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ABSTRACT
The presented doctoral thesis is submitted in the form of commented thematically arranged collection of five original scientific articles underpinned by the
theoretical background. Synthetic techniques of magnetic particles preparation,
their basic features and properties are overviewed with emphasis on the possible application and present trends in many areas are included, too.
At first, original method for the preparation of magnetic nanoparticles
based on the iron oxides by the use of microwave-assisted solvothermal techniques is introduced. Mechanisms that take place within this synthesis are also
elucidated here. On the basis of discovered mechanisms, we also propose the
manner of tailoring of the particles via the precise control of synthesis parameters. Magnetic particles composed of magnetite/maghemite were prepared in 30
minutes while the conventional solvothermal techniques take usually 12-24
hours. Particles size (20-120 nm), shape and organization (single crystal polyhedral particles, polycrystalline spherical assemblies) and presence of crystalline
impurities (presence of hematite, goethite and others) were influenced via the
selection of the synthetic parameters.
The crystalline composition of these particles was determined by the X-ray
diffraction, morphology and particle size distribution were investigated with the
help of scanning and transmission electron microscopy. Magnetic properties
were measured via the vibrating sample magnetometry and the frequency dependent measurement of complex magnetic permeability. It is well known that
for the mesoscopic and nanoscopic materials, contribution of surface and interface atoms to the magnetic anisotropy is great and thus the magnetic behaviour
is strongly dependent on the dimension of particles. For this reason, the correlation between the synthesis parameters, structure and morphology of obtained
products and the magnetic properties was also discussed.
In order to obtain elongated shape of the magnetic particles that are suitable
for the use in magnetorheological suspensions, another method utilizing decomposition of unstable precursor under the elevated temperature was also proposed. It is a two-step process: first step involves solvothermal synthesis of the
precursor with the elongated shape, which is, in the second step decomposed
into the iron oxide particles that preserve the shape of the precursor. Both steps
involve microwaves instead of common heating and thus the process is fast and
highly effective.
The performance of prepared nano-particulate systems was demonstrated in
magnetorheological experiments as well as by in vitro calorimetry for prospective application in hyperthermia.
Keywords: microwave synthesis, iron oxides, nanoparticles, solvothermal synthesis, thermal decomposition, magnetic properties
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ABSTRAKT
Prezentovaná dizertačná práca je predložená vo forme komentovaného tematicky aranžovaného súboru piatich pôvodných článkov so sprievodným textom.
Metódy syntézy magnetických nanočastíc, ich základné rysy a vlastnosti s dôrazom na potencionálne aplikácie sú zhrnuté do obecného prehľadu, ktorý taktiež
zahrňuje súčasné aplikačné trendy v mnohých odvetviach.
Bola vyvinutá originálna metóda na prípravu magnetických častíc oxidov železa pomocou mikrovlnne-asistovanej solvotermálnej techniky. Bol taktiež objasnený mechanizmus vzniku častíc pomocou tejto metódy. Na základe tohto mechanizmu bol navrhnutý spôsob ovplyvňovania vlastností častíc pomocou precízneho riadenia parametrov syntézy. Magnetické častice tvorené magnetitom/maghemitom boli pripravené v priebehu 30 minút, zatiaľ čo konvenčné solvotermálne techniky trvajú 12-24 hodín. Veľkosť častíc (20-120 nm), ich tvar
a organizácia (monokryštalické polyhedrálne častice, polykryštalické guľovité
zhluky) a prítomnosť kryštalických nečistôt (hematit, goethit a ďalšie) boli riadené nastavením parametrov syntézy. Kryštalická štruktúra častíc bola určená
pomocou röntgenovej difrakcie, morfológia a distribúcia veľkosti častíc boli sledované pomocou skenovacej a transmisnej elektrónovej mikroskopie. Magnetické vlastnosti boli študované pomocou vibračnej magnetometrie a frekvenčne
závislého meranie komplexnej magnetickej permeability. Je dobre známe, že u
materiálov v nano a mezoškále je príspevok povrchových atómov k magnetickej
anizotropii značný, a teda magnetické chovanie týchto materiálov je silne závislé na veľkosti častíc. Z tohto dôvodu bola diskutovaná i korelácia medzi parametrami syntézy, štruktúrou a morfológiou častíc a ich magnetickými vlastnosťami.
Za účelom získať magnetické častice podlhovastého tvaru, ktoré sú veľmi
vhodné napríklad pre použitie v magnetoreologických suspenziách, bola navrhnutá metóda, ktorá využíva tepelný rozklad málo stabilných prekurzorov pri zvýšenej teplote. Jedná sa o proces, ktorý pozostáva z dvoch krokov: prvý krok zahrňuje solvotermálnu syntézu prekurzoru podlhovastého tvaru, ktorý je
v druhom kroku rozložený na častice oxidov železa, ktoré si ponechávajú tvar
prekurzoru. Oba kroky zahrňujú mikrovlnný ohrev miesto bežného zahrievania
a teda je tento proces rýchly a vysoko efektívny.
Efektivita pripravených nanočasticových systémov bola preukázaná magnetoreologickými experimentmi ako aj in vitro kalorimetriou pre perspektívne aplikácie v hypertermii.
Kľúčové slová: mikrovlnná syntéza, oxidy železa, nanočastice, solvotermálna
syntéza, termálny rozklad, magnetické vlastnosti
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INTRODUCTION
Nowadays, the one of the most growing fields in the materials research is
nanotechnology and, as the name suggests, this field deals with the structures
having their dimensions in nanoscale. The enormous interest is based on the fact
that the present development in many technological areas, especially in electronics, is accompanied with the miniaturization of devices. Miniaturization of
electronic components led to the requirement of the decrease of the particles
size which compose the building materials.
This work is devoted to the preparation and tailoring of the properties of
magnetic nanoparticles and the reason is simple. First of all, their ability to absorb electromagnetic radiation of ultra-high frequencies makes them proper
candidates as active component for the polymer matrix microwave absorbers.
Combination of small dimensions of particles together with the low weight of
polymers is the main advantage of magnetic composites, which can substitute
common shielding materials based on metals and thus enable significant decrease of weight of the devices. Moreover, the ability of particles to interact
with magnetic field can be used for the numerous technological applications.
Besides the industrial applications, small dimensions of particles can be advantageously used also in medicine and pharmacy. Their size is small enough thus
they can be incorporated into the organism and flow in the bloodstream. Here
they can interact with an external magnetic field and controllably deliver drugs
to the affected tissue. Furthermore, magnetic particles can be heated via the
alternating magnetic field through the hysteresis losses. This property can be
utilized for the magnetic hyperthermia treatment of cancer on the bases of
knowledge of the thermal sensibility of tumorous cells. Cancerous cells thus can
be selectively destroyed while healthy cells can survive such temperatures and
remain unaffected.
The performance of magnetic nanoparticles in all of those applications, of
course, depends on the properties of particles; therefore it is necessary to be
able to tailor them in desired way. Many synthesis techniques were developed
possessing various advantages and also difficulties. We chose solvothermal
method since it allows tuning the properties by a simple control of the synthetic
parameters, its simplicity and low cost and availability. It is based on the heating of a metallic salt in proper solvent with the addition of other agents, such as
nucleating and precipitating. Moreover, we changed the manner of heating from
common to microwave what enables reduction of the synthesis time and high
efficiency of conversion of raw material into the required product. In addition,
the use of pressurized reactor allows the precise control of the synthesis temperature, heating of the reaction mixture above the boiling point of solvent and
also indirect control of the pressure via the selection of reactants, filling level
of vessels and the temperature.
10

In recent years, the term magnetorheological suspensions is also pronounced
and describes the suspensions of magnetically polarizable particles dispersed in
non-magnetic fluid, which are able to change the rheological behaviour dramatically after the application of an external magnetic field via the formation of
the chain-like structures. For this purpose, elongated shape of particles seems
to be attractive, however, it is usually not reached by the common solvothermal
techniques. Therefore we developed microwave-assisted method, which includes the formation of the precursor particles based on iron (III) oxalate via the
solvothermal technique and its conversion into the iron oxide particles through
the thermal decomposition with the help of microwaves. Iron oxalates tend to
grow preferably in one direction at certain conditions and their decomposition
products preserve the original shape of the precursor thus the elongated magnetic particles can be obtained. Thanks to microwaves, this method is also very
fast and effective and additionally low cost and available chemicals, such as ferrous sulphate and ethylene glycol are used.
To accomplish presented research, its potential usefulness must be shown.
Anyway, already formulated intention to apply synthesized particles, requires
intensive testing before application. The in vitro testing before in vivo experiments is a well-established approach in the research pointing towards living systems. Its counterpart in technology oriented to non-living things can be found in
so called demonstration experiments which do not usually contribute much to
the discovery of the principle. On the other hand, the arrangement of such experiments make the performance of the tested system in certain scale easily
visible and the principle of its action understandable in relation to what can be
expected as important and useful or dangerous in the real application. In case of
magnetic composites and dispersions based on the particles firstly described in
this dissertation, it was demonstrated that the materials are able to response to
external magnetic fields by intended change of the material’s property, such as
viscosity or temperature increase through energy dissipation.
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1.

NANOSCOPIC AND MESOSCOPIC MAGNETIC MATERIALS

1.1 Basic Features and Properties
The field of nanotechnology deals with the nanosized structures called
nanostructures. Nanostructures are defined as materials smaller than 100 nm in
at least one dimension. Small features permit more functionality in a given
space; however, miniaturization of devices is not only their single speciality.
Reduced lattice constant, low melting point and high surface energy due to the
significant fraction of surface atoms or ions are typical characteristic of
nanostructures [1]. The percentage of surface atoms increase with the decrease
of particles dimensions is shown in Figure 1. Materials with dimension in the
range between quantum and bulk materials are unique by their specific
mesoscopic properties. Noticeable increase in the surface to volume ratio leads
to the domination of the surface effect, which can contribute to the orientation
of spin and thus influence the magnetic properties [2-4].

Figure 1. The percentage of surface atoms
changes with the palladium cluster diameter [5].
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1.2 Reduction of Dimensions as a Source of High Surface Energy
Due to the dramatic reduction of dimensions into the nanoscale,
nanostructures possess large fraction of surface atoms per unit volume causing
the huge surface energy. The term surface energy can be explained by a model
that assumes formation of nanostructures by breaking the large solid pieces into
the smaller parts. In order to break the material, energy u is needed to cut the
bonds between neighbouring atoms. Then the surface energy is defined as energy required for the creation of a new unit area. The number of broken bonds per
unit area N is used to express the contribution of the broken bonds γ0 to the
surface energy [1, 6]:
(1)
Atoms on a solid surface possess reduced number of neighbours thus having
the unsatisfied bonds. For that reason, surface atoms are under the force acting
perpendicularly to the surface which leads to the stress in the surface plane.
Surface stress deforms the surface and causes the surface stretching εs which
also contributes to the surface energy. Surface energy then can be described by
the following relation [6]:
(2)
where γs is the contribution of the surface stress to the surface energy.
Due to high surface energy, nanostructures are thermodynamically unstable
or metastable. Therefore, overcoming of the surface energy during the preparation and processing of nanostructures is one of the greatest challenges in the
manufacturing of nanoparticles in order to prevent them from the growth in size
or aggregation, driven by the reduction of overall surface energy [1].
1.3 Iron Oxides: Structure and Magnetic Properties
Transition metal oxides constitute the class of inorganic solids with very various structures, properties, and phenomena and thus get great attention. From
this broad class, iron oxides or ferrites are most interesting due to their magnetic properties; most known representatives are magnetite Fe3O4 and maghemite
γ-Fe2O3. Magnetite has inverse-spinel structure with face-centred cubic unit cell
that can be seen in Figure 2. It can be stoichiometric (FeII/FeIII = 0.5) or nonstoichiometric when a deficiency of trivalent iron exist in sublattice. Similarly,
divalent iron can be partly or fully replaced by other divalent ions such as ZnII or
MnII [7].
Maghemite has a structure similar to that of magnetite; however, all or almost all of iron is in the trivalent state and cation vacancies that are confined
to tetrahedral sites compensate for the oxidation of FeII [7].
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Figure 2. Structural characteristic of magnetite [8].
For the description of magnetic properties, the relationship between the
magnetization M (i.e. magnetic polarization) and the magnetic field inside the
material H is commonly used and gives the magnetization curve. The typical
magnetization curve can be seen in Figure 3. On the basis of behaviour in magnetic field, substances can be classified into two basic groups – materials with
weak or strong magnetic behaviour. Weak magnetic behaviour can be divided
into the paramagnetic and diamagnetic and features the linear dependence of
magnetization on the magnetic field strength. Strong magnetic behaviour embodies ferromagnetic and ferrimagnetic materials and this behaviour is facilitated by the spontaneous ordering of uncompensated magnetic moments of atoms
into the magnetic domains. Ordering of magnetic moments is possible under the
temperature called Currie temperature while concerning ferromagnetic materials or Neel temperature for ferrimagnets. As a result, magnetization increases
with the applied magnetic field until it reaches its saturation Ms which determines maximum field that can be generated by material [9, 10].
Coercivity of material is a further property that can be derived from the
magnetization curve and expresses the intensity of the applied magnetic field
required to reduce the magnetization of that material to zero after the magnetization of the sample has been driven to saturation. Magnetization of material at
zero magnetic field is called remanent magnetization MR. After the certain
time, spins return to their equilibrium with the surroundings. This process is
called relaxation and the time of recovery into the equilibrium state is called
relaxation time [11]. Small particles do not have permanent magnetic moments
in the absence of an external field but can respond to an external magnetic
field. These materials are characterized by the blocking temperature TB at
which the thermal energy is comparable to the magnetic anisotropy energy or
the energy barrier for spin reorientation. Well above this temperature, the
magnetization curve (M-H curve) does not embody any hysteresis. This behaviour
is called superparamagnetism [12].
14

Figure 3. Magnetization curve of ferromagnetic/
ferrimagnetic material [10].
Value of coercivity determines the magnetic hardness of the material: magnetically soft materials have Hc<103 A.m-1 while magnetically hard materials
have the value of coercivity Hc>103 A.m-1 [11].
Other important characteristic of magnetic materials is magnetic anisotropy
that originates from several reasons: crystalline origin, shape of the sample, and
stress in the material or atomic segregation. Energy of magnetically ordered
sample depends on the relative directions of the magnetization with respect to
the structural axes of crystal and it is known as magnetic anisotropy energy
[11, 13].
Intrinsic magnetic properties, such as magnetization and anisotropy, are determined on an atomic scale, however, some intrinsic effects are realized on a
length scale of several interatomic distances. For the mesoscopic and nanoscopic materials, contribution of surface and interface atoms to the magnetic anisotropy is great and thus the magnetic behaviour is strongly dependent on the dimension of particles [13]. Smaller particles will tend to be in single-domain
state while larger ones exhibit multi-domain or vortex configuration if they
reach a certain critical parameter Dcr. Moreover, other parameters such as Curie
temperature and coercivity Hc are also size-depended [11]. The relation between the coercivity and the particle size as well as their magnetic state can be
seen in Figure 4.
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Figure 4. The curve of coercivity vs. size of magnetic
particles, shown in four regimes: a) superparamagnetic,
b) ferromagnetic single domain, c) vortex state,
d) multidomain [11].
On the other hand, paramagnetic, diamagnetic or antiferromagnetic iron oxides, hydroxides or oxide hydroxides can be formed during the preparation of
desired magnetic oxides or due to their oxidation by air oxygen such as goethite
and hematite. Then the synthesis should be performed in a manner that eliminates the formation of such crystalline impurities [14].
1.4 Synthetic Techniques: Conventional Methods and Microwave-Assisted
Technique
Generally, there are two main synthetic approaches for the preparation of
magnetic structures: top-down and bottom-up techniques. Top-down methods
include physical approaches for the preparation of nanostructures such as milling, attrition, repeated quenching and lithography, however, particles prepared
by these methods are often polydispersed, or containing impurities from the
preparation procedure. Moreover, the biggest problem with top-down approaches is the imperfection of the surface structure. Bottom-up techniques refer to
the atom by atom building of materials on a larger scale. Therefore, these
methods promise better chance to obtain nanostructures with fewer defects,
impurities and better ordering [1]. Schematic illustration of top-down and bottom-up techniques is given in Figure 5.
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Figure 5. Top-down versus bottom-up techniques [15].
In bottom-up techniques, nanostructures can be formed by a homogenous nucleation from liquids or vapours or by a heterogeneous nucleation on preexisting surfaces. For the homogenous nucleation of nanoparticles, supersaturation of growth species must be formed firstly. This can be achieved by the temperature decrease or by the conversion of highly soluble chemicals into the less
soluble ones by in situ chemical reactions. Supersaturation causes that the solution possess high Gibbs free energy and, as a result, this system will tend to reduce the overall surface energy by the segregation of solute from solution [1].The appearance of the new solid phase is accompanied with the introduction of surface energy into the system until the nuclei are very small and,
since they are unstable, they will melt or dissolve. However, if nucleus survives
(by a statistical event) and exceeds the critical size, it will tend to grow in order
to reduce the overall energy and to form the stable crystal [16].
Due to the rising demand for the magnetic nanostructures of certain properties, numerous methods for their preparation were developed: microemulsions
[17], sol-gel syntheses [18], sonochemical reactions [19], hydrothermal and solvothermal reactions [4, 20, 21], flow injection syntheses [22], electrospray syntheses [23] and others.
1.4.1 Co-precipitation Synthetic Method
The most known and used synthetic technique for the preparation of magnetic particles based on magnetite over the years is the classical method of coprecipitation from the stoichiometric mixture of ferrous and ferric salts in aqueous medium by its aging [24] according to the equation:
17

Fe2++2Fe3++ 8OH-→Fe3O4 + 4H2O
(3)
Magnetite can be formed in a pH range from 8-14 with a stoichiometric ratio
of Fe3+ to Fe2+ 2:1 in a non-oxidizing oxygen environment [24, 25]. In air, magnetite can be oxidized into the hematite α-Fe2O3 which is not desired due to its
weak magnetic nature. Hematite is antiferromagnetic below the Morin spin-flip
transition (TM = 261 K), paramagnetic above its Neel temperature (TN = 955 K)
and exhibits weak ferromagnetic behaviour between the Morin and Neel temperatures [26]. The transformation of magnetite into the hematite in the presence of oxygen runs according to the following equation [24]:
(4)
Fe3O4+2H+→ α-Fe2O3+Fe2++H2O
Main advantage of the co-precipitation method is its simplicity and possibility to produce large amounts of materials, however, control of the particle
size distribution is limited due to the fact that only kinetic factors control the
growth of crystals [24].
1.4.2 Solvothermal Synthesis
Better control over the size and morphology is enabled within the solvothermal techniques and therefore they were the main object of interest in this dissertation thesis. It is based on the heating of solution of a metallic salt in a suitable solvent in the Teflon-lined stainless autoclave in the presence of other substances, such as nucleating or reducing agents and surfactants [27-29]. In solvothermal synthesis, heating serves for the stimulation of chemical reactions
that proceed slowly under the ambient conditions [30], moreover, preparation
of nanostructures often requires elevated temperature for the nucleation of nanoparticles [31].
In our experiments, ferric chloride hexahydrate was used as a source of
Fe (III) cations, ethylene glycol as a reaction medium and reducing agent and
NH4Ac, (NH4)2CO3, NH4HCO3 and aqueous solution of NH3 (25 – 27%) as nucleating
agents.
According to the available literature sources [27-29,32,33], a framework of
chemical reactions underlying the synthesis can be figured out. The growth of
iron oxide particles starts with the nucleation of primary nanocrystals. Nucleation is initiated by the appearance of the first inhomogeneity in the system. In
our setup, these inhomogeneity occur due to the generation of colloids, Fe(OH)3
and Fe(OH)2, and their formation can be described by the following steps:
Firstly, NH4Ac, a weak-acid-weak-base salt, can be hydrolyzed in high temperature in the presence of trace amount of water coming from FeCl3.6H2O as
follows [27]:
NH4Ac + H2O
HAc + NH3 + H2O
(5)
Similarly, (NH4)2CO3 and NH4HCO3 can be hydrolyzed into NH3:
(NH4)2CO3 + H2O
2NH3 + 2H2O + CO2
(6)
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NH4HCO3 + H2O
NH3 + 2H2O + CO2
(7)
NH3, either as the product of hydrolysis reactions or added as aqueous solution yields hydroxide anions:
NH3 + H2O
NH4+ + OH(8)
In our case, Fe (III) salt was used as the precursor. Precipitation of its hydroxide in form of colloidal solution thus proceeds as follows:
Fe3+ + 3OHFe(OH)3
(9)
In next, formation of Fe2O3 particles may continue according to:
2Fe(OH)3
Fe2O3 + 3H2O
(10)
Hence maghemite (γ-Fe2O3) and hematite (α-Fe2O3) phases can be formed in
this way.
Under the presence of a mild reduction agent (e.g. ethylene glycol), Fe (II)
may appear in the system. Ethylene glycol can undergo dehydratation and soformed acetaldehyde reduces Fe (III) into Fe (II) and gives ferrous hydroxide in
form of a green colloid [32,33]:
2HOCH2-CH2OH
2CH3CHO + 2H2O
(11)
3+
2+
+
2CH3CHO + 2Fe
CH3CO-COCH3 + 2Fe +2H
(12)
2+
Fe + 2OH
Fe(OH)2
(13)
Most likely, both ferric and ferrous oxidation states of iron coexist in the reaction mixture thus enabling magnetite formation:
2Fe(OH)3 + Fe(OH)2
Fe3O4 + 4H2O
(14)
A minor phase, goethite, was observed and its presence in prepared materials
can be explained by partial dehydration:
FeO(OH) + H2O
(15)
Fe(OH)3
or by following equation in presence of oxygen:
4Fe(OH)2+O2
4FeO(OH) + 2H2O
(16)
In the second step, it is generally accepted for conventional solvothermal
methods that the fresh formed nanocrystals are unstable due to high surface
energy so they tend to aggregate. The driving force for this aggregation is pursuit of reducing the surface energy by both, attachment among the primary
nanocrystals and their rotation caused by various interactions including Brownian motion or short–range interactions [34,35].
In contrast to fast nucleation in aqueous solutions, aggregation in ethylene
glycol is kinetically slower due to fewer hydroxyl groups on the particle surface
and higher viscosity, what allows adequate rotation of nanocrystals to form lowenergy configuration of interface and perfect organized assemblies. Subsequently, these aggregates further crystallize and form compact crystals that exhibit
features of single-crystal particles [29].
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1.4.3 Microwave-Assisted Techniques
Solvothermal methods are relatively simple; however, they take several hours
to several days and the yield is often not satisfactory [27-29]. In recent years,
the use of microwave energy instead of common heating techniques has
emerged due to the possibility to reduce the synthesis duration and thus increase the efficiency of synthesis procedures. In comparison to the conventional
techniques, the use of dielectric heating can enhance the reaction rates up to
two orders of magnitude and provide higher yields [36]. Microwaves are portion
of electromagnetic spectrum with frequencies in a range of 300 MHZ to
300 GHz [37]. When the strongly conducting material is irradiated by highfrequency electromagnetic radiation, microwaves are reflected from its surface
and thus the material is not effectively heated. However, the movement of
electrons on the surface can heat this material through the Ohmic heating
mechanism. In the case of insulators, microwaves penetrate through the material without any interaction such as absorption, losses or generation of heat and
thus such materials are considered transparent for microwaves [38]. Interaction
of materials possessing dipole moment with the electric component of highfrequency electromagnetic field causes the induced polarization of charges
within the irradiated material. As a field oscillates, dipoles tend to realign with
the alternating electric field and the heat is formed due to the molecular friction and dielectric loss. Radiation of frequency 2.45 GHz used for commercial
purposes such as domestic or industrial ovens causes the rotation of polar molecules, but the motion of particles is not sufficient to follow the alternating field
precisely. The delay causes the phase difference between the orientation of the
field and orientation of dipoles and results in the energy lost from the dipole by
molecular friction and collisions, called dielectric loss factor ε . The ability of
substances to convert electromagnetic energy into the heat is determined by
the loss tangent tan δ that can be expressed by the following equation:
(17)
where ε is relative permittivity of material which describes the polarizability
of molecules in the alternating electric field [30,39]. For this purpose, ethylene
glycol (EG) appears to be proper candidate for microwave synthesis due to its
high boiling point (197°C) and loss tangent (tan δ = 1.350) [40]. Figure 6 illustrates the dipole reorientation of polar molecule within the electric component
of electromagnetic field as well as the ionic mechanism of electromagnetic field
energy absorption.
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Figure 6. Oscillations of polarizable substances under the influence of
an alternating electromagnetic field [41].
Next to the dipolar polarization mechanism, ion conduction mechanism is significantly important. Dissolved charged particles present in the sample oscillate
during the ion conduction and collide with neighbour atoms or molecules resulting in the formation of heat. This mechanism is particularly important for the
dielectric heating of ionic liquids and it is considered much stronger then the
dipolar polarization mechanism [39]. This mechanism can occur also in the case,
when described setup of solvothermal synthesis is used. According to our interpretation of available literature sources, we hypothesized that the effect of microwaves during synthesis is as follows. If ethylene glycol is heated to the high
temperature (above 200 °C) it becomes less absorbing due to decrease of relative permittivity and loss factor thus the solvent becomes virtually more transparent for microwaves, which means that the ionic mechanism of microwave
absorption may be prevailing over dipoles [30]. Once solid particles appear in
the solution, another mechanism becomes active due to particles surface polarization that might selectively influence their growth. Moreover, as the heat is
generated at the surface of nanoparticles, the local temperature gradient can
contribute to the hydroxide-to-oxide transformation described in equations (10)
and (14). Besides the dielectric losses, when metal oxides such as ferrites are
exposed to high-frequency electromagnetic irradiation, magnetic losses can occur in the microwave region due to the domain wall and electron spin resonance
[30]. Moreover, especially in the systems consisted of large amount of ions, superheating of the solvent above its boiling point can occur as a result of dissipation of microwave energy over the whole volume [30, 37]. This sequence of several mechanisms can explain the sudden formation of particles in the reaction
mixture as well as very short synthesis time which we observed.
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1.4.4 Template-Assisted Methods
Next to the efficiency of the method and formation of nanocrystalline material of high purity, further challenge is the tailoring of the particle morphology.
Described hydrothermal and solvothermal methods usually lead to the formation
of polyhedral or spherical shapes. However, in recent years, preparation of iron
oxide one-dimensional nano- and submicro-structures gets great attention due
to their unique properties resulting from the shape anisotropy [42].
Above the common synthetic techniques, template-assisted syntheses offer
the possibility to tailor the shape of particles. They include hard templating synthesis that uses hard templates such as silica, which can be, after the synthesis,
selectively etched in proper solvent or calcinated at high temperatures, sacrificial templating that utilize templates that are involved in the reaction itself and
are consumed during the formation of product or soft templating where soft
templates are gaseous or liquid and include emulsion droplets, surfactant micelles or gaseous bubbles [43]. On the other hand, these methods are quite
complex and multistep and often bring impurities into the final product [44].
Therefore, methods that utilize organometallic precursors that decompose at
relatively low temperature appear to be the most suitable [42]. “Precursor syntheses” are interesting from technological point of view since these methods are
simple, cost effective and enable large-scale production [45]. Moreover, combustion procedure is accompanied by generation of gaseous products which suppress the aggregation of forming metal oxide particles thus remaining in nanoscale [46,47]. The tailoring of the morphology can be enabled if the conversion of precursor into the final product runs in such a way that the forming particles preserve the shape given by the precursor. For this purpose, iron oxalates
seem to be proper candidates since they grow preferably in a one direction and
the shape of the product obtained by their decomposition remains unchanged
[42,48-50].
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2

SMART APPLICATIONS OF MAGNETIC NANO AND SUBMICRO PARTICLES

2.1 Magnetic Nano and Submicro Particles for Targeting, Labelling and Separations
First of all, magnetic particles in nano and submicro dimensions have the size
smaller or comparable to that of cells (10–100 μm), viruses (20–450 nm), proteins
(5–50 nm) or genes (2 nm wide and 10–100 nm long) and thus they can ‘get close’
to a biological entity of interest. Their surface can be modified in order to make
them be able to interact with biological molecules and, depending on the surface modification, address them controllable to the desired biological entity
[51]. As examples, magnetic particles coated with imuno-specific agents can be
bonded to the red blood cells [52], bacteria [53] or urological cancer cells [54],
in order to label them or to serve for their separation by an external magnetic
field. This could be helpful for the separation of tumorous cells from blood and
thus for the early diagnostics of diseases [55]. Other diagnostic methods include
magnetic particle imaging, a method emerging as a safe alternative to the computed tomography (CT) angiography. Nowadays, CT-angiography uses iodinated
contrast media for the detection of cardiovascular diseases. The use of magnetic
particles for the imaging eliminates the risk of contrast-induced nephropathy of
patient with renal dysfunction [56]. Magnetic particle imaging is based on a direct measurement of the magnetization of ferromagnetic nanoparticles in order
to quantify their local concentration and, in contrast to magnetic resonance imaging (MRI) technique, has the potential to realize high voxel rates, what can
serve for the real-time imaging [57].
Next to the magnetic separations, magnetic particles play irreplaceable role
in the drug delivery. Controlled delivery of drug to the desired tissue is enormously important for the drugs with high cytotoxicity and non-specific nature
such as chemotherapeutics. Magnetic particulate carriers loaded with the
chemotherapeutics are subjected to the organism intravenously or via the arterial injection and guided to the tumour by an external magnetic field. Magnetic
particles thus reduce the distribution of the drug within the organism and eliminate the side effects [58]. Model of this drug-delivery system can be seen in Figure 7.
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Figure 7. Model of drug delivery system in cross section [51].
Magnetic separation can be useful also for environmental applications. Nowadays, pollution of wastewaters by heavy metals occurs globally and therefore
strict regulation on the discharge of heavy metals has been established. For this
purpose, magnetic particles have been developed to remove the toxic Hg(II),
Pb(II), Cd(II), and Cu(II) from water [59]. In order to prevent them from aggregation in aqueous systems and to alter their sorption ability, their surface us usually treated with an organic coating such as humic acids [58] or dimercaptosuccinic acid [60]. Moreover, magnetic nanoparticles can serve as a magnetic core of
core/shell structures intended for the water treatment. The shell can be composed of oxide semiconductor photocatalysts such as titanium or zinc oxides that
have been proved to be able to photocatalytically degrade the organic pollutants in waste waters. Magnetic separation provided by the magnetic core solves
problem with recovery of the photocatalyst from the treated medium [61].
2.2 Magnetorheological Fluids in Medicine and Industry
Magnetorehological (MR) fluids are materials consisted of magneticallypolarizable particles and non-magnetic medium. In the absence of magnetic
field, these fluids exhibit Newtonian-like behaviour; however, after the application of the external magnetic field, magnetic particles dispersed in nonmagnetic fluid are polarized and form the chain-like structures due to the interaction of induced dipoles, as can be seen in Figure 8. As a result, MR fluid
changes its rheological behaviour what is manifested by the development of a
yield stress that monotonically increases with applied field. The field-responsive
behaviour of MR fluids is often represented as a Bingham plastic having variable
yield stress [62,63].
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Figure 8.MR fluid in the absence a) and
in the presence b) of an external magnetic field [64].
Ability to control the rheological behaviour can be beneficial for numerous
practical industrial applications, especially where the control of vibrations or
transfer of torque is needed, such as brakes and clutches. Profitable utilization
of MR fluids is known in automotive shock absorbers, brakes for physical exercise
equipment, actuators, seat dampers and polishing technology [62,64]. For those
purposes, MR fluids should consist of soft magnetic materials which are easily
magnetized and demagnetized and possess high magnetization saturation value [65].
Controllable rheological behaviour of MR fluids is emerging to be utilized also
for medical purposes. After the introduction of MR fluid into the blood vessels
that feed the tumour, application of an external magnetic field will cause the
change of rheological behaviour of fluid. Formed solid-like structure of MR fluid
will cause clogging of vessels and thus also impair the angiogenesis, i.e. formation of new blood vessels feeding the tumour. As a result, supplementation of
oxygen and nutrients to the tumour will be prevented resulting in the necrosis of
cancerous cells [66,67].
Destruction of the tumorous cells is the main aim also of the method called
magnetic fluid hyperthermia. This method arises from the knowledge of the
thermal sensitivity of cancerous cells which can be successfully destroyed after
the exposition to the elevated temperature (42°C) for 30 minutes [51]. It seem
to be simple, however, the challenge is to reach this temperature without the
destruction of the surrounding healthy tissue cells. For this purpose, local heating can be reached by the induction heating of the magnetic particles incorporated into the tumorous tissue usually in the form of MR fluid. Magnetic particles
are heated when exposed to an alternating magnetic field through the hysteresis
losses and relaxation processes, i.e. relaxation of magnetic moments back to
their equilibrium orientations (Neel relaxation) and rotational friction between
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the particles and the medium (Brownian rotation), while the tissue is inherently
nonmagnetic hence it is transparent to magnetic field [67,68-71]. A key parameter characterizing materials used for magnetic hyperthermia is the speciﬁc loss
power of particles expressed in terms of specific absorption rate (SAR) calculated from the heating rate, specific heat capacity in relation to the amount of
iron in the material. The illustration of magnetic fluid hyperthermia process can
be seen in Figure 9.

1.2

Figure 9. Schematic of magnetic fluid hyperthermia process [72].
2.3 Smart Magnetic Composite Systems
Composite materials are consisted of the two or more different phases. First
one is the continuous polymeric matrix and second is the dispersed filler,
whether of inorganic or organic nature or the complex core-shell or hybrid system. The aim of the addition of filler into the matrix of desired material is usually the reinforcement or the specific activity of filler such as conductivity, antimicrobial or magnetic properties. In recent years, magnetic nanoparticles are
investigated as a promising material for so called smart materials. Smart materials present the group of materials which properties are simply tuneable or
have some added value. Magnetic fillers can bring both, make the material to be
able to interact with the magnetic field and also, depending on the loading, can
reinforce material. Moreover, application of magnetic field during the preparation procedure can ensure desired orientation of filler in the matrix and thus
formation of chain-likes superstructures through the directed aggregation. Asformed structures, depending on the direction of applied magnetic field, impart
the anisotropy to the composite material which is thus manifested also in mechanical properties and is called anisotropic reinforcement [73-76].
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Next to the ability to reinforce materials in various manners, magnetic particles are added into the polymeric matrix in order to achieve stimuli-response
polymers that possess useful properties such as ability to change swelling behaviour, permeability, and elasticity in a reversible manner [77]. Magnetic field
sensitive elastomers are good representative of this group of materials. These
materials consist of magnetic particles that are dispersed in highly elastic polymer matrix and couple the shape of elastomer to the external magnetic field.
Magnetic particles can be dispersed in the polymer randomly or it is possible to
orient them by the magnetic field during the preparation procedure in order to
achieve anisotropic magnetic elastomers shown in Figure 10. These materials
can serve for many applications due to the tuneable elastic modulus, great deformational effect and quick response to the applied magnetic field [78].

Figure 10. Model cases of the influence of external magnetic field on
the elastic modulus of the isotropic and anisotropic elastomers. White
arrows show the direction of the force, black arrows demonstrate the
direction of magnetic field [78].
Next to the magnetic elastomers, magnetic particles can be incorporated into
the matrix of hydrogels. This process can be done by their addition during the
gelation or via the diffusion of particles into the previously prepared gel with or
without the application of external magnetic field. These magnetic gels, also
called ferrogels are smart materials possessing tuneable elastic modulus, deformation and quick response to an external magnetic field [79]. Moreover, they
were successfully used for controlling of drugs release by an external magnetic
field [77,79-82], as actuators to mimic muscular contraction [83-85] and mechanical actuators [86,87]. Mechanism of controlled release of drug from the
ferrogel can be seen in Figure 11.
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Figure 11. Mechanism of the controlled release of drug by ferrogel.
Symbols MF ON and MF OFF indicate switching of magnetic field [77].
Apart from the tuneable mechanical properties, incorporation of magnetic
properties into the polymeric matrix brings other benefits, too. Iron oxides and
ferrites in nano and submicro dimensions are known to be able to sharply reduce
dielectric loss and to absorb microwave energy what makes them attractive
candidates for inductive and capacitive materials or microwave absorbers. Polymeric matrix appropriate for this application should be an electrical insulator
and should protect electrical components from dust, moisture and short circuiting. For this purpose, epoxy resins seem to be the most profitable materials. At
present time there is a huge expansion of microwave electrical devices and telecommunications that produce unwanted electromagnetic signals which can interfere with the electronically controlled devices or can be harmful for the human body [88-90]. For this reason, electromagnetic absorbers present very important group of materials due to ability to eliminate unwanted electromagnetic
energy through its redirection. Nanocomposite materials can substitute absorbers based on metallic components and thus reduce the weight of devices what is
especially important for the portable communicators etc. [90]. In order to minimize density of absorbers, insulating matrix based on epoxy resins can be replaced with cellular products such as polystyrene foam [91] or polyurethane
foam [92]. Incorporation of magnetic particles into the polymeric foam was also
found to be interesting for other smart solutions. Vialle et al. [93] proposed material made of shape memory foam where the dispersed particles can serve not
only as reinforcement but also for remote activation of shape memory foam.
Shape memory foams are smart materials with ability to change the stiffness and
recover large strains in response to various stimuli. Incorporation of magnetic
particles into the shape memory foam enables its induction activation through
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the hysteresis heating of particles instead of the common activation via the conventional heating in the cases when the common thermal activation is complicated due to the temporal limitations of heat transfer from the environment to
the sample [93]. This heating mechanism can be seen in Figure 12.

Figure 12. Mechanism of induction activation of shape memory foam with incorporated magnetic particles [93].
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3

AIMS OF WORK
The aim of the presented work is to contribute to the field of magnetic nanomaterials, especially in the field of preparation of fillers suitable for composites and magnetorheologic suspensions. For this purpose, four goals were specified according to theoretical and experimental considerations given in the previous chapters:
• preparation of magnetic fillers for magnetorheological suspensions and
polymer composites by microwave-assisted techniques,
• elucidation of reaction mechanism that takes place during the solvothermal synthesis of magnetic particles with the help of microwaves,
• tailoring of magnetic properties on the basis of discovered mechanisms,
• demonstration of application potential of prepared fillers in polymer matrix systems and suspensions.
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4

METHODOLOGY

4.1 Materials
Ferric chloride hexahydrate FeCl3.6H2O, ferrous sulfate heptahydrate
FeSO4.7H2O, ethylene glycol C2H6O2, oxalic acid (H2C2O4), aqeous ammonia NH3
(25-27%), ammonium acetate C2H3O2NH4,ammonium carbonate (NH4)2CO3 and
ammonium bicarbonate (NH4)HCO3 were all supplied by PENTA (Czech Republic)
in analytical grade and used without further purification. Distilled and deionized
water was used throughout all experiments.
4.2 Synthesis of Magnetic Nanoparticles via the MW-Assisted Solvothermal
Technique
Nano- and submicro-sized Fe3O4 particles were prepared by a simple solvothermal method in ethylene glycol solution with the help of microwave irradiation. In a standard experiment, 5 mmol of FeCl3.6H2O (1.352 g) was dissolved in
60 mL of ethylene glycol, followed by the addition of 50 mmol of ammonium acetate - NH4Ac (3.854 g). This mixture was placed in a 100 mL Teflon reaction
vessel (XP-1500 Plus), heated in a pressurized microwave reactor
(CEM Mars 5, USA) to the required temperature (200 °C, 210 °C, 220 °C) and
maintained at this temperature for 30 minutes. Then, the vessel was cooled to
room temperature and black precipitate was collected with the help of permanent magnet. Subsequently, the as-obtained product was washed with distilled
water and ethanol for several times and dried naturally on air. Furthermore, in
similar experiments, 25 mmol of (NH4)2CO3 (2.403 g), 50 mmol of NH4HCO3 (3.953
g) or 50 mmol of NH3 in the form of aqueous solution (3.8 mL of 25% water solution) were used as a nucleating agent instead of NH4Ac. Further experiments
involved the addition of 2 to 4 mL of demineralized water to the reaction system
while rest of parameters remained unchanged.
4.3 Synthesis of Magnetic Micro-Rods through the Thermal Decomposition of
Precursor
4.3.1 MW-Assisted Solvothermal Synthesis of Iron (III) Oxalate Precursor
Organometallic precursor was prepared by a microwave-assisted solvothermal
method. Iron (II) sulfate heptahydrate (20 mmol) and oxalic acid dihydrate
(20 mmol) were dissolved separately in a mixture of water and ethylene glycol in
a ratio of 1:3. Prepared solutions were filtered off and then the solution of oxalic acid was added into the solution of iron (II) sulfate slowly while constantly
stirring. As-prepared solution was then transferred into the Teflon liner, sealed
and placed into the cavity of a pressurized microwave reactor (CEM Mars 5,
USA). The solution was then treated for 30 minutes at 100°C and the obtained
yellow precipitate was filtered-off and rinsed with distilled water.
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4.3.2 Thermal Decomposition of Oxalate Precursor Using MW Heating
Magnetic needles were prepared by the thermal decomposition of organometallic precursor obtained by the described solvothermal procedure. Small
amount (10 mg) of precursor was sealed into the glass tube with the total volume of about 2 mL. Tubes were then placed into the ceramic kiln equipped with
the microwave absorbing layer and then kiln was heated in the cavity of common domestic microwave oven (Hyundai, MWM 1417 W) at 750 W for 15 minutes.
This setup enables reaching of high temperature in short time and therefore,
the decomposition of precursor was complete after 15 minutes. Temperature
measured immediately after the decomposition using the contactless pyrometer
was found to be of about 450 °C.
4.4 Characterisation
Prepared powder materials were characterized from the point of view of their
crystalline structure, particle size, morphology, arrangement into the assemblies, static and dynamic magnetic properties, heating efficiency under the action of an external alternating magnetic field and rheological performance.
Methods for the determination of properties of obtained products are listed below:
First of all, macroscopic appearance of prepared powder was observed by naked eye and by digital microscope DVM 2500 (Leica Microsystems, Germany).
Scanning electron microscopy was used to investigate the morphology of materials (Vega II/LMU, Tescan, Czech Republic). Due to the small dimensions of product, morphology and particle size were further observed by transmission electron microscopy (JEOL 1200, JEOL). Image analysis was used for estimation of
particle size distribution.
X-ray diffraction analysis for the crystalline phase identification of prepared
materials was performed on the multi-purpose X-ray diffractometer X´Pert PRO
MPD (PANalytical, The Netherlands) with a Cu-Kα X-ray source (λ = 1.5418 Å).
Phase composition and size of crystallites were determined according to
Rietveld analysis.
Magnetic behaviour of materials under the static and dynamic magnetic field
was also studied. The magnetization curves of the samples in the form of powders were measured on a VSM 7407 Vibrating Sample Magnetometer (Lake Shore)
at room temperature in air atmosphere. The complex magnetic permeability
spectra of materials were studied by the impedance method using an Agilent
E4991A Impedance/Material Analyzer in the frequency range from 1 MHz to 3
GHz. The permeability measurements were performed on toroidal samples with
an inner diameter of 3.1 mm and an outer diameter of 8 mm. In order to measure the magnetic spectra, magnetic particles were mixed with 10 wt. % of polyvinyl alcohol, dried, and then compressed into toroids at 200 MPa.
32

The magnetic heating efficiency of prepared materials involved calorimetric
determination of specific absorption rate (SAR) was performed with Fe3O4 nanoparticles suspended in an aqueous agarose gel (2.5 wt. %). Samples (1.8 mL) in
plastic test tubes were placed inside a coil and the temperature vs. time at an
exposure to a dynamic magnetic field (field amplitude Hmax = 7.5 mT and frequency ν = 960 kHz) was recorded. All samples used in the measurement were
freshly prepared. The temperature changes were automatically measured by an
optical fibber probe (Luxtron STF-2, BFi OPTiLAS SAS, France). Results were corrected for heat losses.
The SAR values for particles dispersed in aqueous suspension can be calculated using following equation [30]:
(18)
where cp is the sample-speciﬁc heat capacity under constant pressure (cp =
4.18 Jg-1K-1 for water), mFe is the iron content per gram of the Fe3O4, and dT/dt
is the slope of the temperature (from 36 °C to 38 °C) vs. time dependence.
Moreover, magnetic particles in a form of suspension (ferrofluid) were characterized from the point of view of its rheological behaviour with and without
the application of an external magnetic field. Steady-shear stress properties
under static magnetic field were measured using a rotational rheometer (Physica MCR502, Anton Paar GmbH, Austria) with a Physica MRD 180/1T magnetocell
at 37 °C. A parallel-plate measuring system with a diameter of 20 mm and a gap
of 0.1 mm was used. True magnetic flux density was measured using a Hall
probe and temperature was checked with the help of an inserted thermocouple.
Both the Hall probe and the thermocouple were located on the bottom plate.
Temperature was set using an Anton Paar circulator Viscotherm VT2 with temperature stability ± 0.02 °C. Maximum magnetic flux density used in all measurements did not exceed 0.3 T to ensure sufficient homogeneity of a magnetic
field perpendicular to the shear flow direction. All the steady-shear stress experiments were performed in the shear rate range 0.1–300 s-1.
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SUMMARY OF RESULTS
On the basis of literature research presented above, there are numerous potential applications of magnetic particles in their separate form, as a magnetic
fluid or they can be incorporated into the polymeric matrix. Depending on the
expected performance, required properties such as size, purity and magnetic
properties can vary with application area.
For this purpose, new microwave-assisted solvothermal synthesis was developed and is described in Paper I and Paper II. This method combines simplicity
and efficiency with possibility to tune the properties of final product through
the variation of synthesis parameters. Moreover, mechanisms that take place
within the microwave-assisted synthesis were also studied.
Nano- and submicro-sized Fe3O4 particles were prepared by a simple solvothermal method in ethylene glycol solution with the help of microwave irradiation. The first step of nucleation starts with the first appearance of heterogeneity in the system. In this case, ammonium nucleating agent is hydrolysed into
the ammonia and yields hydroxide anions. Subsequently, precipitation of Fe (III)
hydroxide in form of a colloidal solution proceeds and in next step, maghemite
can be formed. Similarly, Fe (II) hydroxide can occur in the reaction system due
to the presence of mild reductant (in this case ethylene glycol) and enables
formation of magnetite. In the second step, freshly formed nanocrystals, which
are unstable due to high surface energy, tend to aggregate. The driving force for
this aggregation is the pursuit of reducing the surface energy by both an attachment among the primary nanocrystals and their rotation caused by various
interactions including Brownian motion or short–range interactions. In case of
microwave heating, the solvent at a high temperature (ethylene glycol above
200 °C) becomes less absorbing due to a decrease of the dielectric constant and
loss factor; thus, the solvent becomes virtually more transparent for microwaves, which means that the ionic mechanism of the microwave absorption may
be prevailing over dipoles. After the solid particles occur in the solution, another mechanism becomes active due to particles’ surface polarization that might
selectively influence their growth. Moreover, as the heat is generated at the
surface of nanoparticles, the local temperature gradient can contribute to the
hydroxide-to-oxide transformation. Once the oxide particle reaches the critical
size corresponding to the single-domain state, another mechanism of microwaves absorption is assumed to take the main role. Microwave energy is transformed into the heat by magnetic moment rotation and, after some time, in
bigger multi-domain particles also by magnetic domain wall motion. This sequence of several mechanisms can explain the sudden formation of particles in
the reaction mixture as well as the very short synthesis time.
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On the basis of performed experiments, it was found that the composition of
reaction mixture, specifically the selection of nucleating agent, plays significant
role in the crystalline purity, size and morphology of obtained materials. The
influence of various types of nucleation agents added to the reaction mixture is
demonstrated in images obtained by Transmission Electron Microscopy (TEM) and
can be seen in Figure 13.

Figure 13. TEM images of materials prepared at 220°C for 30 minutes with
(NH4)2CO3 (a), NH4HCO3 (b), aq. NH3 (c) and NH4Ac (d).
Due to the possibility to simply vary the properties of prepared materials, their
role in the system was studied. On the basis of the reactions that were given in
equations (5-7) in this thesis, it is obvious that the selection of the nucleating
agent leads to the various amounts of additional water that comes to the reaction system. Cao et al. [35] proposed that if water is present in the reaction system, coordinated ethylene glycol molecules will be substituted by water molecules since the coordination of water molecules with metal ions is stronger than
that of ethylene glycol molecules what can significantly affect the morphology
of particles. Therefore we performed further experiments which involved the
addition of little amount of demineralized water while the rest of parameters
remained unchanged. As a consequence, the size of particles is reduced to the
one third of the original size what reflects in the significant change of magnetic
behaviour and can lead to the formation of single domain magnetic nanoparti35

cles (Figure 14).

Figure 14. TEM image of material prepared with NH4HCO3 with the addition of
water (left) and magnetization curves of the same material with and without
water addition (right).
*****
Static and dynamic magnetic properties were studied in Paper III. Magnetostatic properties of prepared materials were investigated by Vibration Sample
Magnetometry (VSM). Differences in the crystalline structure, purity and morphology of studied materials result in different magnetic behaviour of prepared
particles. The decrease in the saturation magnetization, especially in the material nucleated by ammonium carbonate, and the atypical shape of the hysteresis
loop can be attributed to the defect structure of the particles and the presence
of coexisting phases that differ in their magnetic properties. In fact, the XRD
analysis revealed, along with the main magnetite phase, the presence of different phases, such as magnetic hematite and nonmagnetic goethite. Figure 15
shows variation of magnetic properties of materials prepared at different temperatures and influence of selected nucleating agents.
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Figure 15. Magnetization curves of materials prepared with NH4Ac at various
temperatures for 30 minutes (left) and at 220°C for 30 minutes with various nucleating agents (right).
Dynamic magnetic properties allow better understanding of the magnetization
mechanisms in magnetic nanostructures and are useful as a source of frequency
dependent characteristics which are important for potential application in the
high frequency range. The complex magnetic permeability spectra of materials
were studied by the impedance method using an Agilent E4991A Impedance/Material Analyzer in the frequency range from 1 MHz to 3 GHz. Figure 16
shows the frequency dependence of the complex permeability μ* (magnetic
spectra) for all materials. The complex permeability dispersion of ammonium
bicarbonate and ammonium carbonate nucleated samples occupies a frequency
interval from 300 MHz to 3 GHz, whereas a sample nucleated by ammonium bicarbonate with additional amount of demineralized water is characterized by a
much broader frequency region of dispersion, from 10 MHz to 3 GHz. Moreover,
the magnetic spectrum of ammonium carbonate nucleated sample has two regions of complex permeability dispersion with resonance frequencies at 400 MHz
and 1.5 GHz. This fact confirms the presence of different coexisting magnetic
phases in this sample, which was revealed by XRD measurements.
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Figure 16. Magnetic spectra of prepared materials: real part of complex magnetic permeability (a) and imaginary part (b).
*****
As it was written in previous chapters, magnetic particles provide possibility
to treat the cancer through the destruction of tumorous cells via their incorporation into the affected tissue and their subsequent induction heating (magnetic
hyperthermia). The ability to generate heat induced by external alternating
magnetic field is dependent on the field amplitude and frequency, concentration of particles and their magnetic properties and was the aim of a study in the
Paper IV. Main heating mechanisms involve hysteresis losses and relaxation processes, i.e. Neel relaxation and Brownian rotation. Hysteresis losses are determined by magnetic anisotropy. Magnetic anisotropy energy of a nanosized particle is proportional, in first approximation, to the particle volume due to the
magnetocrystalline and shape as well as strain induced anisotropy (magnetoelastic anisotropy). The heat generation via the various nucleated Fe3O4 particles
prepared by the microwave-assisted solvothermal method described above and
suspended in agarose gel in terms of the time-dependent temperature curves in
the applied AC magnetic field is shown in Figure 17. As can be seen, inductive
heating experiments reveal that given magnetic field is able to produce enough
energy for temperature increase of the system to 43 °C in time interval 1–10 min
for all samples.
The SAR values at 37 °C (the body temperature, which is of primary interest
for hyperthermia experiments) for studied systems with variously nucleated
Fe3O4 nanoparticles are shown in Figure 17 as well. As can be seen, the highest
SAR (∼9 W/g(Fe)) was measured for ammonium hydroxide nucleated Fe3O4 nano38

particles while for other nucleating agents these values were found to be significantly lower. Based on the structural and magnetic properties, we can assume
that the higher value of SAR for aqueous ammonia nucleated Fe3O4 nanoparticles
is caused by small particle size and narrow particle size distribution. In such a
case the prevailing mechanism of heating in AC magnetic field is Neel relaxation. Therefore, the obtained value of SAR can predestine the Fe3O4 nanoparticles prepared via the microwave irradiation-assisted solvothermal method to
applications such as heating agents in magnetic hyperthermia.

Figure 17. Temperature increase triggered by Fe3O4
nanoparticles suspended in agarose gel measured at
960 kHz and magnetic field amplitude Hmax 7.5 mT.
Other approaches of cancer therapy using magnetic nanoparticles include reducing blood circulation in the tumour area by clogging up blood vessels, which
are feeding the tumour, with ferrofluid under an applied magnetic field. The
efficiency of this method is based on impairing angiogenesis, i.e., formation of
new blood vessels that supply oxygen and nutrients to cancerous tissues. Ferrofluid becomes ‘‘solid-like’’, its viscosity increases by several orders of magnitude when exposed to an external magnetic field, as magnetized particles are
aligned into chain-like structures.
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Figure 18. Flow curves of 15 wt% suspension of Fe3O4 nanoparticles in silicone oil under various magnetic field
strengths; B (mT): squares 0, triangles 82, circles 168 and
crosses 253.
On the bases of measurement of magnetic properties via the VSM, ammonia
nucleated Fe3O4 nanoparticles based ferrofluid was chosen for the evaluation of
internal structure formation. Flow curves of shear stress as a function of shear
rate for 15 wt. % of ferrofluid based Fe3O4 suspension in silicone oil under various magnetic flux densities (B) are shown in Figure 18. The pseudoplastic behaviour in the absence of magnetic field at low shear rates can be attributed to
strong interaction between Fe3O4 nanoparticles with large specific surface and
silicone oil. When a magnetic field is applied to the ferrofluid, the shear stress
increases abruptly with magnetic field strength, showing characteristic yield
behaviour of a Bingham fluid. This dramatic change in rheological properties
(yield stress, representing maximum seal pressure, increases by two orders in
magnitude under application of magnetic field) is related to the formation of
chain-like structures Fe3O4 suspension. In external magnetic field the magnetized Fe3O4 nanoparticles attract each other due to magnetic dipole–dipole inter40

actions, forming chains of particles oriented along the field direction. Increase
in B induces a higher dipole moment and the particular microstructures become
stiffer.
*****
In recent years, preparation of iron oxide one-dimensional nano- and submicro-structures gets great attention due to their unique properties resulting from
the shape anisotropy. As it was already shown in previous results, developed microwave-assisted solvothermal synthetises usually led to the particles with polyhedral shape or to the formation of their spherical assemblies. Template assisted synthesis offer the possibility to tailor the shape of particles. For this purpose, methods that utilize organometallic precursor that decompose at relatively low temperature appear to be the most suitable. “Precursor syntheses” are
interesting from technological point of view since these methods are simple, low
cost, and effective and enable large-scale production. In order to achieve uniform elongated particles with high aspect ratio in short synthesis time we developed microwave-assisted procedure that involves two steps: preparation of precursor and its conversion into the desired product. This procedure is described
in Paper V. We chose ferric oxalate as a precursor due to its preferred growth in
one dimension at proper conditions thus forming rod-like structures. Conversion
of precursor into the final product is topotactic reaction thus the forming particles preserve the shape given by the precursor [1]. Ferrous oxalate was prepared
from ferrous sulphate heptahydrate in a mixture of water and ethylene glycol
via the solvothermal method using the microwave pressurized reactor. The second step involves thermal decomposition of the precursor in common domestic
microwave oven using special ceramic kiln accompanied with the internal absorbing layer which is able to be heated in microwaves to the high temperatures
in short time and thus allow rapid formation of the required product. Prepared
particles are based on magnetite/maghemite, possess needle-like shape and exhibit soft ferromagnetic behaviour. Material prepared by this method can be
seen in the SEM image shown in Figure 19 (a) and its magnetic behaviour is
demonstrated by the magnetization curve given in Figure 19 (b). Due to the topotactic character of the decomposition process, the shape of the converted
product remains preserved. The length of about 20 µm and diameter less than
1 µm gives to the product uniquely high aspect ratio. Obtained magnetizationdemagnetization curves show that the prepared iron oxide particles possess ferromagnetic behaviour with the saturation magnetization (MS) of about 43 emu.g1
and coercivity 124 Oe. XRD-analysis revealed the crystallite size about 40 nm
which is in accord with observed magnetic behaviour of the material. The needle-like particles keep the characteristic features of their 40 nm sized nanoparticulate building blocks although we have not TEM images yet.
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Figure 19. SEM image of prepared magnetite/maghemite needle-like particles
(a) and their magnetic behaviour described by magnetization curve (b).
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6

CLOSING REMARKS

6.1 Conclusions and Contribution to Science and Technology
The thesis contributes to the general knowledge as well as to technology according to the goals as follows:
• Two novel microwave-assisted techniques were proposed
• Properties of prepared materials were studied from the point of view of
their crystalline structure, particle size and morphology and magnetic properties
• Reaction mechanism within the microwave-assisted synthesis was described
• The properties of magnetic particles were tailored according to the discovered mechanism
• Application potential of prepared materials was demonstrated
Imparting the understanding of the reaction and crystal growth mechanisms
and further development of the microwave assisted solvothermal methods of
magnetic particles synthesis will contribute to the environmental sustainability
due to the enormous decrease of the synthesis time, energy and possibly material savings as well as it will conduce to the development of high performance
functional materials as demonstrated in enclosed papers.
6.2 Future Prospective
Low-cost and low-toxicity of used chemicals, simplicity, rapidity and efficiency of presented microwave-assisted techniques together with the possibility to
influence the properties of magnetic nanoparticles points to the usefulness of
this work not only for laboratory use, but also for commercial purposes. Application potential of prepared products is broad, from biomedical uses such as hyperthermia treatment of cancer or controlled delivery of drugs, through the utilization in a form of magnetic fluids for mechanical damping, to the preparation
of composite systems for microwave shielding.
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Fast Microwave-Assisted Synthesis
of Uniform Magnetic Nanoparticles
Z. Kozakova, P. Bazant, M. Machovsky, V. Babayan and I. Kuritka∗
Polymer Centre, Faculty of Technology, Tomas Bata University in Zlin
Nam. T.G. Masaryka 275, 762 72 Zlin, Czech Republic
In recent time, magnetic nanoparticles have become widely used for preparation of advanced magnetic
materials and also for biomedical applications. Requirement for preparation of particles of suitable shape and size
has appeared, hence, various methods have been developed. Here we present rapid and energy saving one-pot
solvothermal synthesis using microwave pressurized system. This method allows tuning the size of the particles as
well as their magnetic properties. Spherical Fe3 O4 nanoparticles are obtained in 30 min; they are uniform with
average dimensions of 200 nm and exhibit ferromagnetic behavior dependent on synthesis temperature.
PACS numbers: 75.50.Tt, 75.60.Ej, 75.75.Cd

1. Introduction
In the past decades, the interest in synthesis of uniform
magnetic particles in micro- or nanodimensions expanded
due to their potential application in many ﬁelds. They
can be applied in medicine for controlled drug delivery,
hyperthermia or medical diagnostic for magnetic resonance imaging. These particles are also used as ﬁllers
in magnetic composites or in electromagnetic shielding
materials. They are investigated as a key component
of magnetorheological ﬂuids, too. Moreover, external
magnetic ﬁeld can be used for preparation of oriented
anisotropic structures from this particular system thus
achieving novel properties [1–6]. Lots of methods have
been introduced for preparation of magnetic particles,
employing both dry and wet chemistry. The most popular among them have become simple one-pot solvothermal methods [7–10].
2. Experimental
In a standard experiment, 5 mmol of FeCl3 ·6H2 O was
dissolved in 60 mL of ethylene glycol, followed by the addition of nucleating agent (50 mmol of NH4 Ac, 25 mmol
of (NH4 )2 CO3 or 200 mmol of aqueous NH3 ). This
mixture was placed in a teﬂon reaction vessel (XP-1500
Plus), heated in pressurized CEM Mars 5 microwave
system (CEM Corporation) to a required temperature
(200, 210 or 220 ◦C) and maintained at this temperature for 30 min. After the reaction, the vessel was
cooled to a room temperature and the as-obtained product was ﬁltered oﬀ, washed with water and ethanol for

several times and dried naturally on air. The structure
of the ﬁnal product was characterized by X-ray diﬀraction method (XRD; PANalytical X’Pert PRO). The particle size and shape was visualized by scanning electron
microscopy (SEM; VEGA\\LMU, Tescan) and magnetic
properties were identiﬁed by a vibrating sample magnetometer (VSM; VSM 7400, Lake Shore).
3. Results and discussion
Magnetic particles were obtained by a simple
microwave-assisted solvothermal method in 30 min in
nearly 100%. As can be seen from XRD pattern in Fig. 1,
all the diﬀraction peaks are attributed to cubic Fe3 O4 ,
although we cannot distinguish whether it is magnetite
or maghemite. Key factor for obtaining well crystallized
structures are synthesis time and temperature. The required product can be obtained if the time of synthesis is about 30 min. Experiments with diﬀerent synthesis temperatures showed that the crystallic structure of
particles improves with the temperature increment. The
typical SEM image of the product prepared with NH4 Ac
at 220 ◦C in Fig. 2 shows that the prepared particles are
spherical, uniform and their dimension are about 200 nm.
Figure 3 gives magnetization curves of particles prepared
with NH4 Ac at diﬀerent temperatures and that these particles exhibit ferromagnetic behavior. A strong eﬀect of
the synthesis temperature is manifested: with increase of
the temperature used for preparation of particles, saturation magnetization and coercivity of prepared material
are signiﬁcantly higher.
4. Conclusion
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To conclude, in this work there is presented an eﬃcient,
rapid and facile one-pot solvothermal microwave-assisted
(948)
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synthesis of magnetic Fe3 O4 nanoparticles by which they
can be obtained in 30 min without requirement of further treatment such as calcination, which can cause disruption of particles. The as-obtained spherical particles
are uniform with an average dimension of 200 nm and
exhibit ferromagnetic behavior. The method allows particle size tuning and reﬁnement of magnetic properties by
simple changing the synthesis parameters, i.e. temperature or nucleating agent, which can be proﬁtable in future
medical application as well as in formation of advanced
magnetic materials.
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Abstract
Magnetic nanoparticles on the base of Fe3O4 were prepared by a facile and rapid one-pot
solvothermal synthesis using FeCl3.6H2O as a source of iron ions, ethylene glycol as a solvent
1

and NH4Ac, (NH4)2CO3, NH4HCO3 or aqueous NH3 as precipitating and nucleating agents. In
contrast to previous reports we reduce the synthesis time to 30 minutes using pressurized
microwave reactor without requirement of further post-treatment such as calcination, which
can cause defects of particles. The as-obtained particles have dimension in range of 20 to 130
nm, uniform shape and exhibit magnetic properties with saturation magnetization ranging
from 8 to 76 emu.g-1. Suggested method allows simple particle size and crystallinity tuning
resulting in improved magnetic properties by changing the synthesis parameters, i.e.
temperature and nucleating agent. Moreover, efficiency of conversion of raw material into the
product is almost 100 %. Description of the grow process under the solvothermal conditions is
a crucial tool for tailoring the properties of magnetic nanoparticles.
Keywords: inorganic compounds; magnetic materials; nanostructures; oxides; chemical
synthesis; magnetic structure

1. Introduction
Recently, the interest in preparation of nano-sized magnetic particles has risen due to their
potential utilization in many areas of use. The most ambitious applications are in medicine
and pharmacy for magnetic resonance imaging, biomaterials diagnostics, and drug delivery
and in cancer treatment: magnetically mediated hyperthermia. Furthermore, they are used for
preparation of functional magnetic materials, high recording media, colored pigments and
ferrofluids [1-6]. All of these applications require defined nanoparticles features together with
high magnetization. Therefore, the development of synthetic method enabling the preparation
of tailor-made product with truly wide range of requesting properties gets great attention. Lots
of methods have been introduced for preparation of magnetite nanoparticles, by using both
dry and wet chemistry. Thanks to the simplicity of solvothermal method it became one of the
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most popular among them. It is based on the principle of heating of solution of a metallic salt
in a suitable solvent in the Teflon-lined stainless autoclave in the presence of other substances,
such as nucleating or reducing agents and surfactants. Recently, several teams have described
relatively simple preparation of well-crystallized magnetic nanoparticles where ferric chloride
is the source of iron cations and ethylene glycol serves both as a solvent and reducing agent.
Moreover, other substances used in synthesis were ethylenediamine serving as both,
coordinating agent and quasi-surfactant, urea or different ammonium salts used as nucleating
agents, sodium acetate or other chemicals [7-10]. However, tardiness of all of these methods
(synthesis time at least 12 hours) is their main disadvantage which should be solved in order
to improve efficiency and applicability of solvothermal syntheses. Microwave heating, using
the transformation of electromagnetic energy to heat, seems to be the proper alternative to
conventional heating leading to acceleration of synthetic procedure. Common microwave
reactors use radiation of frequency 2.45 GHz and the wavelength 12.2 cm. Microwave
synthesis is used in both organic and inorganic chemistry as a rapid method durable usually
several minutes and therefore it is also energy saving. Moreover, it is possible to operate with
a reflux system at atmospheric pressure that provide preparation of particles of various sizes
and shapes, such as spheres, sheets, rods, tubes and others as it was demonstrated in recently
[11-13].
Several microwave-assisted methods using the reflux system have been used for synthesis of
magnetic particles. However, these methods are relatively tedious and time-consuming as it
turned out. As an example, two hours are required for preparation of Fe3O4 nanoparticles by
MW heating of product obtained by mixing solutions of FeCl3 and FeSO4 under argon
protection with the addition of aqueous NH3 [14]. In another case, magnetite and maghemite
nanoparticles were synthesized by the fast and simple method based on MW heating of
precursor obtained from the mixture of FeCl3 and polyethylene glycol (Mw = 20000) in
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distilled water with the addition of hydrazine hydrate; however, the as-obtained particles have
relatively wide size distribution and irregular shapes [15]. According to our experience,
heating limited by boiling temperature, intense mass flows accompanying the evaporation and
subsequent condensation of the solvent in external coolers and foaming of the reaction
mixture are strong limitations for these systems. Although a pressurized system for
solvothermal synthesis offers relatively simple control over the morphology and particle size,
examples of microwave pressurized reactors are reported very rarely in this field. Caillot et al
used microwave applicator connected with an autoclave (RAMO system, Reacteur Autoclave
Micro Onde) for the synthesis of magnetic nanoparticles using FeCl2.4H2O and sodium
ethoxide as starting material [16]. The resulting products were Fe2O3, Fe3O4 or their mixture
in the dependence on the concentration of sodium ethoxide.
Microwave-assisted synthesis using pressurized system are based on exposure of reaction
mixtures to MW radiation in sealed vessels made from PTFE (Teflon) or even glass in
microwave ovens. Products of such synthesis are influenced by the initial setting of synthetic
parameters, namely concentration of metallic salts and type of solvent. On the other hand, a
programmable MW system with precise control of temperature and pressure may offer full
control over the synthesis conditions [17].
In many cases, temperature increase is needed for initiation of nucleation in nanoparticles
synthesis. If using the conventional heating, reaction mixture is heated through the wall of
reaction vessel via conduction and convection of heat, and thus created temperature gradient
causes non-uniform nucleation and growth conditions. Microwave heating can solve this
problem, since the energy is directly transferred to the microwave absorbing materials and the
total volume of reactant is therefore uniformly heated [18].
There are two MW heating effects that determine the quality of final substance: thermal and
non-thermal effects. The thermal effect is considered as a fast and effective heating of reaction
4

mixture providing uniform nucleation and growth conditions thus leads to preparation of
uniform nanoparticles with small sizes and high crystallinity. Non thermal effects include the
creation of hot spots and hot surfaces within the heating of solid materials on the liquid-solid
surfaces which support the reduction of metal precursors, nucleation and formation of metal
clusters [11].These effects are still a matter of intensive discussion and controversies in
synthetic chemistry. Moreover, the mechanisms of microwave effects playing the role in
solvothermal synthesis of magnetic nanoparticles remain uncovered in recent literature.
The goal of this work is threefold. First is to establish simple, fast and highly efficient method
of magnetic nanoparticles synthesis with a view to the scientific and commercial uses.
Towards this purpose we decided to combine the simplicity of solvothermal methods and
efficiency of microwave heating into novel, environmental friendly method providing the
product of fine quality in high yields. In next, this work contributes to the elucidation of
effects of microwave heating on the processes and reactions that occur during the synthesis.
Understanding the correlation among the reaction mechanism, conditions and properties of
resulting particles enables to fulfill the third goal – development of a simple method with
possibility to tailor the properties of product.

2. Materials and methods

2.1 Solvothermal synthesis of magnetic nanoparticles
Nano- and submicro-sized Fe3O4 particles were prepared by a simple solvothermal method in
ethylene glycol solution with the help of microwave irradiation. All reagents used within the
synthesis were purchased from Penta Ltd. (Czech Republic) in analytical grade and used
without further purification. In a standard experiment, 5 mmol of FeCl3.6H2O (1.352 g) was
dissolved in 60 mL of ethylene glycol, followed by the addition of 50 mmol of ammonium
5

acetate - NH4Ac (3.854 g). This mixture was placed in a 100 mL Teflon reaction vessel (XP1500 Plus), heated in a CEM Mars 5 microwave oven to the required temperature (200 °C,
210 °C, 220 °C) and maintained at this temperature for 30 minutes. After the reaction, the
vessel was cooled to a room temperature and black precipitate was collected with the help of
permanent magnet. Subsequently, the as-obtained product was washed with distilled water
and ethanol for several times and dried naturally on air. Furthermore, in similar experiments,
25 mmol of (NH4)2CO3 (2.403 g), 50 mmol of NH4HCO3 (3.953 g) or 50 mmol of NH3 in the
form of aqueous solution (3.8 mL of 25% water solution) were used as a nucleating agent
instead of NH4Ac. Further experiments involved the addition of 2 to 4 mL of demineralized
water to the reaction system while rest of parameters remained unchanged.

2.2 Characterization of as-prepared magnetic nanoparticles
First of all, macroscopic appearance of prepared powder was observed by naked eye and by
digital microscope DVM 2500 (Leica Microsystems, Germany). The structure of the final
product was characterized by the X-ray Diffraction (PANalytical X´Pert PRO) with Cu Kα1
radiation (λ = 1.540598 Å). Phase composition and crystallites sizes were determined
according to Rietveld analysis. Particle size and morphology were preliminary investigated
with the help of Scanning Electron Microscopy (VEGA\\LMU, Tescan). Particles shape,
organization and proportions were further specified by Transmistion Electron Microscopy
(JEOL 1200, JEOL). Image analysis was used for estimation of particle size distribution.
Magnetic properties were measured by a vibrating sample magnetometer (VSM 7400, Lake
Shore).

3. Results and discussion
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3.1 Correlation of particle properties with reaction conditions
X-ray diffraction (XRD) patterns of samples exemplified on materials prepared with NH4Ac
at 200, 210 and 220 °C for 30 minutes can be seen in figure 1. Diffraction pattern of material
prepared at 220°C is clearly attributed to the cubic crystal structure of Fe3O4, however,
presence of peaks that do not belong to the magnetite are observed in patterns of materials
prepared at 200 and 210° C, indicating creation of other crystalline phases at lower synthesis
temperatures. In addition, although the diffraction pattern of product of synthesis proceeding
at 200°C includes broaden regions mostly seen between 30 and 40° 2θ that indicate presence
of amorphous portion and broad peaks characteristic for very small particles, these features
gradually disappear while the synthesis temperature increases, and at 220 °C are even absent.
Therefore we can consider this system very sensitive within the range of a few tens of degrees
centigrade and exploit elevated temperature to accelerate the nucleation and growth of the
nanoparticles of required crystalline phase. Demonstrated development of sample crystallinity
with the temperature increment is also followed by the set of the samples nucleated by other
ammonium salts used in our experiments, not shown here for the sake of brevity. Calculation
according to the Rietveld analysis showed that the crystallites size of magnetite phase depends
on the used nucleating agent and varies from 20 to 80 nm. Phase composition also differs with
the manner of nucleation. While the product prepared with aqueous ammonia is composed of
pure Fe3O4 without other crystalline impurities, the presence of minor ferric compounds such
as FeO(OH) and αFe2O3 is evident in samples nucleated by ammonium carbonate and
ammonium bicarbonate and utilization of ammonium acetate leads to the formation of
product with FeO(OH) in bigger portions.
FIGURE 1. HERE
It is well known that maghemite always accompanies magnetite in all materials due to the
slow oxidation of magnetite into the maghemite by air oxygen and results in the formation of
7

the maghemite layer on the surface. In nanoscaled materials, this effect becomes considerable
due to the large surface area and can be observed even in single crystals [19-21]. Moreover,
reactants and mechanism (will be discussed later) of presented synthesis allows formation of
maghemite and magnetite. Usually, maghemite phase can be determined by Mössbauer
spectrometry [22,23]. However, the differentiation between non-stoichiometric magnetite and
magnetite–maghemite mixture is considerably challenging and was even claimed to be almost
impossible [24,25]. The same spinel structure and almost identical lattice parameters makes
identification of magnetite (Fe(II)Fe(III)2O4) and maghemite (γ-Fe(III)2O3) by XRD technique
complicated. However, a deep detailed analysis of (511) Bragg peak at 2θ range 56.5-57.5°
and (440) peak at 62-63.5 2θ provide insight in this issue [26]. Pure magnetite has the central
position of the diffraction peak at 57.0 while maghemite has this peak slightly shifted to
higher values, i.e. 57.3. Under the certain conditions, observed peaks can be analyzed by
deconvolution with the use of proper magnetite and maghemite standards. A detailed analysis
of XRD patterns obtained for our samples are shown in figure 2. It is evident that all peaks are
composed from more than one Gaussian contribution which can be attributed to the presence
of both magnetite and maghemite phases in all samples. On the other hand, the peak positions
at X-axes can be slightly shifted because the used diffractometer is not equipped with the
Göbel mirror. Without the use of high resolution XRD and pure magnetite and maghemite
nanoparticulate standards, the deconvolution cannot be successfully performed and the ratio
between the phases cannot be exactly estimated.
FIGURE 2. HERE
Scanning electron microscopy image (SEM) of particles prepared with ammonium acetate is
shown in figure 3. The particles have quasi spherical shape and occur in a form of clusters.
Similarly, SEM study of all types of prepared products provides analogical results, which can
be influenced by the resolution of the used method.
8

FIGURE 3. HERE
Images of better resolution were obtained by transmission electron microscopy (TEM) (Figure
4). Analyses of the TEM images shown the importance of nucleation agent on the particle
size, shape and organization is evident. The use of aqueous NH3 as well as NH4HCO3
provides single-crystalline material composed of uniform-shaped polyhedral nanoparticles
with narrow size distribution and dimension below 30 nm. However, the use of (NH4)2CO3
and NH4Ac for nucleation lead to the creation of clusters consisted of nano-sized grains and
ranging to several hundred nanometers. The hierarchical structure of clusters affects the
magnetic properties of materials obtained and therefore we further studied the reason for their
formation within the microwave-assisted solvothermal process.
FIGURE 4. HERE
The size of clusters obtained with the use of ammonium acetate on the base of TEM analysis
is 60 nm. Since the size of grains of the magnetite phase calculated by Rietveld analysis is
about 40 nm, these clusters seems to be formed by the binding of the small crystallites of the
goethite phase together with the magnetite crystals, as can be seen in the TEM image at high
magnification (figure 3d). While the ammonium carbonate is used, particles with diameter
about 120 nm are formed due to the twinning of crystallites of magnetite with the diameter of
80 nm induced by the incorporation of crystalline impurities (such as FeO(OH) and DFe2O3)
produced during the synthesis. Nanoparticles sizes are confirmed by calculations on the base
of Rietveld analysis as described above. Information on particle sizes obtained by TEM image
analyses were further used for creation of histograms which give us conception of particle
size distribution in prepared materials (figure 5).
FIGURE 5. HERE
Magnetostatic properties of samples were investigated by using of vibrating sample
magnetometer (VSM) at the room temperature. Figure 6 (left) demonstrates magnetization
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curves of material prepared with ammonium acetate synthesized at 200, 210 and 220° C.
Saturation magnetization (Ms) of nanoparticles obtained with NH4Ac varies from 13.8 to
67.7 emu.g-1 with regard to the increase of temperature. The increase of Ms can be explained
on the one hand to the crystallinity improvement seen in Figure 1, and on the other hand
probably due to the phase transition at higher temperature which led to formation of material
with major magnetite (maghemite) fraction. Similar results were obtained for the samples
nucleated by (NH4)2CO3 with saturation magnetization ranging from 8.4 to 46.2 emu.g-1, as
well as for NH4HCO3 with Ms in a range of 33.2 to 75.2 emu.g-1 and, also for aqueous NH3
with the highest saturation magnetization among the forenamed materials that reaches 44.5
to76.3 emu.g-1. Lower values of Ms of prepared materials than that of the bulk magnetite (92–
100 emu.g-1) [27] are common for nanoparticulate systems and can be attributed to the canted
spins on the surfaces [28]. On the other hand, maghemite phase present on the surface of
nanoparticles could also lead to the decrease of Ms. For better understanding of effects
influencing the magnetic properties of prepared materials the magnetization curves obtained
with the use of different nucleating agents were plotted together in figure 6 (right). Obviously,
particles prepared with aqueous ammonia and ammonium bicarbonate have the highest
saturation magnetization; particles prepared with ammonium carbonate have the lowest one. It
is well known that coercivity is determined by effective magnetic anisotropy and thus depends
on the material composition as well as the grain size and shape. Figure 6 shows the rise of the
coercivity depending on the synthesis temperature. It can be attributed to the already
mentioned presence of the magnetite phase in the sample at the expense of other less magnetic
phases such as hematite or non-magnetic goethite and the growth of the particles to the larger
dimensions. However, despite of variations of particle size with the use of different nucleating
agents, the coercivity of the materials prepared by different way of nucleation is very similar
and reaches about 60 Oe. Nevertheless, material prepared with the use of ammonium
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carbonate is the only exception with nearly zero value of coercivity. The squeezed shape of
hysteresis loop (see the inset graph in Figure 6) indicates pronounced influence of the clusters
formation on the hysteresis and confirms presence of two magnetic phases that differs in
magnetic properties [29].
FIGURE 6. HERE

3.2 The mechanism of nanoparticle formation by MW-assisted synthesis
As the starting point for the description of the growth of Fe3O4 nanoparticles can be adopted
the two-stage growth model of nanoparticles in supersaturated solutions [30]. In the first
stage, nucleation of primary nanocrystals occurs what is followed by their aggregation into
the secondary nanoparticles and, especially, this second step has to be reconsidered for
specific microwave conditions.
We used NH4Ac, (NH4)2CO3, NH4HCO3 and aqueous NH3 as nucleating agents. NH4Ac is
weak-acid-weak-base salt that can be hydrolyzed in high temperature in the presence of trace
amount of water coming from FeCl3.6H2O as follows [7]:
NH4Ac + H2O

HAc + NH3.H2O

(1)

Although NH3.H2O is used in reference [7], we do not expect the formation of solid
ammonium hydrates in the system and we consider this formula to be an expression of
presence of ammonia and water (NH3 + H2O) as it was most likely author’s original intention.
Similarly, (NH4)2CO3 and NH4HCO3 can be hydrolyzed into NH3:
(NH4)2CO3 + H2O

2NH3 + 2H2O + CO2

(2)

NH4HCO3 + H2O

NH3 + 2H2O + CO2

(3)

NH3, either as the product of above reactions or added as aqueous solution yields hydroxide
anions.
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NH4+ + OH-

NH3 + H2O

(4)

In our case, Fe (III) salt was used as the precursor. Precipitation of its hydroxide in form of
colloidal solution proceeds as follows:
Fe3+ + 3OH-

Fe(OH)3

(5)

In next, formation of Fe2O3 particles may continue according to:
2Fe(OH)3

Fe2O3 + 3H2O

(6)

Hence maghemite phase can be formed in this way.
Under the presence of a mild reduction agent (e.g. ethylene glycol), Fe (II) may appear in the
system. Ethylene glycol can undergoes dehydratation and so-formed acetaldehyde [31,32]
reduces Fe (III) into Fe (II) and gives ferrous hydroxide in form of a green colloid:
2HOCH2-CH2OH

2CH3CHO + 2H2O

2CH3CHO + 2Fe3+
Fe2+ + 2OH-

(7)

CH3CO-COCH3 + 2Fe2++2H+
Fe(OH)2

(8)
(9)

Most likely, both ferric and ferrous oxidation states of iron coexist in the reaction mixture thus
enabling magnetite formation:
2Fe(OH)3 + Fe(OH)2

Fe3O4 + 4H2O

(10)

A minor phase, goethite, was observed and its presence in prepared materials can be explained
by partial dehydration:
Fe(OH)3

FeO(OH) + H2O

(11)

or by following equation in presence of oxygen:
4Fe(OH)2+O2

4FeO(OH) + 2H2O

(12)

The first step of nucleation starts with the first appearance of heterogeneity in the system
similarly, as in common solvothermal methods. Hu et al. [7] proposed the mechanism with the
key role of NH3.H2O. Aqueous ammonia evaporates and forms gaseous bubbles that provide
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heterogeneous nucleation centers for new-formed nanoparticles, which can then aggregate
around the gas–liquid interface. In our case, we used various precipitation agents and all of
them lead to nanocrystalline products in the same reaction time; however, we did not obtained
any evidence of hollow structures. Moreover, other authors used ammonia-less techniques
with sodium acetate and obtained similar results, albeit this was achieved without MW
assistance [30,33]. Lou et al. in their review [34] consider gas templating mechanism that use
soluble gases especially that originated from decomposition of organic molecules such as
urea, as highly speculative. Therefore we propose that the reaction starts with formation of
colloid according to the equations (5) and (9) rather than with formation of nanobubbles.
In the second step, it is generally accepted for conventional solvothermal methods that the
fresh formed nanocrystals are unstable due to high surface energy so they tend to aggregate.
The driving force for this aggregation is pursuit of reducing the surface energy by both,
attachment among the primary nanocrystals and their rotation caused by various interactions
including Brownian motion or short–range interactions [30,35]. In our case of MW heating,
the solvent at a high temperature (above 200 °C) becomes less absorbing due to decrease of
dielectric constant and loss factor thus the solvent becomes virtually more transparent for
microwaves, which means that the ionic mechanism of microwave absorption may be
prevailing over dipoles [12]. After the solid particles occur in the solution, another mechanism
becomes active due to particles surface polarization that might selectively influence their
growth. Moreover, as the heat is generated at the surface of nanoparticles, the local
temperature gradient can contribute to the hydroxide-to-oxide transformation described in
equations (6) and (10). Once the oxide particle reaches the critical size corresponding to
single-domain state, another mechanism of MW absorption is assumed to take the main role.
Microwave energy is transformed into the heat by magnetic moment rotation and after some
time in bigger multi-domain particles also by magnetic domain wall motion. This sequence of
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several mechanisms can explain the sudden formation of particles in the reaction mixture as
well as the very short synthesis time. Time required for the formation of nanoparticles with
magnetic properties exceeds 12 hours for common solvothermal synthesis. Assuming simply
just the fast heating of reaction mixture and no non-thermal effects supporting the
transformation of raw material into the product we reduced synthesis time firstly to 20
minutes. However, the time of microwave treatment was not sufficient for the precipitate
formation and only opaque yellow colloid was obtained with no magnetically separable
fraction. Prolongation of the exposure to microwaves to 30 minutes provides formation of
black precipitate and, moreover, the conversion of starting material into the product runs with
almost 100% efficiency. This fact refers to the sudden formation of final product, the
relatively narrow particle size distribution and support the concept of sequential action of MW
absorption mechanisms as a non-thermal effect.
The role of solvent has to be reconsidered in comparison to conventional processes as well.
Ethylene glycol is an exceptionally good microwave absorbing solvent at 2.45 GHz
(tan δ = 1.350) [36] which assures very fast increase of temperature at the beginning of the
synthesis together with fast achievement of quasi-stable reaction condition in the pressurized
reaction vessel. On the other hand, it is not directly involved in chemistry of ferric hydroxide
or oxide formation. EG can disproportionate according to equation (7) but the equilibrium
must be shifted to the left side of the reaction, however the acetaldehyde enters the redox
reaction (8) and yields Fe2+ cations. Liberation of one H2O molecule per each Fe2+ cation
occurs according to equations (7) and (8). Stoichiometric amount of water is delivered to the
reaction system with FeCl3.6H2O. The water plays crucial role in cation solvatation,
nucleation agent hydrolysis, see equations (1-4), and in formation of ferric and ferrous
hydroxides, equations (5) and (9). Hence, the water is not present in excess but in
stoichiometric amount as one of the reactants. Moreover, it has the highest dielectric constant
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among common solvents although its loss factor (tan δ = 0.123) [36] is approximately eleven
times lower than that of EG.
In contrast to fast nucleation in aqueous solutions, aggregation in ethylene glycol is
kinetically slower due to fewer hydroxyl groups on the particle surface and higher viscosity,
what allows adequate rotation of nanocrystals to form low-energy configuration of interface
and perfect organized assemblies. Subsequently, these aggregates further crystallize and form
compact crystals that exhibit features of single-crystal particles [9]. As it was possible to see
in figure 3, particles obtained with the use of aqueous NH3 are single crystals with polyhedral
shape, the second most perfectly developed crystallites were observed for NH4HCO3 then
followed by less developed spherical multi-grains obtained by the use of (NH4)2CO3, whereas
nucleation by NH4Ac led to the biggest and polycrystalline particles with spherical shape. The
same trend was observed for phase composition of prepared materials. As can be seen in table
1, the use of aqueous ammonia yielded single phase material while NH4Ac gave the highest
fraction of goethite in product. The other nucleation agents NH4HCO3 and (NH4)2CO3 gave
moderate results. Observed trend of perfection of crystalline structure development correlates
well with the virtually hidden presence of water in nucleating agents. Hydrolysis of NH4Ac
does not provide any extra water molecule per each NH3 in equation (1). Hydrolysis of
(NH4)2CO3 yields one extra H2O molecule per two NH3 and hydrolysis of NH4HCO3 yields
two extra water molecules per each NH3, see equations (2, 3). About 2,5 mL of water gets to
the reaction system with addition of aqueous ammonia (25 % water solution), which means
approximately 3 molecules of H2O per each NH3. Since the synthesis conditions such as
temperature and duration are the same in all four cases, the influence of composition of
reaction mixture on particle shape and organization was further investigated.
TABLE 1. HERE
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Similar system was described by Cao et al. [35] and denominated as (EG)-H2O system. By the
addition of different amounts of water (1-3 mL) into the reaction system, Fe3O4 polyhedral
particles with different size are formed whereas samples prepared without water addition led
to the formation of product consisted of spherical particles assembled by smaller particles. If
water is added to reaction system, coordinated EG molecules will be substituted by water
molecules since the coordination of water molecules to metal ions is stronger than that of EG
molecules. Selecting the amount of added water, particle size can be influenced in agreement
with Cao et al. we considered the role of addition of deionized water as one of the most
important factors in the control of particle size and size distribution, too. For this purpose we
also performed experiments with the addition of water into the reaction mixture. According to
the TEM figures showed above, sample nucleated by NH4HCO3 was chosen due to the narrow
size distribution and shape uniformity of particles. Apparently from TEM image seen in
figure 7, addition of small amount of demineralized water causes reduction of particles from
30 to 10 nm, even if the design of the as-prepared particles remains unchanged and they also
possess single-crystalline character with polyhedral shape. This reduction of size significantly
reflects in the magnetic properties of final product: figure 7 (right) clearly demonstrates
transition from ferromagnetic to the superparamagnetic state.
FIGURE 7. HERE
Next to the synthetic conditions that can be directly controlled such as the synthetic
temperature and composition of reaction mixture, pressure in reaction vessels can be
influenced only indirectly, through the setting the level of the vessel filling, type of solvent
and temperature (reaction temperature below or above the boiling point of solvent) and also
by the type of used reactants. Since the used solvent and the level of vessel filling was almost
the same in our experiments, the pressure in reaction vessels during the synthesis depended on
the used nucleation agent and varied from 900 to 3800 kPa. When aqueous ammonia and
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ammonium acetate were used within the synthesis, the lowest pressure (800-1000 kPa) was
obtained. On the other hand, the decomposition of ammonium carbonate was accompanied
with the increasing the pressure up to 3800 kPa due to the significant change of mole ratio of
reaction (see equation (2)). The use of ammonium bicarbonate leads to medium value of
pressure about 2000 kPa, since smaller change of mole ratio of reaction accompanying the
decomposition reaction.
The importance of the use of pressurized reactor lies in the possibility to superheat the solvent
what means that the synthesis can be performed above the boiling point. Moreover, above the
boiling point, ethylene glycol becomes virtually transparent for microwaves thus the reaction
mixture behaves similarly as ionic liquids that are consisted entirely of ions and ionic effect
becomes prevailing reaction mechanism. The ionic effect is considered to be much stronger
than the dipolar rotation mechanism and therefore the conversion of raw material into the
solid product in the reaction system can be significantly enhanced. Moreover, the use of
pressurized microwave reactors with sealed vessels ensure limited amount of oxygen from the
ambient to be involved in the reaction system thus preventing the complete oxidation of Fe
(II) into the Fe (III) cations that lead to the formation of undesired byproducts such as α –
Fe2O3.

4. Conclusions
Simple and effective method for preparation of magnetic material based on Fe3O4 in nanoand submico-dimension has been proposed. Efficiency of this method is to provide the
transformation of common solvothermal method using conventional heating into the
microwave-assisted method. The change of heating manner causes considerable acceleration
of the reaction due to the direct heating of absorbing material and non-thermal effects
supporting the transformation of raw material into the final product. Thanks to the use of
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pressurized system enabling the control of the synthesis temperature and time as well as
indirectly total pressure in the reaction vessel, materials with various properties that reflect the
requirements of the specific applications were prepared. Particles ranging from 20 to more
than 100 nm based on single-crystals or crystalline assemblies were prepared selecting the
type of nucleating agent. It is established that appropriate composition of the starting reaction
mixture leads to the formation of the pure one-phase or multiphase materials. Magnetic
properties of materials obtained by proposed microwave-assisted method can be tailored as a
consequence of the changes in the phase composition, crystalline structure, particles size,
shape and their self-organization into clusters. Beside the change of reaction mixture by the
variation of nucleating agents, reaction medium represented by ethylene glycol can be
modified by the addition of demineralized water. Small portion of demineralized water in the
reaction medium results in the reduction of nanoparticles sizes to the one third of original size
that significantly reflects in the magnetic properties and can lead to the formation of single
domain nanoparticles in superparamagnetic and ferromagnetic states. Even the addition of
minor amount of demineralized water to the reaction system can serve as the tool for tailoring
the magnetic properties of the final product and makes this microwave-assisted solvothermal
method more flexible to the current requirements. Consequently, simplicity, low cost and
variability and reproducibility of this method makes it proper candidate for the routine
preparation of ferromagnetic and superparamagnetic material in nano-dimensions.
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Table 1. Variations of properties of materials prepared with different nucleating agents.
Type of

NH3 to H2O

nucleating

molecules

agent

Crystalline

Fe3O4 crystallites

Particle Size by

Ms

impurities

size by XRD (nm)

TEM (nm)

(emu.g-1)

Hc (Oe)

ratio
minor

(NH4)2CO3

1:0,5

Fe2O3.H2O,

84

130

46

2

32

40

75

65

17

20

76

61

42

60

68

67

Fe2O3
minor
NH4HCO3

1:1
Fe2O3.H2O

NH3 aq.

1:3

NH4Ac

1:0

-

minor
α-FeO(OH)
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Figure captions

Figure 1. XRD patterns of magnetic particles prepared with NH4Ac at
various temperatures for 30 minutes.
Figure 2. Distinguishing between the magnetite and maghemite by the
detailed analysis of the diffraction peaks localized in angle range 56.557.5° 2θ.
Figure 3. SEM figure of material prepared with NH4Ac for 30 minutes.
Figure 4. TEM images of materials prepared at 220°C for 30 minutes with (NH4)2CO3 (a),
NH4HCO3 (b), aq. NH3 (c) and NH4Ac (d).
Figure 5. Size distribution histograms of materials prepared at 220°C for 30 minutes with
various nucleating agents.
Figure 6. Magnetization curves of materials prepared with NH4Ac at various temperatures for
30 minutes (left) and at 220°C for 30 minutes with various nucleating agents (right).
Figure 7. TEM image of material prepared with NH4HCO3 with the addition of water (left)
and magnetization curves of the same material with and without the water addition (right).
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Magnetic properties of iron oxide nanoparticles synthesized by microwave solvothermal method are reported. The effect of the nucleating agent on the composition, size, morphology and microstructure of nanoparticles was studied with a view to their correlation with
magnetic properties. It is shown that a soft magnetic material with high value of magnetization saturation and high-frequency dispersion
of complex permeability can be obtained by an appropriate choice of the nucleating agent.
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I. INTRODUCTION

I

N the past decades, development and characterization of
magnetic nanostructures occurred due to their numerous
possible applications in many areas like medicine for controlled
drug delivery, as a part of ferroÀuids for, e.g., dumpers, data
storage media, and reading or writing heads, materials for ultra
high frequencies (UHF) such as antenna substrates, ¿lters, and
others [1]–[6].
The trend to miniaturization, performance increase and
preparation of smart and portable communication and computer technologies results in the demand for miniaturization of
electromagnetic components such as antennas, as well as for
radio-absorbing materials with reduced dimensions and speci¿c
gravity [7]–[9]. For this purpose, soft magnetic nanoparticles
that can be dispersed in polymer matrix seem to be the proper
solution. Especially, ordered systems of superparamagnetic
nanoparticles can be useful due to their high value of complex
permeability and ferromagnetic resonance frequency in the
microwave (MW) frequency range [10]. Nanoparticles with
dimensions in the range between quantum and bulk materials
are unique by their speci¿c mesoscopic properties due to the
¿nite dimensions. As a result, a noticeable increase in the
surface to volume ratio leads to the domination of the surface
effect, which can contribute to the orientation of spin and thus
inÀuence the magnetic properties [2], [3].
One of possible materials for the MW absorbing application
is a magnetite with cubic inverse spinel structure and high
magnetic and dielectric losses. Thanks to its simple crystalline
structure, magnetite can be relatively simply prepared in laboratories by various already developed methods: chemical
coprecipitation [11], hydrothermal [12], solvothermal [13],
sonochemical [14], or sol-gel [15] syntheses. Present requirements for the increase of ef¿ciency of synthetic methods
and the importance of cost reduction and reduced impact on
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environment lead to the development of new effective environmental-friendly methods. Successful experiences in the
reaction acceleration with the use of MW irradiation in the ¿eld
of organic chemistry [16] showed a possible way for preparation of magnetic nanoparticles [17]. Prospective bene¿t of MW
heating techniques was already shown by several authors what
motivated us to create a new method that would combine the
simplicity and low cost of the ordinary solvothermal method
using common non toxic chemicals and relatively low temperatures and, in addition, reduce the reaction times from 12 and
more hours to 30 min [18]. A combination of the ef¿ciency
and simplicity of the MW-assisted method with the possibility
to inÀuence the morphology and the magnetic properties of
the resulting product seems to be attractive for preparation of
magnetic materials for high frequency applications.
II. EXPERIMENTAL PART
A. Materials and Methods
Soft magnetic materials based on the magnetite nanoparticles
were prepared by a simple solvothermal method using ethylene
glycol (EG) as a reaction and reduction medium. All the chemicals used in the method were obtained from Penta Ltd. (Czech
Republic) in analytical purity and were used without further
puri¿cation. In a typical procedure, ferric chloride as a source
,
of
cations (5 mmol) was dissolved in EG (
60 mL) and two different ammonium salts, ammonium bicarbonate (
, 50 mmol) and ammonium carbonate
(
, 25 mmol) were added in order to serve as nucleation and precipitation agents. Moreover, one synthesis was
modi¿ed by the water addition (2 mL) into the reaction system.
Synthetic reactions were carried out in a MW pressurized
reactor that enabled the control of reaction temperature due
to the regulation of MW power. The selected reaction time of
30 minutes was considered to be suf¿cient due to the highly
effective conversion of raw material into the product according
to the previous experience [18]. The pressure of the synthesis
can be inÀuenced indirectly by setting the solvent and the
operating temperature, as well as by adding of chemicals and
the ¿lling level of reaction vessels. In our case, the temperature
was set to 220 , which is slightly above the boiling point of
EG (197.3 ), ¿lling was 60 mL of EG to the 100 mL reaction
vessel, and then the pressure during the synthesis varied from
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Fig. 1. XRD patterns of samples prepared by different nucleating agents.

900 to 3600 KPa depending on the added nucleating agent and
the composition of the reaction medium (water content). The
product obtained was separated by a permanent magnet and
washed with water and ethanol several times by decantation.
B. Characterization
The structure and the phase composition of the materials
prepared was determined by X-Ray diffraction (XRD, Bruker
D8 diffractometer with SOL-X energy dispersive detector,
and PANalytical X’Pert PRO) with
radiation. The
diffraction patterns were analyzed by the Rietveld method in
FULLPROF software in order to determine crystallites size and
composition of prepared materials. The particle size and the
morphology, as well as the morphology of nanoparticle ensembles, were investigated with transmission electron microscopy
(JEOL 1200, JEOL). Particle size was estimated by the TEM
images analysis. The magnetization curves of the samples in
the form of powders were measured on a VSM 7407 vibrating
sample magnetometer (Lake Shore) at room temperature in
air atmosphere. The complex magnetic permeability spectra
of materials were studied in the frequency range from 1 MHz
to 3 GHz by the impedance method using an Agilent E4991A
Impedance/Material Analyzer. The permeability measurements
were performed on toroidal samples with an inner diameter of
3.1 mm and an outer diameter of 8 mm. In order to measure the
magnetic spectra, magnetic particles were mixed with 10 wt. %
of polyvinyl alcohol, dried, and then compressed into toroids at
200 MPa.
III. RESULTS AND DISCUSSION
A. Structure and Morphology
XRD patterns of synthesized materials, shown in Fig. 1, can
be attributed to the spinel structure of magnetite
and/or
maghemite
(these two magnetic phases are considered not to be distinguishable by XRD analysis). Further deeper
analysis of the XRD results by the Rietveld method gave a detailed description of the crystalline phase composition of the
materials obtained. Thus, the ammonium bicarbonate nucleated
sample is composed of magnetite phase with minor fraction of
(iron oxide hydrate) in accordance with the presence of a distinct peak in the position 24.3
and other peaks
of low intensity. The mean crystal size of the particles calculated from the XRD peaks is about 32 nm. In the case of material prepared by adding of demineralized water into the system

nucleated by ammonium bicarbonate, these impurity peaks disappear. As a result, along with magnetite, this material contains
(hematite), as follows from the
a small amount of
peak of low intensity in the position 49.2 . The width and the
low intensity of the peaks points to the small size of nanoparticles, which, according to calculations by the Rietveld method,
is about 9 nm. The material obtained with the use of ammonium
carbonate is also based on magnetite; nevertheless, the XRD
patterns of this material exhibit low-intensity peaks observed
at different angles (24.3 , 38.3 , etc.) belonging to the iron
oxide hydrate, hematite and goethite.
In the case of presented method,
are dosed into
the reaction system by
and thus formation of
maghemite, hematite and iron oxide hydroxide is probable via
the hydrolysis of starting materials, subsequent formation of
iron (III) hydroxide and its dehydration. However, presence
of ethylene glycol causes reduction of
into
and
so magnetite can occur in the system. From this reason, both,
magnetite and maghemite phases are expected to be coexisting
in presented material. Furthermore, goethite can occur in the
system by partial dehydration of iron (III) hydroxide. Even if
the reaction vessels are sealed, their content is not completely
rid from oxygen and small amount can acts in synthetic reactions. Therefore, under the heat treatment, magnetite can be
oxidized into maghemite and about 200
also to hematite
[19]. Moreover, goethite can be formed by the oxidation of iron
(II) hydroxide.
Fig. 2 shows the TEM images of magnetic particles prepared
with the use of different nucleation agents. One can see that the
use of ammonium bicarbonate leads to the formation of polyhedral single crystals with an average size of 40 nm, which is the
value close to 32 nm obtained by XRD analysis. Moreover, the
presence of crystalline impurities is also evident from the TEM
image since they differ from the magnetite phase in their morphology. The addition of demineralized water to the reaction
system lead to a decrease in the particle size from 40 to 10 nm;
however, the shape of the magnetic nanoparticles remains similar to the shape of particles obtained without addition of water
[Fig. 2(b)]. In advance, a relatively narrow size distribution is
observed. Next, the size and shape uniformity of the nanoparticles points to the phase purity and homogeneity of the material prepared. An ammonium carbonate nucleated sample contains an appreciable amount of crystalline impurities [Fig. 2(c)]
along with the nanoparticles of magnetite with an average size
of 130 nm. Moreover, broad particle size distribution is evident
since the presence of very small particles, except for those with
a size greater than 100 nm, is observed. Microscopic observations are in agreement with the XRD phase analysis. The observed difference between TEM and XRD results can be caused
by that: XRD analysis gave an average grain size of
, and
TEM image indicates average particles size.
B. Magnetic Properties
Fig. 3 demonstrates the magnetization curves of iron oxides
based on the materials prepared with the use of different nucleating agents. When ammonium bicarbonate is used, a soft magnetic material with a narrow hysteresis loop (coercivity
of 65
Oe) and high saturation magnetization
of 75
was
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Fig. 4. Magnetic spectra of materials obtained. (a) Real part of complex magnetic permeability and (b) imaginary part.

Fig. 2. TEM images of particles prepared with (a)
, and (c)
.
(b)

,

Fig. 3. (a) Hysteresis loops of materials obtained, and (b) the behavior of materials at low ¿elds.

obtained. However, the addition of small amount of demineralized water to the reaction system (keeping other parameters
unchanged) reduces the values of the
down to 52
and
to 2 Oe, and drastically changes the form of the hysteresis loops. The material prepared with ammonium carbonate
exhibits a lower value of
, reaching only 46
.
The decrease in the
of nanoparticles is usually correlated
with the decrease in average grain and particle sizes. Moreover,
the decrease in the
is usually accompanied by increased

. It is explained by the core-shell structure of nanoparticles
where the shell is characterized by signi¿cantly low magnetic
properties [20], [21]. However, this trend is not observed in the
case of iron oxide nanoparticles obtained in current work since
they differ in composition. Here, a presence of coexisting phases
(magnetite, maghemite, hematite, and goethite) has the main impact on the magnetic properties of iron oxide nanoparticles. It
is known that formation of coexisting phases tends to change
the hysteresis loop shape and decrease the Ms of nanomagnets
[20]. Thus, the sample prepared by using ammonium carbonate
shows the lower value of
and atypical shapes of the hysteresis loop due to a signi¿cant amount of hematite and goethite
which was revealed by XRD measurements.
Dynamic magnetic properties allow better understanding of
the magnetization mechanisms in magnetic nanostructures, as
well as yield important frequency dependent characteristics for
potential application in the high frequency range. Fig. 4 shows
the frequency dependence of the complex permeability (magnetic spectra) for all materials. The complex permeability dispersion of ammonium bicarbonate and ammonium carbonate
nucleated samples occupies a frequency interval from 300 MHz
to 3 GHz, whereas a sample nucleated by ammonium bicarbonate with additional amount of demineralized water is characterized by a much broader frequency region of dispersion, from
10 MHz to 3 GHz. Moreover, the magnetic spectrum of ammonium carbonate nucleated sample has two regions of permeability dispersion with resonance frequencies at approximately
700 MHz and 3 GHz. This fact con¿rms the presence of different coexisting in this sample. Anyway, the permeability dispersion of all samples occurs in the frequency range of the natural ferromagnetic resonance (NFR), where the magnetization
processes are determined by magnetization rotation in the effective magnetic anisotropy ¿elds and demagnetizing ¿elds [22].
Experimental evidence of NFR for single—domain specimens
is suggested by Rado et al. [23], which has been further con¿rmed by numerous experimental and theoretical works. For
example, the complex permeability spectra of composites ¿lled
with micro- and nanoparticles of barium ferrite were studied in
[24]. In order to determine the contribution of domain wall resonance and NFR, the experimental magnetic spectra of these
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TABLE I
STRUCTURAL

AND MAGNETIC PROPERTIES OF IRON OXIDE NANOPARTICLES
OBTAINED BY DIFFERENT NUCLEATING AGENTS

composites were approximated by the frequency dispersion formula [25]. The results of approximation have shown that for
composites with nanoparticles, it is only the gyromagnetic susceptibility (permeability) that contributes to the total susceptibility. The similar results were obtained for composites ¿lled
with nanoparticles of magnetitite which show the absorption
peak in GHz region [26].
The magnetic anisotropy of nanoparticles includes various
components: magnetocrystalline anisotropy, shape anisotropy,
exchange magnetic anisotropy, surface magnetic anisotropy,
anisotropy associated with magnetoelastic stresses, etc. [22].
Therefore, it is dif¿cult to recognize the concrete factor responsible for the change in the magnetic properties of magnetic
nanostructures. However, there is a correlation between and
of the samples obtained. The highest value of is demonstrated by a sample nucleated by ammonium bicarbonate,
which, in turn, is characterized by the highest value of
. The
low value of
of other two samples manifests itself in the
low value of .
According to the results obtained from the XRD measurements, TEM analyses, and magnetic properties, the role of
the precipitating and nucleating agents is crucial for tailoring
the magnetic properties of iron oxide nanoparticles, since they
change the composition, grain and particles sizes. Their action
is based on the change of the reaction conditions such as pressure, total alkalinity thus ratio of
hydrolysis [27]
and the dosage of additional water into the reaction system.
The inÀuence of additional water was demonstrated to be
important in the formation mechanism. Since other parameters
were remained unchained and the pressure during the synthesis
did not change in serious rate (from 3100 to 3250 kPa) we
consider two mechanisms of water impact to be prevailing.
On the one hand, water can decrease viscosity of the system
and increase the rate of nucleation stage and thus lead to the
formation of many small crystals, on the other hand, solvation
layer can be formed on the surface of particles preventing them
from aggregation. The variation of the main properties of the
prepared materials due to the variation of the nucleating and
precipitating agents is illustrated in Table I.
IV. CONCLUSION
Simple and effective method for preparation of magnetic
iron oxide nanoparticles has been demonstrated. A modi¿ed
solvothermal synthesis using microwave heating reduces the
reaction time from several hours to several minutes, increases
the yield of the method, and provides a simple means for the
variation of the material properties.

A strong inÀuence of the nucleation agent and the composition of reaction medium has been established. These factors
play a crucial role in the product composition, the presence of
coexisting phases that differ in magnetic properties, and morphology of nanoparticles. As a result, the magnetic properties
can be tailored for a particular application.
It is important for practice that soft magnetic material with a
single-domain structure can be prepared in a single step. The relatively high saturation magnetization and complex permeability
dispersion in the high-frequency range make them proper candidates for high frequency applications.
Moreover, the low cost and low toxicity of chemicals, along
with the good economical and environmental character of microwave-assisted synthesis, make the method promising for the
commercial and laboratory applications.
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Magnetic particles based on Fe3O4 were prepared by means of the microwave solvothermal method
under different reaction conditions with the intention of their utilization as a mediator in magnetic
hyperthermia and material for reducing blood ﬂow in the tumor area. The synthesized particles were
characterized in terms of their structure, size, shape, and magnetic properties with an emphasis on the
correlation between particle morphology and magnetic properties. Most importantly, their heat
development when exposed to an alternating magnetic ﬁeld was determined, as well as the rheological
behavior of their suspensions under static magnetic ﬁeld. Reasonable heat development and substantial
ﬂow resistance under the effect of magnetic ﬁeld indicate their potential for applications such as
hyperthermia mediators or substances for temporary embolization.
& 2012 Elsevier B.V. All rights reserved.
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1. Introduction
Magnetic nanoparticles provide attractive possibilities in diagnostic and therapeutic biomedical applications. In diagnostics
they can serve as contrast agents for magnetic resonance imaging
used for detection of a disease in its early stage [1]. In therapeutic
applications magnetic nanoparticles can be used for drug delivery
and its subsequent triggered release [2]. By an external magnetic
ﬁeld the particles are delivered to the desired target area, in
which they are ﬁxed due to the surface functionalization by
antibodies. This is followed by drug release, thus reducing the
dosage of the medicine. Apart from these applications, magnetic
nanoparticles can be employed for treatment of cancer.
Conventional cancer therapies comprise mainly surgery, radiotherapy and chemotherapy. While surgery is restricted to the
cases of localized tumors and lack of distant metastases, radioand chemotherapies strongly burden patient’s organs. Recently,
hyperthermia has evoked a tremendous increase in the interest of
many researchers. Hyperthermic methods are based on cancer
n
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cells undergoing irreversible changes and consequent necrosis
and apoptosis when being exposed to temperatures above 42 1C.
This occurs due to insufﬁcient oxygen supply to the malignant
tissue via blood vessels, whereas healthy cells are more temperature resistant [3]. The heat is most frequently delivered by means
of electromagnetic radiation employing various wavelengths from
radiofrequency [4] up to microwave region [5], even though
ultrasound is used as well [6]. Selective heating of tumor cells
proves to be an issue due to their large heterogeneity in terms of
electrical conductivity which results in undesired heating of
healthy cells.
The issue of localized heating can be solved by introducing
magnetic particles to the treated site and their subsequent
excitation by an alternating magnetic ﬁeld. The speciﬁcity of this
approach is based on the fact that the tissue is inherently nonmagnetic hence and transparent to magnetic ﬁeld. This method is
called magnetic hyperthermia [7–9].
The ability to generate heat induced by external alternating
magnetic ﬁeld heating strongly depends on the characteristics of
the ﬁeld, i.e., amplitude and frequency, concentration of particles,
and their intrinsic magnetic properties, which in turn vary
with number of factors, their size and microstructure being only
some of them. When disregarding eddy-current and dielectric
losses, the main heating mechanisms comprise hysteresis
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losses and relaxation processes, i.e. Neel relaxation and Brownian
rotation [10].
Hysteresis losses are determined by magnetic anisotropy, which
for nanosized materials consists of magnetocrystalline, shape and
magnetic surface anisotropies, as well as strain induced anisotropy
(magnetoelastic anisotropy) [11]. Magnetocrystalline anisotropy
depends on the ratio of crystal-ﬁeld energy to spin–orbital coupling and manifests itself by the rotation of magnetization along
certain crystallographic directions (easy axis of magnetization).
Shape and surface anisotropies play an important role in the
reduction of magnetization of nanomagnets compared with bulk
counterparts. The shape anisotropy causes demagnetizing ﬁeld HD,
which for example for spherical particles is HD ¼  MS/3, where MS
is saturation magnetization [12]. The reason of MS reduction due to
the surface anisotropy is that with decrease of particle size the
thickness of the shell with spin disorder (so-called dead layer)
increases because of antiferromagnetic interactions. It leads to the
hardening of particle surface and as a result the strain (magnetoelastic) anisotropy appears. Additionally, magnetoelastic anisotropy
may occur due to the mechanical stresses induced in nanoparticles
during synthesis.
The magnetic anisotropy energy of a particle is proportional, in
ﬁrst approximation, to the particle volume due to the magnetocrystalline and shape anisotropy [13]. With decreasing particle size
to the size around single-domain–multidomain limit, magnetic
anisotropy becomes comparable to thermal energy; thus the total
magnetization of particles behaves as a super-spin which reverses
coherently along the anisotropy direction. In an ensemble of
single-domain particles the heat is mostly generated by relaxation
of magnetic moments back to their equilibrium orientations
cyclically (Neel relaxation) or by the rotational friction between
the particles and the medium (Brownian relaxation) when exposed
to AC magnetic ﬁeld and, thus, the particles arrangement in carrier
liquid is also an important factor [8,14].
The use of magnetic nanoparticles in magnetic hyperthermia
imposes the following restrictions. The particles should have high
monodispersity for effective heat generation and not exceed
approximately 150–200 nm, because the larger the particles, the
faster their elimination from the bloodstream [15]. It is also
essential to take into account biomedical limitations, namely
the restriction on using e.g. Ba, Mn or Co based magnetic
materials. The biocompatibility has to be, consequently, guaranteed by surface functionalization [16]. On the other hand, recent
studies with iron- and iron-oxide-based magnetizable particles
showed no adverse effects on human body [17].
Other approachs to cancer therapy using magnetic nanoparticles
include reducing blood circulation in the tumor area by clogging up
blood vessels, which are feeding the tumor, with ferroﬂuid under an
applied magnetic ﬁeld [18,19]. The efﬁciency of this method is based
on impairing angiogenesis, i.e., formation of new blood vessels that
supply oxygen and nutrients to cancerous tissues. Ferroﬂuid
becomes ‘‘solid-like’’, its viscosity increases by several orders of
magnitude when exposed to an external magnetic ﬁeld, as magnetized particles are aligned into chain-like structures [20]. Such an
inhibition of blood supply to the tumor in turn induces its necrosis.
The properties of chain-like structures are proportional to the
applied ﬁeld strength, the magnetic susceptibility, and particles
concentration. Unlike a normal embolus that stays solid once
formed, the thermal energy causes the disintegration of aligned
particles into randomly dispersed liquid immediately after the ﬁeld
has been removed [21,22].
The synthesis of uniform magnetic nanoparticles suitable for
above mentioned applications is usually quite complicated or
time consuming [23,24]. Recently, microwave (MW) dielectric
heating techniques have been studied as a proper alternative
to conventional heating. These methods are based on the

reorientation of dipolar molecules with respect to a dynamic
electric ﬁeld applied and, subsequently, transforming their energy
into heat by molecular friction [25]. The use of MW synthesis can
shorten the reaction time to several minutes, since the energy is
directly transferred to the microwave absorbing materials. Moreover, in contrast to conventional heating, nucleation and growth
conditions are uniform as they are not negatively affected by
conduction or convection of the heat through the wall of reaction
vessel or reaction mixture.
In the present study, magnetic properties, heating efﬁciency
and magnetorheological behavior of Fe3O4 nanoparticles prepared
via a simple and rapid one-pot solvothermal synthesis utilizing
pressurized MW reactor, were investigated. Beneﬁt of this
method lies in obtaining particles with relatively narrow size
distribution, whose mean size can be controlled through the
choice of nucleating agent and reaction temperature.

2. Experimental
2.1. Materials
Iron(III) chloride hexahydrate FeCl3  6H2O, ammonium acetate
NH4C2H3O2, ammonium carbonate (NH4)2CO3, aqueous ammonia
solution (approximately 25 wt%), and ethylene glycol C2H4(OH)2
used for the synthesis of Fe3O4 nanoparticles were of reagent
grade and purchased from Penta Ltd. (Czech Republic). Other
chemicals included distilled water and ethanol.
2.2. Synthesis of magnetic nanoparticles
Fe3O4 nanoparticles with rather narrow particle size distribution were obtained using the MW irradiation-assisted solvothermal
method in ethylene glycol solution. In a typical preparation,
5 mmol of FeCl3  6H2O was dissolved in 60 ml of ethylene glycol.
After that, a nucleating agent (50 mmol of NH4C2H3O2, 25 mmol
of (NH4)2CO3, or 50 mmol of NH3 in the form of aqueous solution)
was added to the mixture and the formed solution was placed in a
100 ml Teﬂon reaction vessel (XP-1500 Plus, CEM, USA). The
solvothermal reaction was carried out in a MW reactor (Mars 5,
CEM, USA) at 220 1C for 30 min and the yield was nearly 100%.
Subsequently, the system was cooled naturally and the
as-obtained product was collected with the help of a magnet
and washed with distilled water and ethanol several times. The
samples were dried under vacuum at 80 1C.
2.3. Characterization of prepared particles
The structural characteristics of prepared particles were examined
via X-ray diffraction (XRD) patterns collected on a D8 diffractometer
(Bruker AXS GmbH, Germany) with CuKa radiation (l ¼0.154 nm) in
the reﬂection mode and 2y range from 201 to 1001. The Rietveld
method was used for calculation of mean crystallite size (dXRD). The
particle size and shape were further observed with a transmission
electron microscope (TEM, JEOL 1200, JEOL Ltd., Japan). Magnetic
properties under static magnetic ﬁeld were studied by using a
vibration sample magnetometer (VSM, EG&G PARC 704, Lake Shore,
USA) at a ﬁeld of 5 kOe and 25 1C. The content of iron in the samples
was estimated via an inductively coupled plasma optical emission
spectrometer (ICP-OES, Jobin-Yvon, France).
The frequency dispersion of complex permeability m (magnetic
spectra) of the samples was studied in the frequency range from
1 MHz to 3 GHz by the impedance method using an Impedance/
Material Analyser (Agilent E4991A, USA). The measurements were
carried out on toroidal samples (mixture of nanoparticles with
polyvinyl alcohol solution was dried and then compressed at
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200 MPa) with inner diameter of 3.1 mm and an outer diameter of
8 mm.
2.4. Calorimetric determination of speciﬁc absorption rate
The magnetic heating experiment containing calorimetric
determination of speciﬁc absorption rate (SAR) was performed
with Fe3O4 nanoparticles suspended in an aqueous agarose gel
(2.5 wt%). Samples (1.8 ml) in plastic test tubes were placed
inside a coil and the temperature vs. time at an exposure to a
dynamic magnetic ﬁeld (ﬁeld amplitude Hmax ¼7.5 mT and
frequency n ¼960 kHz) was recorded. All samples used in the
measurement were freshly prepared. The temperature changes
were automatically measured by an optical ﬁber probe (Luxtron
STF-2, BFi OPTiLAS SAS, France). Results were corrected for heat
losses. For details of experimental setup see [26].
2.5. Characterization of suspensions under static magnetic ﬁeld
The Fe3O4 nanoparticles were dispersed in viscous silicone oil
(Dow Corning, Fluids 200, USA; viscosity Zo E100 mPa s) to
prevent their sedimentation during measurement of the rheological response to direct magnetic ﬁeld. Investigated concentration
range of ferroﬂuids reﬂected their subsequent feasible clinical
application at the physiological temperature of 37 1C. Thus the
maximum tested concentration was chosen to be 20 wt%. The
other four concentrations were 15, 10, 5 and 1 (wt%).
Steady-shear stress properties under static magnetic ﬁeld
were measured using a rotational rheometer Physica MCR501
(Anton Paar GmbH, Austria) with a Physica MRD 180/1T magnetocell at 37 1C. A parallel-plate measuring system with a diameter of
20 mm and a gap of 0.1 mm was used. True magnetic ﬂux density
was measured using a Hall probe and temperature was checked
with the help of an inserted thermocouple. Both the Hall probe
and the thermocouple were located on the bottom plate, for
details see [27]. Temperature was set using an Anton Paar
circulator Viscotherm VT2 with temperature stability 70.02 1C.
Maximum magnetic ﬂux density used in all measurements did
not exceed 0.3 T to ensure sufﬁcient homogeneity of a magnetic
ﬁeld perpendicular to the shear ﬂow direction. All the steadyshear stress experiments were performed in the shear rate range
0.1–300 s  1.

3. Results and discussion
3.1. Structural analysis
3.1.1. X-ray diffraction
The powder XRD patterns of prepared products via
microwave-assisted solvothermal synthesis at 220 1C are shown
in Fig. 1. It is worth noting that all diffraction peaks of aqueous
ammonia nucleated material can be indexed to a pure cubic
spinel Fe3O4 phase with lattice constant a ¼8.396 Å. However,
close XRD analysis of materials nucleated by ammonium acetate
and ammonium carbonate also showed, apart from magnetite or
maghemite phase (indistinguishable from XRD), the presence of
other phases. Especially in the case of ammonium acetate the
substantial amount of goethite was recorded. Other phases were
also detected for samples nucleated by ammonium carbonate, in
this case dominated by ferrihydrite. From Rietveld reﬁnement,
employed for crystallite size determination, it clearly follows that
grain size varied strongly depending on the nucleating agent used
(see Table 1).
Note that the structural proﬁle analysis of diffraction patterns
showed a signiﬁcant difference in the intensity of the diffraction

Fig. 1. X-ray diffraction patterns of the variously nucleated Fe3O4 particles.

peak {311}, which corresponds to the basic reﬂection of the facecentered cubic phase of Fe3O4. The Fe3O4 nucleated by ammonium carbonate shows a twice higher intensity of the {311} peak.
This occurrence may be attributed to the presence of the magnetic texture due to the orientational ordering among the nanocrystals which ﬁnally formed an individual nanoparticle.
3.1.2. Transmission electron microscopy
The changes in Fe3O4 particles size and shape resulting from
the use of different nucleating agents were determined by means
of TEM image analysis shown in Fig. 2. Comparison of mean
crystallite size with particles size from TEM analysis gives close
values indicating single crystallite particles of Fe3O4 nucleated by
aqueous ammonia and ammonium acetate, whereas for Fe3O4
nucleated by ammonium carbonate the TEM analysis showed
signiﬁcantly higher values of particles size (see Table 1).
As can be seen in Fig. 2a, aqueous ammonia nucleated particles
are mostly polyhedral with evident size distribution. However,
smaller-sized nanocrystals are approximately spherical with
mean particle size of about 10 nm. Fig. 2b shows that the use of
ammonium acetate nucleation agent leads to the formation of
particles of different morphologies, namely spherical particles
and acicular particles. It is known that acicular morphology
corresponds to the basic morphology of goethite [28]. It should
be noted that ammonium acetate and ammonium carbonate
nucleating agents yielded larger Fe3O4-based spherical particles
(Fig. 2b and c). In case of Fe3O4 nucleated by ammonium
carbonate, some of the particles are formed by interlinking of
smaller particles (crystallites) of irregular shape, which resembles
the structure of polycrystalline materials (Fig. 2d). Thus, the
difference between the values of particle size identiﬁed by TEM
and XRD analysis can be explained by multiple hierarchical
structure of the particles.
3.2. Magnetic properties
Saturation magnetization, MS, remanent magnetization, MR,
coercivity, HC, and magnetic permeability, m, are the main technical
parameters for the characterization of magnetic materials.
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Table 1
Mean crystallite size (XRD), particle size (TEM), speciﬁc absorption rate, coercivity, saturation magnetization, remanent magnetization, real part of complex magnetic
permeability and iron content of the Fe3O4 nucleated by different nucleating agents.
Nucleating agent used

dXRD (nm)

dTEM (nm)

–1
SAR (W g[Fe]
)

HC (Oe)

MS (emu g  1)

MR (emu g  1)

m0 (at 107 Hz)

Fe content (%)

Aqueous NH3
NH4C2H3O2
(NH4)2CO3

17
42
84

20
60
130

9.1
2.3
2.7

61
23
20

76
16
42

8
1
3

2.9
1.5
2.9

64
45
58

Fig. 2. TEM images of the Fe3O4 particles nucleated by (a) aqueous NH3; (b) NH4C2H3O2; and (c) (NH4)2CO3.

Fig. 3 shows the ﬁeld dependence of magnetization for the
synthesized Fe3O4 particles nucleated by different nucleation
agents at 220 1C. The corresponding magnetic parameters are
listed in Table 1. According to the obtained results, all samples
exhibit ferromagnetic behavior. However, they signiﬁcantly differ
in the value of MS. The highest saturation was recorded for the
Fe3O4 sample nucleated by aqueous ammonia. The Fe3O4 sample
nucleated by ammonium carbonate has saturation approximately
1.8 times lower. Moreover, this sample exhibits a different shape of
hysteresis loop. Lower value of MS and atypical shape of the
hysteresis loop can both be attributed to the presence of coexisting
phases that differ in their magnetic properties. It is known that
the presence of coexisting phases tends to change the hysteresisloop shape and decrease magnetization of nanomagnets [11]. The
lowest values of MS, MR and HC have been recorded for Fe3O4
sample nucleated by ammonium acetate. In this case the presence
of non-magnetic phase of goethite is responsible for sharp
decrease of all parameters. Therefore, only Fe3O4 sample
nucleated by aqueous ammonia demonstrates genuine soft magnetic properties. This characteristic feature of the sample can be
explained by a pure cubic Fe3O4 spinel phase and absence of nonmagnetic impurities.
The magnetostatic properties strongly correlate with dynamic
magnetization processes which were studied in a broad frequency
range. The permeability dispersion region of all samples appears
in the frequency range which corresponds to the natural ferromagnetic resonance (Fig. 4), where the magnetization processes
are determined by magnetization rotation in effective magnetic
anisotropy ﬁelds and demagnetizing ﬁelds. The samples differ in
the absolute value of m and the curve shape of the magnetic
losses. The sample prepared by ammonium carbonate exhibits
two regions of permeability dispersion with two corresponding
resonance frequencies, namely the ﬁrst at about 800 MHz and the

Fig. 3. Magnetization curves for synthesized Fe3O4 nanoparticles nucleated via
various agents.

second close to 2 GHz. This can be explained by the presence of
two coexisting phases that differ in magnetic properties. The
Fe3O4 sample nucleated by ammonium acetate has the lowest
value of m among the samples due to the presence of goethite.
Generally, the resonance frequency for all samples is around
1 GHz. This characteristic feature of the magnetic spectrum is
typical for magnetic materials with single-domain particles.
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Fig. 4. Magnetic spectra of samples based on Fe3O4 nanoparticles nucleated via various agents.

Single-domain critical size for magnetite is about 20 nm [29].
Thus, according to the TEM and XRD results (see Table 1), only
Fe3O4 nanoparticles nucleated by aqueous ammonia exhibit
single-domain behavior and other samples should be multidomain. However, there is no contribution of domain wall motion to
magnetic permeability in any sample.
Consequently, the main source of coercivity and high-frequency
permeability presented in all Fe3O4 samples is magnetic anisotropy, more precisely, the sum of magnetocrystalline, shape, surface and strain induced anisotropy.
3.3. Evaluation of heat dissipation in terms of calorimetric
measurement
The heat generation of aqueous suspension based on variously
nucleated Fe3O4 particles prepared via the MW irradiationassisted solvothermal method in terms of the time-dependent
temperature curves in the applied AC magnetic ﬁeld is shown in
Fig. 5. As can be seen, inductive heating experiments reveal that
given magnetic ﬁeld is able to produce enough energy for
temperature increase of the system to 43 1C in time interval
1–10 min for all samples. The temperature of aqueous ammonia
nucleated Fe3O4 rose over 60 1C in 3 min, whereas the temperature of other two systems rose gradually against time and the
heat generated was well below that of aqueous ammonia
nucleated Fe3O4 sample.
A key feature of materials used for magnetic hyperthermia is
the speciﬁc loss power of particles expressed in terms of SAR. The
SAR values for particles dispersed in aqueous suspension can be
calculated by using of the following equation [30]:
SAR ¼

cp dT
mFe dt

ð1Þ

where cp is the sample-speciﬁc heat capacity under constant
pressure (cp ¼4.18 J g  1 for water), mFe is the iron content per
gram of the Fe3O4, and dT/dt is the slope of the temperature (from
36 1C to 38 1C) vs. time dependence.
The SAR values at 37 1C (the body temperature, which is of
primary interest for hyperthermia experiments) for studied
systems with variously nucleated Fe3O4 nanoparticles are listed
1
) was
in Table 1. As can be seen, the highest SAR ( 9 W g(Fe)
measured for ammonium hydroxide nucleated Fe3O4 nanoparticles while for other nucleating agents these values were found to
be systematically lower. The identiﬁcation of speciﬁc mechanisms
responsible for the resulting SAR for different samples is rather
difﬁcult as they have different particle morphologies and

Fig. 5. Temperature increase triggered by Fe3O4 nanoparticles suspended in
agarose gel measured at 960 kHz and magnetic ﬁeld amplitude Hmax ¼7.5 mT.

microstructures. There is still a lot of space for experimental
and theoretical work for understanding all individual contributions (i.e. hysteresis losses and/or relaxation losses) to speciﬁc
loss power which subsequently determines the efﬁciency of a
certain material in magnetic hyperthermia. However, based on
the structural and magnetic properties, we can assume that the
higher value of SAR for aqueous ammonia nucleated Fe3O4
nanoparticles is caused by small particle size and narrow particle
size distribution. In such a case the prevailing mechanism of
heating in AC magnetic ﬁeld is Neel relaxation.
Therefore, the obtained value of SAR can predestine the Fe3O4
nanoparticles prepared via the MW irradiation-assisted
solvothermal method to applications such as heating agents in
magnetic hyperthermia.
3.4. Rheological properties of ferroﬂuids under static magnetic ﬁeld
According to the character of magnetization curve (Fig. 3)
predestining the most effective magnetic dipole–dipole interactions between particles, aqueous ammonia nucleated Fe3O4
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nanoparticles based ferroﬂuid was chosen for the evaluation of
internal structure formation. Flow curves of shear stress as a
function of shear rate for 15 wt% of ferroﬂuid based on aqueous
ammonia nucleated Fe3O4 suspension in silicone oil under various
magnetic ﬂux densities (B) are shown in Fig. 6. The small
pseudoplastic behavior in the absence of magnetic ﬁeld at low
shear rates can be attributed to strong interaction between Fe3O4
nanoparticles with large speciﬁc surface and silicone oil. When a
magnetic ﬁeld is applied to the ferroﬂuid, the shear stress
increases abruptly with magnetic ﬁeld, showing characteristic
yield behavior of a Bingham ﬂuid over the entire shear rate range
[31]. This dramatic change in rheological properties (yield stress,
ty, representing maximum seal pressure, increases by two orders
in magnitude under application of magnetic ﬁeld) is related to the
formation of chain-like structures in ammonia nucleated Fe3O4
suspension. In external magnetic ﬁeld the magnetized Fe3O4

nanoparticles attract each other due to magnetic dipole–dipole
interactions, forming chains of particles oriented along the ﬁeld
direction. Increase in B induces a higher dipole moment and the
particular microstructures become stiffer [32].
Fig. 7 shows the dependence of the yield stress on the particle
concentration in ferroﬂuid and magnetic ﬂux density. Apparently
the yield stress is proportional to both parameters, i.e., stronger
internal structures are formed for highly concentrated ferroﬂuids
and strong magnetic ﬁelds. The measured yield stress can be
considered as a sealing pressure with respect to the intended
embolization of tumors. Depending on the type of vessel to be
occluded, required pressure can vary signiﬁcantly from several units
up to tens of mmHg. However, for occlusion of smaller blood vessels,
sealing pressures of not more than 5 mmHg are sufﬁcient [33].
Observed yield stress of 250 Pa (approximately 2 mmHg) for
aqueous ammonia nucleated Fe3O4 nanoparticles ferroﬂuid under
magnetic ﬁeld used in this study ( o250 mT) may not prove to be
sufﬁcient to inhibit the blood ﬂow in all types of blood vessels.

4. Conclusions

Fig. 6. Flow curves of 15 wt% suspension of aqueous ammonia nucleated Fe3O4
nanoparticles in silicone oil under various magnetic ﬁelds strengths; B (mT): ’ 0,
. 82, K 168, and  253.

A one-step reproducible method of MW irradiation-assisted
solvothermal synthesis was performed for the preparation of
Fe3O4 nanoparticles which are different in their structure and
magnetic properties. Based on the character of magnetic spectra,
all prepared samples represent themselves as single-domain
despite the fact that they differ signiﬁcantly in particles size. In
accordance with TEM and XRD results, only Fe3O4 nucleated by
aqueous ammonia shows the particles size corresponding to the
single-domain state. Other samples are characterized by particles
size which is above the single-domain limit, but, in fact, big
particles are formed by interlinking of smaller, single-domain
particles.
The highest values of MS, MR, and HC correspond to the Fe3O4
nucleated by aqueous ammonia due to the formation of a pure
cubic Fe3O4 spinel phase, whereas in case of Fe3O4 nucleated by
ammonium acetate and ammonium carbonate, the presence of
additional weak antiferromagnetic phase of goethite and speromagnetic phase of ferrihydrite was detected. Thus the Fe3O4
nucleated by ammonium acetate and ammonium carbonate
shows lower values of MS, MR, and HC.
Preliminary heating experiments of Fe3O4 nanoparticles in AC
magnetic ﬁeld proved that the heat efﬁciency is determined by
morphological and magnetic properties of nanoparticles. In particular, the experiments carried out with 20 nm aqueous ammonia
nucleated Fe3O4 showed decent values of speciﬁc absorption rate
at 37 1C, i.e. the body temperature. The highest value of SAR for
aqueous ammonia nucleated Fe3O4 is due to the small particle
size and narrow particle size distribution. In such a case the
prevailing mechanism of heating in AC magnetic ﬁeld is Neel
relaxation.
Strong magnetic response of silicone oil suspensions ﬁlled
with aqueous ammonia nucleated Fe3O4 nanoparticles was
observed due to the chain formation caused by the interaction
between magnetized particles resulting in ﬂow resistance under
DC magnetic ﬁeld, which could be utilized for embolization of
blood vessels.
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Abstract
Iron oxide particles were prepared by a simple organic precursor assisted thermal decomposition technique.
Microwaves were used as a source of energy for both, precursor synthesis and generation of heat required
for thermal decomposition. Ferrous oxalate dehydrate prepared within the microwave-assisted solvothermal
process possess needle-like particle morphology with the length of about 20 μm and submicrometric
diameter. Magnetic iron oxide was formed by a topotactic decomposition of prepared precursor in a
microwave reactor thus the final product also preserves needle-like shape and possesses soft ferromagnetic
behavior.
Keywords — Magnetic materials, Crystal growth, Phase transformation, Nanocrystalline materials
1. Introduction
In recent years, preparation of iron oxide one-dimensional nano- and submicro-structures gets great
attention due to their unique properties resulting from the shape anisotropy [1,2]. Especially, spinel ferrites
are interesting due to possible utilization for magnetic refrigeration, as a promising component of
ferrofluids and materials for the high density data storage [3]. Moreover, their incorporation into the
polymeric matrix under the influence of an external magnetic field provides the anisotropic reinforced
materials [4], materials with tunable elastic modulus [5] or microwave absorbing materials [6].
Among the most common synthesis techniques, hydrothermal and solvothermal methods are most used and
there is number of publications dealing with preparation of magnetic nanostructures; however, these
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methods predominantly lead to the formation of spherical or polyhedral particles [7-12]. On the other hand,
publications devoted to the preparation of magnetic iron oxides with elongated shape are significantly less
extended. As an example, Lian et a. described preparation of single crystalline Fe3O4 nanorods from
FeSO4.7H2O, NaOH and PEG-1000 at 150°C in sealed Teflon autoclaves, however, information on the
magnetic properties is missing in this publication [13].
Another way how to obtain elongated magnetic structures is the use of template-assisted synthesis.
Methods that utilize organometallic precursors that decompose at relatively low temperature appear to be
the most suitable [1]. “Precursor syntheses” are interesting from technological point of view since these
methods are simple, cost effective and enable large-scale production [14].
Several types of precursors are commonly used for thermal decomposition techniques. As an example,
solution-combustion methods utilize metal nitrates as the source of metal cations and organic compounds
such as citric acid, glycine or urea as reducers (fuels). Firstly, the precursor is dissolved in proper solvent
and obtained gel is combusted. Combustion procedure is accompanied by generation of gaseous products
which suppress the aggregation of forming metal oxide particles thus remaining in nanoscale [15,16].
However, these combustion methods do not lead to the formation of elongated rod- or wire-like structures.
For this purpose, ferric and ferrous oxalates appear to be proper candidates due to their preferred growth in
one dimension at proper conditions thus forming rod-like structures [1,17-19]. Conversion of precursor into
the final product is a topotactic reaction thus the forming particles preserve the shape given by the
precursor [1].
The difficulty to control the crystalline phase composition is considered to be the biggest disadvantage of
oxidative decomposition techniques and is caused by numerous experimental parameters involved into the
oxidative reactions (temperature, time, reaction atmosphere, precursor particle morphology and also
thickness of precursor layer). Iron (α-Fe), iron carbide (Fe3C), siderite (FeCO3), wüstite (FeO) magnetite
(Fe3O4) and various Fe2O3 can be formed within the oxidative decomposition of Fe(II) oxalate precursor
[14]. Another disadvantage is considered to be the necessity to use the surfactants which are not only
expensive but also can be harmful [20]. According to Zhou et al., controlling the reaction atmosphere of
ferrous oxalate thermal decomposition can provide various products: hematite (α-Fe2O3) on air, maghemite
(γ-Fe2O3) under inert atmosphere or magnetite under limited air conditions [1].
In order to achieve uniform elongated precursor particles with high aspect ratio in short synthetic times we
developed a microwave-assisted procedure providing material with such properties. Moreover, we showed
that the desired product can be prepared in a good quality without the use of surfactants. To minimalize the
synthetic time and maximize efficiency of synthetic procedure, the process of thermal decomposition of the
precursor was performed in microwave oven in a ceramic kiln accompanied with microwave absorbing
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layer on the inner wall. This two-step setting enables to reach high temperature in short times and thus
perform rapid conversion of precursor into the desired product. Limited amount of air involved in the
reaction system was provided through the sealing of precursor into glass tube.
2. Materials and methods
Magnetic needles based on iron oxides were prepared by a thermal decomposition of organometallic
precursor. Microwaves were used in both steps of procedure: they served as a source of energy for the
formation of precursor and for generation of heat required for the thermal decomposition.
2.1. Precursor Synthesis
Organometallic precursor was prepared by a microwave-assisted solvothermal method. All of the chemicals
used within the synthesis were purchased from Penta Company (Czech Republic) in an analytical purity
and were used as-received without further purification. Iron (II) sulfate heptahydrate (20 mmol) and oxalic
acid dihydrate (20 mmol) were dissolved separately in a mixed solvent containing water and ethylene
glycol in a ratio of 1:3. Prepared solutions were filtered off and then the solution of oxalic acid was added
into the solution of iron (II) sulfate slowly while constant stirring. As-prepared solution was then
transferred into the Teflon liner, sealed and placed into the cavity of a pressurized microwave reactor CEM
Mars 5 (USA). The solution was then treated for 30 minutes at 100°C and the obtained yellow precipitate
was filtered-off and rinsed with distilled water.
2.2. Thermal Decomposition of Organometallic Precursor
Magnetic needles were prepared by the thermal decomposition of organometallic precursor obtained by the
described solvothermal procedure. Small amount (10 mg) of precursor was sealed into the glass tube with
the total volume of about 2 ml. Tubes were then placed into the ceramic kiln equipped with the microwave
absorbing layer and the kiln was heated in the cavity of common domestic microwave oven (Hyundai,
MWM 1417 W) at 750 W for 15 minutes. This setup enables reaching of high temperature in short times
and therefore, the decomposition of precursor was complete after 15 minutes. Temperature measured
immediately after the decomposition using the contactless pyrometer was found to be of about 450 °C.
2.3. Characterization of Prepared Materials
First of all, macroscopic appearance of prepared powder was observed by naked eye and by digital
microscope DVM 2500 (Leica Microsystems, Germany). Crystalline composition of prepared materials
was studied with the help of X-ray Diffraction (XRD, PANalytical X´Pert PRO) with Cu Kα1 radiation (λ
= 1.540598 Å). Particle size and morphology were investigated with the help of Scanning Electron
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Microscopy (SEM, VEGA\\LMU, Tescan). Magnetic properties were measured by a Vibrating Sample
Magnetometer (VSM, VSM 7400, Lake Shore) at the room temperature and air conditions.
3. Results and Discussion

Crystalline composition of prepared magnetic particles was determined by XRD. Figure 1 shows XRD
patters of precursor and the final product obtained by its thermal decomposition.

Figure 1. XRD patterns of precursor and product of the thermal decomposition
Prepared precursor is composed solely of the ferrous oxalate dehydrate with monoclinic crystal system
(ICDD-JCPDS PDF-2 entry 01-072-1305). In next, all peaks that were observed in XRD pattern of the
decomposition product can be attributed to the spinel cubic structure of magnetite (or maghemite). Even if
the distinction of magnetite and maghemite by XRD method is not explicit, one can expect that the
prepared black powder is consisted of magnetite phase majority due to the limited air conditions within the
decomposition of precursor. To investigate the structure of prepared oxalate precursor and final product,
the crystallites size was calculated from the broadening of the diffraction peaks from XRD diffractograms
according to the Schrerer`s equation and was estimated to be about 40 nm in both cases.
Morphological investigation was performed with the help of SEM. A representative captured image of the
product can be seen in Figure 2.
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Figure 2. SEM image of prepared magnetic iron oxide needle-like particles
Prepared precursor particles have the shape of long needles and their diameter is less than 1 μm. Due to the
topotactic character of the decomposition process, the shape of the converted product remains preserved.
The length of about 20 μm and diameter less than 1 μm gives to our product uniquely high aspect ratio.
Figure 3 shows static magnetic properties measured by the VSM at a room temperature. Obtained
magnetization-demagnetization curves show that the prepared iron oxide particles possess ferromagnetic
behavior with the saturation magnetization (MS) of about 43 emu.g-1 and coercivity 124 Oe.

Figure 3. Magnetostatic properties of prepared iron oxide measured by VSM
It is well known, that nanoscaled magnetite has lower value of magnetization saturation (MS) that the bulk
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form (92–100 emu.g-1) and can be attributed to the canted spins on the surface [21-23]. No
superparamagnetic behavior was observed which is in agreement with the fact that the critical size of
superparamagnetism in magnetite is 29 nm [24]. On the other hand, the observed coercivity is much larger
than values observed for magnetite nanoparticles with 40 nm diameter synthesized by common [25] or
microwave-assisted [26,27] technique. Anisotropic effects oppose the magnetization rotation and determine
the coercivity of single-domain particles. For this kind of particles, magnetization switching occurs due to
the coherent magnetization rotation and curling. Energy of uniformly magnetized elongated particles then
depends on the direction of magnetization: non-spherical sample is easily magnetized along the long axis
(easy magnetization axis) while to magnetize the sample along the short axes (non-easy magnetization
axis), an extra energy called magnetocrystalline anisotropy energy is needed [22,28]. Thus resulting large
coercivity can be expected for this kind of materials which inherits elongated morphology and anisotropy
from its precursor by topotactic transformation similarly as it was discussed in [29] by Angermann. In
comparison to Angermann, our particles are very well shaped, at least ten times longer and have much
larger aspect ratio. However, the particles evidently keep the characteristic magnetic properties of their 40
nm sized nanoparticulate building blocks.
4. Conclusions
Unique magnetic needle-like particles of submicrometric diameter and length of about 20 μm were
prepared by a rapid two step synthesis. Microwaves were used within the preparation procedure to provide
oxalate precursor and subsequent formation of iron oxide particles by its thermal decomposition. Prepared
iron oxide particles possess ferromagnetic behavior with moderate value of magnetic saturation and large
value of coercivity with respect to common related nano-materials. Presented novel method of synthesis is
simple, effective and uses common available, non-costly and low-toxic chemicals. Synthetic time is
significantly shortened due to the acceleration of the reaction rates within the solvothermal process and
faster formation of heat required for the thermal decomposition. Prepared particles have demonstrated
nearly ideal size, shape and properties for their future utilization is several branches using their magnetic
performance either during fabrication or in the function of the product itself.
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