalent diameter of the core particles; (l + s) / 2, based on the
long and short axes; l and s, and the thickness of the carbon layers covering the core
particles from TEM images, targeting at least 1000 particles produced under the same
experimental conditions. The diameter of the core particles as-synthesised and annealed
at 600 and 800 °C was, respectively, 4.8 ± 2.1, 5.5 ± 2.4 and 6.5 ± 2.5 nm, whereas the
thickness of the carbon layers was 1.9 ± 0.6, 2.0 ± 0.6 and 2.5 ± 0.7 nm (see Figure 10
for the distribution of the size of the core particles and the thickness of the carbon
layers). The diameter of the core particles and the thickness of the carbon layers
increased with an increase in the annealing temperature. It is supposed that the diameter
of the core particles increased during the annealing process of the particles via the
Ostwald ripening effect; that is, iron and cobalt atoms in smaller core particles diffused
outwards through the carbon layers and were eventually absorbed by neighbouring
larger particles [30,31]. I suppose that the thickness of the carbon layers increased with
an increase in the annealing temperature since carbon atoms dissolved in the core
particles diffused outwards into the carbon layers [32].
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Figure 10 Distribution of the diameter of a core particle and the thickness of a layer
covering the core particle. (a) Diameter of NPs as-synthesised, annealed at 600°C and
annealed at 800°C. (b) Thickness of a layer covering the core particle as-synthesised,
annealed at 600°C and annealed at 800°C.
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Table 1 Average core diameter and film thickness.
Average of core diameter

Average of film thickness

[nm]

[nm]

As-prepared

4.81 ± 2.08

1.87 ± 0.56

Annealed at 600 °C

5.46 ± 2.41

1.95 ± 0.60

Annealed at 800 °C

6.53 ± 2.48

2.50 ± 0.66
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Iron and cobalt composing the core particles were, respectively, dissociated from
Fe(cp)2 and Co(cp)2, whereas carbon covering the core particles was dissociated from
Fe(cp)2, Co(cp)2 and benzene molecules. As explained previously, benzene molecules,
Fe(cp)2 and Co(cp)2 are quite easily dissociated via the interactions between photons of
266 nm wavelength, and benzene, Fe(cp)2 and Co(cp)2 molecules [33-37]. At least
two-photon absorption is required for the dissociation of a hydrogen atom from a
benzene molecule, knowing that the dissociation energy and the photon energy of 266
nm wavelengths are, respectively, 4.90 and 4.66 eV [38]. It is also known that the
dissociation energy of a second hydrogen atom is lower than that of the first one [38]
and therefore, six-membered rings of carbon atoms may be quite easily produced by
irradiation of photons of 266 nm wavelength, noting that the possibility of multi-photon
absorption increases as the state of benzene approaches its critical point due to the
formation of large flexible molecular clusters [38]. The decomposition energy of
Fe(cp)2 into Fe + cp + cp is 6.8 eV [39], whereas that of Co(cp)2 into Co + cp + cp is
5.64 eV [40] and therefore the decomposition of ferrocene and cobaltocene into iron,
cobalt and cp-rings was induced by two-photon absorption during the laser irradiation.
Dissociated iron and cobalt atoms were cooled to form the core particles and the carbon
layers covering the core particles were formed by cp-rings and six-membered rings of
carbon atoms during the interval between two pulses of laser beams [41].
The ZFC/FC magnetisation curves measured changing the temperature between 2.0
and 400 K are shown in Figure 11, where an external magnetic field of 100 Oe (=
105/4π A m-1) was applied after the ZFC measurement. It is clearly shown that there was
no transition from the ferromagnetic to superparamagnetic down to 2 K and from the
ferromagnetic to paramagnetic up to 400 K. The mass magnetisation – magnetic field
curves measured at 300 K are shown in Figure 13. The saturation and remnant
magnetisation and coercivity of particles as-synthesised were Ms = 2.5 × 10-5 Wb m kg-1
(2.0 × 10 emu g-1), Mr = 2.5 × 10-7 Wb m kg-1 (2.0 × 10-1 emu g-1) and Mc = 0.8 A m-1
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(1.3 × 10-2 Oe), whereas those annealed at 600 and 800 °C were, respectively, Ms = 5.9
× 10-5 Wb m kg-1 (4.7 × 10 emu g-1), Mr = 4.8 × 10-6 Wb m kg-1 (3.8 emu g-1) and Mc =
7.6 A m-1 (9.5 × 10-2 Oe), and Ms = 1.2 × 10-4 Wb m kg-1 (9.3 × 10 emu g-1), Mr = 1.5 ×
10-5 Wb m kg-1 (1.2 × 10 emu g-1) and Mc = 1.7 × 10 A m-1 (2.1 × 10-1 Oe). The
saturation and remnant magnetisation and coercivity increased with an increase in the
annealing temperature. Particles annealed at 600 and 800 °C showed ferromagnetic
characteristics caused by strong dipole-dipole interactions among particles, whereas
particles as-synthesised was soft ferromagnetic (see also Figure 12 for the mass
magnetisation – magnetic field curves measure at 4 K). The saturation and remnant
magnetisation and coercivity of MA@C NPs annealed at 800 °C were higher than those
of iron-containing and cobalt-containing carbon nanoparticles (Fe@C NPs and Co@C
NPs) [29], noting that the magnetic performance of alloys are often superior to that of
materials composed of a single element.
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Figure 11 ZFC-FC curves of NPs measured between 2 and 400 K. (a) NPs annealed at
800 °C. ■:FC, □:ZFC; (b) NPs annealed at 600 °C. ▲:FC, △:ZFC; (c) NPs
as-synthesised. ●:FC, ○:ZFC.
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Figure 12 Mass magnetisation-magnetic field curves measured at 4 K. (a)
Nanoparticles annealed at 800 °C; (b) Nanoparticles annealed at 600 °C; (c)
Nanoparticles as-synthesised.
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Figure 13 Mass magnetisation-magnetic field curves measured at 300 K. (a)
Nanoparticles annealed at 800 °C; (b) Nanoparticles annealed at 600 °C; (c)
Nanoparticles as-synthesised.
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Table 2 Magnetic properties of nanoparticles

Measurement at 300 K

Saturation
magnetisation : Ms
[Wb m kg-1]

Coercivity : Mc
[A m-1]

Remnant
magnetisation : Mr
[Wb m kg-1]

As-synthesised

2.48 × 10-5

0.78

2.48 × 10-7

Annealed at 600 °C

5.87 × 10-5

7.55

4.78 × 10-6

Annealed at 800 °C

1.17 × 10-4

16.85

1.49 × 10-5

Measurement at 4 K

Saturation
magnetisation : Ms
[Wb m kg-1]

Coercivity : Mc
[A m-1]

Remnant
magnetisation : Mr
[Wb m kg-1]

As-synthesised

2.71 × 10-5

33.48

8.89 × 10-6

Annealed at 600 °C

5.67 × 10-5

37.56

1.65 × 10-5

Annealed at 800 °C

1.17 × 10-4

57.31

3.23 × 10-5
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I examined the viability of cell line L929 in the presence of MA@C NPs
as-synthesised, and annealed at 600 and 800 °C using an Alamer blue assay, where the
concentration of MA@C NPs was set at 10, 20, 40, 60, 80 and 100 μg ml-1 and the
incubation time was 24 and 48 h. The result of the Alamer blue assay is shown in Figure
14. The cell viability was over 80 % when the incubation time was 24 h, whereas it was
between 70 and 80 % in the case of 48 h incubation. It is supposed that the cell viability
was not seriously deteriorated thanks to the carbon layers covering the core particles
[42]. Note that there was no significant effect of the annealing temperature on the
structures of the carbon layers covering the core particles (see Figure 9) and therefore
the cell viability in the presence of MA@C NPs as-synthesised, and annealed at 600 and
800 °C was more or less the same.

- 106 -

Figure 14 Viability of cell line L929. (a) Cell viability in the presence of MA@C NPs
annealed at 800 °C. : 24 h incubation, : 48 h; (b) Cell viability in the presence of
MA@C NPs annealed at 600 °C. : 24 h, : 48 h; (c) Cell viability in the presence of
MA@F NPs as-synthesised. : 24 h, : 48 h.
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The time variation of the temperature of the solution of MA@C NPs dispersed in
ethanol (0.5 mg ml-1) is shown in Figures 15, 16, 17 and 18. The temperature of the
solution increased rapidly when the MA@C NPs annealed at 800 °C were used. The
strength of the external ac magnetic field was changed between H = ± 47.9 kA m-1 as
mentioned and therefore I measured the mass magnetisation – magnetic field curves of
MA@C NPs, changing the magnetic field between H = ± 47.9 kA m-1, the result of
which is shown in Figure 19. Hysteresis loops were also obtained in all of the cases; i.e.,
particles as-synthesised, and annealed at 600 and 800 °C. The heating mechanism of the
particles has not yet been clearly understood, but I suppose that the particles were
heated via the Néel effect in each particle and hysteresis loss heating caused by the
dipole-dipole interactions among the particles.
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Figure 15 Time variation of the surface temperature of the solution of nanoparticles
dispersed in ethanol. (a) Nanoparticles annealed at 800 °C; (b) Nanoparticles annealed
at 600 °C; (c) Nanoparticles as-synthesised.
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Figure 16 Time variation of the temperature of the solution of nanoparticles
as-synthesised. (a) Initiation of induction heating; (b) 1 min after the initiation of
induction heating; (c) 2 min; (d) 3 min.; (e) 4 min; (f) 5 min.
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Figure 17 Time variation of the temperature of the solution of nanoparticles annealed at
600 °C. (a) Initiation of induction heating; (b) 1 min after the initiation of induction
heating; (c) 2 min; (d) 3 min.; (e) 4 min; (f) 5 min.
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Figure 18 Time variation of the temperature of the solution of nanoparticles annealed at
800 °C. (a) Initiation of induction heating; (b) 1 min after the initiation of induction
heating; (c) 2 min; (d) 3 min.; (e) 4 min; (f) 5 min.
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Figure 19 Magnetisation-magnetic field curves of nanoparticles measured at 300 K.
The strength of the external magnetic field was changed between H ± 47.9 kA m-1
following the hyperthermic experimental conditions. (a) Nanoparticles annealed at
800 °C; (b) Nanoparticles annealed at 600 °C; (c) Nanoparticles as-synthesised.
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In the present research, core-shell magnetic alloy-containing carbon nanoparticles
were synthesised. After having been annealed at 600 and 800 °C, the core particles were
mainly composed of CoFe2O4 and FeCo, respectively, and the saturation and remnant
magnetisation and coercivity increased, whereas they did not show any serious adverse
effect on the viability of cell line L929 thanks to the carbon layers covering the core
particles. The present result suggests some possibility of synthesising multi-component
materials by dissolving different organometallic compounds such as metallocenes
together in fluids under their super-critical conditions. I still need to analyse the
formation process of the core-shell nanoparticles from thermodynamic and heat and
mass transfer points of view in more detail so that the synthetic procedure can be
improved and finally high quality functional nano materials can be designed and
produced. I will be investigating some possible applications of the present MA@C NPs
to nanotechnology-based biomedical engineering studies; e.g., the MA@C NPs may
well be used as nano agents for the enhancement of magnetic resonance imaging, nano
media for hyperthermic treatment of cancer cells, nano vehicles for drug delivery and
nano robots for the encouragement of biochemical reactions and surgery on target cells.
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4.7 Conclusions
I synthesised magnetic alloy-containing carbon nanoparticles via a two-step
procedure; (1) A laser beam of 266 nm wavelength was irradiated into super-critical
benzene, in which both ferrocene and cobaltocene are dissolved, at 290 °C; and (2) the
particles were annealed at 600 and 800 °C. I found that the structure of the core
particles as-synthesised was amorphous, whereas composition of the core particles
annealed at 600 and 800 °C, were, respectively, CoFe2O4 and FeCo. I also confirmed
that there was no serious advert effect of the present nanoparticles on the cell viability
thanks to the carbon layers covering the core particles. The saturation and remnant
magnetisation and coercivity increased with an increase in the annealing temperature
and as a result, those annealed particles showed high hyperthermic performance. The
further modification of the surface of the present particles with several functional
molecules becomes easier thanks to the carbon layers and therefore it is supposed that
the presently synthesised nanoparticles may well be utilised for nanotechnology-based
biomedical engineering; e.g., nano bioimaging, nano hyperthermia and nano surgery.
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Chapter 5
Creation of carbon coils
in near-/super-critical benzene
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Abstract
Near-critical benzene set at 290 °C, in which copper complex molecules;
bis(t-butylacetoacetato)copper(II): Cu(tbaoac)2, are dissolved, is irradiated with the
second (532 nm wavelength), third (355 nm), and fourth (266 nm) harmonics generated
from a neodymium doped yttrium/aluminium/garnet (Nd:YAG) laser and it is found
that carbon structures such as fibres and coils are efficiently produced. The operational
temperature is 290 °C, which is much lower than that in the conventional synthetic
methods of nano materials, and the laser power density can be as low as 5.2 mW mm-2.
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5.1 Introduction
Various types of carbon nanostructures such as fullerenes, carbon onions, carbon
nanotubes,

graphene,

carbon

coils,

metal-containing

carbon

onions

and

metal-containing carbon nanotubes have been discovered and synthesised and the
application of those nano materials to various fields have been intensively investigated.
Several innovative methodologies for synthesising the above carbon nanostructures
have been invented, modified and improved and now high quality carbon nano materials
can be synthesised by several sophisticated methods such as arc discharge, laser
ablation and chemical vapour deposition [1-7].
The shape of carbon coils is really unique among those carbon nanostructures.
Carbon coils were first synthesised by Motojima [7]. Carbon coils have high elasticity
[8], high electric conductivity [9] and high electromagnetic wave absorption [10].
Carbon coils were previously created on a rod made of SUS304 (Fe : Cr : Ni : S :
Mn : P : C = 67.85 : 20.00 : 10.00 : 0.03 : 2.00 : 0.045 : 0.080), which was placed in
benzene, by irradiating a UV laser beam into benzene under its near-critical conditions
[11]. In this chapter, carbon coils are created using a chemical catalyst;
bis(t-butylacetoacetato)copper(II):Cu(tbaoac)2, which is dissolved in critical benzene,
with UV laser irradiation.
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5.2 Experimental details
An outline of the experimental system is shown in Figure 1. Benzene, in which
bis(t-butylacetoacetato)copper(II):Cu(tbaoac)2 was dissolved, was confined in a
cylindrical container made of titanium. The mass concentration of Cu(tbaoac)2 was set
at 3.47 mg ml-1. Note that a titanium cell was used so that the inner surface of the
container would not act as a catalyst. The inner and outer diameters and inner and outer
heights of the container were, respectively, 13 and 60 mm, and 23 and 66 mm. A
synthetic quartz was mounted at the top of the container for the introduction of the laser
beam (see Figure 1). The diameter and thickness of the quartz window were 20 and 10
mm. A platinum resistance thermometer (Pt100, Chino Co. Ltd.) was set in the
container wall and the temperature of the fluid was controlled by a heater installed
around the container and a temperature controller (LT470, Chino Co. Ltd.). The fluid
conditions were changed from a sub-critical liquid-gas two-phase region to
super-critical one by controlling the fluid temperature. The critical temperature, Tc,
pressure, Pc, and density, ρc, of benzene are Tc = 289 °C, Pc = 4.92 MPa and ρc = 300 kg
m−3 [12]. In each experiment, 50000 pulses of a UV laser beam of 266, 355 and 532 nm
wavelength were irradiated from a neodymium doped yttrium/aluminium/garnet
(Nd:YAG) laser (Brilliant Quantel Ltd. Co.) into the critical benzene, the temperature of
which was set at 290 °C. The diameter of the laser beam was 10 mm and the energy flux
was 5.2 mW mm-2. The duration of each laser pulse and the frequency of the pulse
generation were 4.3 ns and 10 Hz. The beam was not focused on any particular point.
After experiment, the temperature of the fluid was decreased gradually down to room
temperature. The structures of the materials produced in benzene were observed and
analysed by a scanning electron microscope (SEM) (SU8030, HITACHI) and
transmission

electron

microscope

(TEM)

(JEM-2200FS,

JEOL).

Pyrolytic

decomposition of Cu(tbaoac)2 was analysed using a thermogravimetric analyser (TGA)
(DTG-60H, Shimadzu).
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Figure 1 Outline of the experimental system. Benzene is confined in a titanium
cylindrical container. A laser beam of 532, 355 and 266 nm wavelength is irradiated
into the fluid. The temperature is controlled by a heater installed around the container.
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5.3 Results and discussion
Carbon fibres and coils were created irradiating a laser beam of the second (532
nm wavelength), third (355 nm) and fourth (266 nm) harmonics into benzene, in which
Cu(tbaoac)2 was dissolved, under near-critical conditions at 290 °C. In SEM images,
most of the carbon fibres were coiled (see Figures 2, 3, 4). According to the TEM
images and EDS mappings of carbon coils, which are shown in Figure 5, a copper
particle was encapsulated at the tip of each coil. In the case of a laser beam of 355 and
266 nm wavelength, the growth rate of carbon coils was higher than that in the case of a
laser beam of 532 nm wavelength (see Figure 6). Catalytic particles and carbon fibres
are shown in Figures 7 and 8, which clearly shows that the shape of carbon fibres
changes depending on the shape of catalytic copper nanoparticles [13]. It is known that
polygonal metal nanoparticles initiate the formation of coiled carbon fibres due to the
difference in the diffusion speed of carbon atoms in the particles depending on the
polygonal facet [13, 14]. The diameter of the coils created by the second (532 nm), third
(355 nm) and fourth (266 nm) harmonics was, respectively, 300 ± 80, 185 ± 90, and 170
± 55 nm, while the helical diameter was 970 ± 610, 550 ± 420, and 365 ± 190 nm (see
Figure 6). The size of a copper particle formed after irradiation of a laser beam of 532,
355, and 266 nm wavelengths was 220 ± 50, 110 ± 100, and 100 ± 60 nm (Figure 6).
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Figure 2 SEM image of carbon coils formed after irradiation of a laser beam of 532 nm
wavelength.
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Figure 3 SEM image of carbon coils formed after irradiation of a laser beam of 355 nm
wavelength.
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Figure 4 SEM image of carbon coils formed after irradiation of a laser beam of 266 nm
wavelength.
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Figure 5 TEM image and EDS mappings of carbon coils. (a) TEM image of carbon
coils. (b) EDS mapping of carbon. (c) EDS mapping of copper.
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Figure 6 Dependence of the size of a catalytic particle, the helical diameter and
diameter of a coil on the wavelength of a laser beam.
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Figure 7 TEM image of a carbon coil. The diameter of the coil is affected by the
diameter of a catalytic particle.
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Figure 8 TEM image of a carbon coil and a catalytic copper particle.
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Thermogravimetric analysis (TGA) of Cu(tbaoac)2 carried out in nitrogen at a flow
rate of 100 ml min-1 showed that the melting and pyrolytic decomposition temperatures
of Cu(tbaoac)2 were, respectively, 110 and 190 °C (Figure 9). Note that copper particles
and films were formed on the inner surface of the quartz window and the container at
290 °C (see Figure 9 for the TGA of Cu(tbaoac)2 and Figures 10, 11 and 12 for SEM
and TEM images of nanoparticles created by pyrolytic decomposition of Cu(tbaoac)2)
[15]. It is therefore supposed that polygonal copper nanoparticles were formed by both
pyrolytic and photolytic decomposition of Cu(tbaoac)2 in benzene and the growth of
carbon coils was initiated on the catalytic polygonal copper nanoparticles, which had
been deposited on the inner surface of the quartz window.
In the process of decomposition of benzene, as mentioned in Chapter 3, at least
two- or three-photon absorption is required for the dissociation of a hydrogen atom from
a benzene molecule since the photon energies of 532, 355, and 266 nm wavelengths are,
respectively, 2.33, 3.50, and 4.66 eV, knowing that the dissociation energy is 4.90 eV
[16]. The dissociation energy of a second hydrogen atom is lower than that of the first
one once the first hydrogen atom has been dissociated, which is lower than the energy
of a single photon of 355 and 266 nm. Therefore, six membered rings of carbon atoms
may be quite easily produced by irradiation of the third (355 nm) and fourth (266 nm)
harmonics, whereas in the case of the second (532 nm) harmonic photons, two-photon
absorption is still required to dissociate a second hydrogen atom from a benzene
molecule [16]. I suppose that the possibility of multi-photon absorption increases as the
state of benzene approaches its critical point due to the formation of large flexible
molecular clusters [11].
Carbon coils were efficiently created by irradiation of photons of 355 and 266 nm
wavelengths thanks to the effective dissociation of benzene near the quartz window and
catalytic nanoparticles deposited on the surface of quartz window. Note that photons of
short wavelengths cannot penetrate benzene under near-critical conditions as mentioned,
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but can dissociate benzene molecules near the quartz window. The diameter of the
fibres decreased with a decrease in the wavelength of a laser beam since the size of the
catalytic particles decreased as the wavelength of photons decreases [17]. Cu(tbaoac)2
was decomposed via both pyrolysis and photolysis and catalytic nanoparticles were
formed. Fibres were efficiently produced by irradiation of photons of 355 and 266 nm
since the catalytic nanoparticles were deposited on the inner surface of a quartz window
and the dissociation of benzene was encouraged by photons of those short wavelengths
near the window. Note that when a laser beam of 266 nm wavelength was irradiated
into near-critical benzene, in which metallocenes were dissolved, neither fibres nor coils
were formed.
It is supposed that aligned carbon fibres may be grown by irradiating photons of
532 nm wavelength into near-critical benzene, in which pre-arranged catalytic
nanoparticles are placed on a substrate, or by irradiating photons of 335 or 266 nm into
benzene through a quartz window, on the inner surface of which pre-arranged catalytic
nanoparticles are deposited.
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Figure 9 TGA curve of Cu(tbaoac)2. The temperature was increased from 25 to 400 °C
under a nitrogen flow of 100 ml min-1. The rate of the temperature increase was set at
10 °C min-1. The weight of Cu(tbaoac)2 started to decrease at around 110 °C and
decreased rapidly up to 190 °C. Finally, the weight-loss of the original Cu(tbaoac)2 was
approximately 81 % at 400 °C.
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Figure 10 SEM image of copper nanoparticles formed after pyrolytic decomposition of
Cu(tbaoac)2 on the window of the container. The particles were collected on a carbon
tape and observed by an SEM.
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Figure 11 SEM image of copper nanoparticles formed after pyrolytic decomposition of
Cu(tbaoac)2 in liquid benzene.
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Figure 12 TEM image of copper nanoparticles formed after pyrolytic decomposition of
Cu(tbaoac)2 in liquid benzene.
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5.4 Conclusions
The second (532 nm wavelength), third (355 nm) and fourth (266 nm) harmonic
photons generated from an Nd:YAG laser were irradiated into near-critical benzene, in
which Cu(tbaoac)2 was dissolved, at 290 °C and found that carbon fibres and coils were
created via the interactions among the incident photons, catalytic nanoparticles and
benzene molecules captured in large clusters formed under near-critical conditions. The
size of carbon fibres and coils was dependant on the wavelength of the incident photons.
When Cu(tbaoac)2 was dissolved in benzene under near-critical conditions, irradiation
of 355 and 266 nm wavelengths efficiently created carbon coils. The operational
temperature of the present synthetic method is much lower than that of the conventional
synthetic methods of nano materials and what is more, the laser power density can be as
low as 5.2 mW mm-2.
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Chapter 6
Conclusions
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I studied the creation of carbon nanostructures via self-assembly using organometallic
compounds dispersed in benzene under near- and super-critical conditions and obtained
the following results:

1. Creation

of

metal-containing

carbon

onions

via

self-assembly

in

metallocene/benzene solution irradiated with an ultraviolet laser

A UV-laser beam was irradiated into super-critical benzene, in which ferrocene or
cobaltocene were dissolved. Iron-containing and cobalt-containing carbon onions
were formed. The iron- and cobalt-containing carbon nanoparticles possessed
superparamagnetic characteristics. The effect of the concentration of ferrocene and
cobaltocene on the magnetic properties of the metal-containing carbon nanoparticles
is clarified. The number and diameter of metal-containing carbon nanoparticles were
the same irrespective of the difference in the temperature.

2. Synthesis of magnetic alloy-containing carbon nanoparticles in super-critical
benzene irradiated with an ultraviolet laser

A laser beam of 266 nm wavelength was irradiated into super-critical benzene, in
which both ferrocene and cobaltocene were dissolved and the materials produced
after laser irradiation were annealed at 600 and 800 °C. It was found that particles
were composed of carbon (C), iron (Fe), cobalt (Co) and oxygen (O). Particles
as-synthesised and annealed at 600 and 800 °C were, respectively, amorphous,
CoFe2O4 covered with carbon layers (CoFe2O4@C) and FeCo covered with carbon
layers (FeCo@C). The mechanism of the formation of the particles was clarified.
The viability of cell line L929 in the presence of MA@C NPs as-synthesised, and
annealed at 600 and 800 °C was investigated using an Alamar blue assay. The cell
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viability was over 80 %. It is supported that the cell viability was not seriously
deteriorated thanks to the carbon layers covering the core particles. The hyperthermic
performance of the nanoparticles was also investigated. The hyperthermic efficiency
of these nanoparticles dispersed in ethanol was increased with an increase in the
annealing temperature.

3. Creation of carbon coils in near-/super-critical benzene

The second (532 nm wavelength), third (355 nm) and fourth (266 nm) harmonic
photons generated from an Nd:YAG laser were irradiated into near-critical benzene,
in which bis(t-butylacetoacetato)copper(II): Cu(tbaoac)2 was dissolved, at 290 °C
and it was found that carbon fibres and coils were created via the interactions among
the incident photons, catalytic nanoparticles and benzene molecules captured in large
clusters formed under near-critical conditions. TEM observation and EDS analysis
showed that the carbon coils grew from copper nanoparticles, which were formed via
pyrolytic and photolytic decomposition of Cu(tbaoac)2. When Cu(tbaoac)2 was
dissolved in benzene under near-critical conditions, irradiation of photons of 355 and
266 nm wavelengths efficiently created carbon coils. The size of carbon fibres and
coils was dependant on the wavelength of the incident photons.

In the present doctoral research, carbon materials such as metal-containing carbon
nanoparticles, alloy-containing carbon nanoparticles and carbon coils were synthesised
dissolving organometallic compounds in near- and super-critical benzene, which was
irradiated with a laser beam. It is supported that the present methodology may well be
utilised for the synthesis of different core particles-containing carbon nanoparticles by
changing the organometallic compounds dissolved in solvent.
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