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Abstract. Ferromagnetic micro and nano particles that are chemically resistant
have been obtained by thermal decomposition of ferrocenes in a tightly closed
chamber at high pressures. Our investigation focused on the influence of the de-
composition temperature, the work atmosphere (including organic-solvent va-
por, water vapor, the presence or lack of reactive gases), the temperature-change
rate, the process duration, and the influence of additional thermal treatments of
the end materials. According to the conditions, Fe3C, Fe3O4, and pure α-Fe
particles have been created. Their composition and structure have been studied
by Mössbauer spectroscopy, TEM, SEM, EPXMA and EDX.

In a tightly closed chamber, all components obtained during the decomposi-
tion process remain there. This difference to the widely-used CVD method is
very important. It inhibits the decomposition process and the growth of ordered
structures, preventing the end materials to be separated from each other. Dur-
ing the process, the iron is liberated from the ferrocene molecule. Experiments
have shown that it is highly chemically active to carbon and oxygen. For ex-
ample, creation of carbide occurs in conditions that are not allowed according
to the iron-carbon phase diagram valid for bulk iron. Water vapor has shown
abnormal behavior as well.

Parallel to the reaction of iron with oxygen or carbon (according to the work
atmosphere), the rest of the carbon and hydrogen atoms form a hydrocarbon sub-
stance, which covers the iron end product. This hydrocarbon cover is thermally
and chemically resistant. Therefore, it can be used as a protection. During the
syntheses, it also holds the particles together, building hollow agglomerations
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of different shapes (spherical, cylindrical, etc.). These are large structures with

PACS number: 81.07.-b

thin walls. In some experiments, even ideal hydrocarbon spheres with-
out any iron products have been observed. When the chamber is kept at
the ferrocene decomposition temperature, the particles with the highest
load of α-Fe iron and the smallest sizes have been obtained. Increasing
the temperature, especially in the presence of an organic solvent vapor,
stimulates the iron to form carbide. The presence of water vapor or oxy-
gen leads to iron oxides. Keeping high temperatures for longer periods
of time increases the possibility of iron products to crystallize in highly
symmetrical structures. The most common shape observed is cubical
with cones growing at the sides.

The ferromagnetic particles promise to be very useful due to their very
small sizes and chemical resistance. They can be used for transport or
extraction of substances from liquids, for local heating of living organ-
isms, for changing of the liquid viscosity by magnetic fields, etc.

1 Introduction

The magnetic properties of iron and its composites are widely used and known
for a long time. Lately, small magnetic particles have been utilized for high-
density data storage, xerography, magnetic-resonance imaging, sensors, ferroflu-
ids, magnetic filtering, magnetic hyperthermia, and medical applications [1].
The small dimensions, the high magnetization saturation, and the high coerciv-
ity are highly desirable properties. Bulk iron and iron nitride (γ-Fe4N) have high
saturation magnetizations of 212 and 193 Am2/kg. The values for iron carbide
and iron oxide are lower, 140 Am2/kg and 80 Am2/kg, respectively. The main
problems of small particles, especially those of iron, is to have time stability
and chemical resistance, keeping their optimal crystalline structure (for instance
(b.c.c.) in case of α-Fe). For example, when iron transforms to γ-Fe, it exhibits a
lower magnetization saturation compared to pure iron. Iron is very active to oxy-
gen, forming oxide layers on its surface even at room temperature. Usually, the
oxide consists of very small Fe3O4 crystallites [2]. The oxide is not ferromag-
netic and leads to reduced magnetic properties. If the iron core shrinks below 6
nm because of the oxide, the particles exhibit super paramagnetic properties. H.
Hofmeister et al. studied nanoparticles with sizes between 5 and 25 nm created
by laser irradiation of gas mixtures of Fe(CO)5 and C2H4 [3]. They consisted
of ∼10% α-Fe, ∼26% α-Fe2O3, ∼51% Fe3O4, and ∼7% super paramagnetic
phase. The authors reported a linear dependence between the oxide thickness
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and the size of the particle. Usually, the thickness of the oxide is around 20% of
their diameter.

The iron-oxide layer, which is established during the initial creation or by a
special treatment, protects the particle from further oxidation under normal con-
ditions. Layers resistant to the environment, including carbides, nitrides, etc.,
could be used to protect the particles too. Although carbides, nitrides, and ox-
ides diminish the desired properties of the α-Fe particles, their stability could be
beneficial in some situations. Except iron compounds, carbon is very suitable
as a protective material. It covers the iron without reacting to it in conditions
which will be discussed in this paper. If the carbon cover is without any de-
fects, it reliably protects the iron against a variety of chemical influences in a
wide temperature range. On the other hand, iron is a very good catalyst used to
obtain perfect carbon structures like fullerene and nanotubes, where the carbon
atoms are arranged exactly as they are in the graphite plane. These structures
are mechanically, chemically, and thermally stable. The catalytic properties of
iron are widely studied in connection with the synthesis of fullerenes, nanotubes,
and carbon fibers [4-10]. It was found that growth occurs on the iron surface.
There are different methods to obtain hollow carbon nanotubes, which can sub-
sequently be filled with iron [11]. This would be another approach of protected
iron particles, although the direct method might be preferable because of its sim-
plicity.

2 Experiment

Different methods of obtaining carbide of iron and iron particles covered with
carbon can be found in the literature. Kosugi et al. [12] obtained α-Fe by thermal
treatment of FeC2 at 250◦C. Song et al. [13] synthesized carbon-encapsulated
iron carbide nanoparticles by co-carbonization of durene with ferrocene at 540◦.
Sawada et al. [14] converted 35% of the Fe atoms in Fe(CO)5 to Fe3C by
pyrolysis at 350◦C. Liu et al. [15] decomposed Fe(CO)5 to iron-filled carbon
nanostructures at temperatures between 900 and 1100◦C. Gangopadhyay et al.
[16] used thermal evaporation in vacuum to produce iron particles. Hofmeis-
ter et al. obtained Fe3C by laser irradiating a mixture of Fe(CO)5 and C2H4

[3]. Zhao et al. [17] used laser-induced pyrolysis for decomposing Fe(CO)5 and
C2H4 at high temperatures to obtain Fe3C and a sub sequential decomposition at
lower temperature for synthesizing α-Fe. Zhao et al [18]. obtained carbonitrides
Fe4(N,C) by laser-induced pyrolysis of Fe(CO)5 and NH3.

CVD [19-22] and the arc discharge methods are widely used for synthesis of
carbon nanostructures. In most of the cases, the goal is to obtain perfect carbon
structures. Iron is used as the catalyst. In the case of CVD, it is supplied through
a gas. For the arc discharge method, iron is either supplied by the working gas or
as part of the electrode material. In most cases, it will remain inside the particle.
The possibility of iron incorporation allows the methods to be modified in order

19



N. Koprinarov et al.

to obtain particles with an iron core surrounded by a perfect thin carbon shell.

The method we present here is intended to allow iron particles to be made as a
one-step process. Ferrocene, Fe(C5H5)2, was chosen as the initial material. It
contains both elements, C and Fe, which are needed for the final particle. The
ferrocene can be decomposed in a closed as well as in an open apparatus. It
can be expected that the process parameters like the work atmosphere, the vapor
density, the temperature, the heating regime, etc. are of importance. Usually,
ferrocene is evaporated and transported by noble gases. If the system is closed
and ferrocene is initially in a solid state, the pressure will increase during the
heating and will sub sequentially gradually decrease due to the decomposition
of the ferrocene and the creation of new solid state materials. The change in
pressure will affect the process. It will depend, for example, on the volume of the
working chamber and the rate of heating. The advantages of such apparatus are
the low gas consumption and possibility for working at high pressures. An open
apparatus usually uses pressures slightly higher than the atmospheric pressure.
The equipment is simple but the possible pressure range is fairly limited and
the gas quantities needed are also higher. The process is slower with a lower
yield, which will be beneficial for the production of larger structures with fewer
defects.

The schematic diagram of our reactor is shown in Figure 1. The ferrocene de-
composition takes place in an iron chamber with a volume of 1 cm3. It is filled
with the initial materials at room temperature and atmospheric pressure. Then,
it is hermetically sealed by pressing it against a Cu gasket by using a constant
force. The chamber is heated in an oven, where the temperature is monitored on
the chamber by using a Pt/Rh thermocouple. First, the temperature is increased
by 30◦/min till the target temperature is reached. Then, it is kept constant for
the duration of the experiment. During the heat-up phase, the pressure in the
chamber increases over the water critical point, which deforms the gasket and
part of the gasses are released. Control measurements have shown that the final
pressure is reproducible if the same sealing force is used. The cooling down is
done with a rate of 50◦/min. The obtained material is studied without any addi-
tional treatment. Only the samples intended to be studied by TEM were treated
with xylene for 10 min in an ultra-sound bath and subsequently dried.

The material deposited on the chamber walls and on the copper gasket has been
studied by Scanning Electron Microscopy with energy-dispersed analyses of X-
rays (SEM/EDX). This electron probe microanalysis is widely used to character-
ize the elemental composition, the size, and the morphology of small particles.
When the particles are smaller than 1 μm, the signal becomes too weak and
very difficult to measure. Therefore, this approach is limited to sizes of around
1μm. By measuring particles, which are far away from the substrate, one can
make sure that the measurement not affected by it. Because in our study we
particularly used material deposited on the gasket, the absence of copper in the
spectrum was a good indication that the measurement was not influenced by the
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Figure 1. Scheme of the reactor used.

substrate.

The biggest problem was that carbon and oxygen have a very-low backscattered-
electron yield compared to heaver elements. Therefore, their identification was
not possible by our SEM apparatus.

3 Results and Discussion

In our experiment, the Ferrocene molecule as the base component supplies 1
atom Fe and 10 C atoms. In order to cover the iron core with at least one closed
carbon shell, a sufficient quantity of carbon atoms is needed to be available dur-
ing the synthesis. Calculations show that, if the ferrocene is the only source, the
carbon is insufficient to cover the core for particles with diameters smaller than
1.4 nm (the exact value depends on the arrangement the atom in the particle). In
this case an additional C source is needed. For larger particles, the C atoms will
be in excess and even more shells are possible.

From studies of carbon-nanotube growth, it is well known that the substrate
plays an important role [23-25]. The best-case scenario is when the substrate cat-
alyzes the embryo formation. In our experiments the surface of the iron chamber
is a catalyst. It stimulates the growth of the particles. The iron atoms originating
from the ferrocene act as embryos too. The growth on the walls is very intense
because the C and Fe atoms deposited on the walls have lost their kinetic en-
ergy and have become stationary. The concentration of iron atoms in the work
atmosphere is much higher but the growth is much slower because the elastic
collisions do not allow the atoms to stick to each other. It must be pointed out
that a closed carbon shell will stop the particle growth, where it has ever oc-
curred. The difference in morphology between the materials obtained from the
chamber surface and its inside is visible and will be discussed later.

Bulk iron dissolves a very small amount of carbon up to a temperature of 9100C.
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Figure 2.

Therefore, it could be expected that iron sintered by lower temperatures will
contain only a negligible amount of carbon. We have chosen a temperature of
600◦C, which is enough to decompose ferrocene. The carbon forms the best
cover if it is in an ordered structure like for example a graphite plane bend to a
sphere. In this case the graphite consists of 5 and 6-atom carbon rings. In our
experiments, the low energy process allows part of the 5-atom rings resulting
from the fractional ferrocene decomposition to be directly incorporated into the
C shell, which accelerates the creation of the carbon cover.

We have investigated xylene as an additional material, which not only provides
6 rings but also supplies additional free C atoms and therefore stops the growth
of the iron core before it reaches larger dimensions. Mössbauer spectrums of
two samples sintered at 550◦C with (Figure 2) and without xylene (Figure 3)

0

Figure 3.
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Figure 4.

agree with these assumptions. The presence of xylene as a part of the initial
components increases the amount of particles with smaller dimensions and para-
magnetic properties from 12 to 19%. In the same time, it leads to the formation
of iron carbide particles and carbon nanostructures, including particles with and
without iron in their inside. The α-Fe decreases from 21% to 0%. This shows
that the carbon surplus is not the best instrument for managing the dimension of
the particles.

Although the temperature of 600◦C is lower than the temperature used for nan-
otube production, we have observed that the iron keeps its catalytic properties,
which results in bigger particles. The synthesis of iron carbide with such high
percentage was not our goal. In order to avoid it, we have tried to reduce the
temperature to a level which will still allow the ferrocene decomposition. At
400◦C and reduced supply of carbon by removing the xylene we have obtained
particles with dimensions of 20-30 nm (Figure 4).

The appearance of carbon nanotubes (Figure 5) in the same material suggests
that the temperature continues to be too high and the iron has not lost its catalytic
properties. Some iron agglomerates reach 50 nm (Figure 6).

As we have mentioned earlier, the agglomeration of bigger iron structures causes
excess of carbon, which instead of forming multi-shell carbon covering leads to
empty carbon nanostructures. This can be explained with the preference of car-
bon atoms to bind to each other. The sintered material consists of 73% carbide,
15% α-Fe, 11% paramagnetic particles, and 2% Fe3O4.The spectrum is shown
in Figure 7.

The comparison between the sample obtained at 550◦C (Figure 3) and the 800◦C
one (Figure 8) reveals that the temperature increases carburization from 63% to
95%.
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Recently, some investigators have pointed out that water vapor stimulates the
growth of carbon nanoparticles [26]. In our EPXMA study on materials sin-
tered during ferrocene decomposition in a water vapor, cylindrical objects with
inhomogeneous density were observed (Figure 9). The areas rich on iron are
bright. Unfortunately, our EPXMA is not able to determine the presence of light
elements such as C, O, and H. The strange morphologies shown in Figure 9 are
probably specific to the experimental conditions. Therefore, we have tried to
understand their nature and structure. Four elements, oxygen, hydrogen, car-
bon, and iron, are inside the chamber during the synthesis. They can react with
each other and form various combinations. It has been reported [27] that, after
iron carbide was obtained and passivated in 4% O2,, the carbide is stable below
300◦C. The oxides dominate above this temperature and the amount of α-Fe in-
creases over 500◦C. The authors explain this phenomenon by carbide-to-oxide
topotastic transformations.

Figure 5. Figure 6.

Figure 7.
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It was mentioned earlier that differences have been observed between the growth
in the chamber and on the walls. The structures obtained from both places by
ferrocene decomposition at 600◦C in a water vapor are shown in Figures 10a
and 10c, respectively. The back scattering (Figure 10b and 10d) shows iron in
both structures. The material formed inside the chamber (Figure 10b) contains
a zone of nanotubes. The small objects like the ones shown in Figure 4 have not
been observed because of the limited sensitivity of our apparatus.

We can conclude on the basis of all our experiments that hydrocarbons always
grow simultaneously with the iron and carbon particles. They cover the particles
during the synthesis and make them stick to each other. The structure obtained
at the walls after 10 minutes at 800◦C (Figure 11) is encapsulated in them. They
have a spherical shape and a diameter of around 1 μm. It is still unclear if
this additional cover stimulates the particle growth or if it restricts the iron core
fusion. We have observed very interesting particle arrangements and big hollow
agglomerates with sizes between 40 and 50 μm (Figure 12). The formation of

Figure 8.

Figure 9.
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Figure 10.

Figure 11. Figure 12.

Figure 13.
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Figure 14.

such empty structures as result of grouping is not desirable.

The agglomerates exhibit small particles in the periphery (Figure 13, see zones
1 and 2). A back scattering of the same structure (Figure 14) shows zones with
lower density of the cores, marked with 3 and 4, and zones with higher-density
cores, marked with 5 and 6. Despite the different arrangements, the agglomer-
ates stay empty.

Another type of sintered structures can be seen in Figure 15. They are symmet-
rical despite their complicated shape. We assume that they have resulted from
cubic particles (see Figure 15b). Particles like those in Figure 16a probably grow
during the first stages of the process. They contain a considerable amount of iron
(Figure 16b). The TEM picture shown in Figure 17 confirms the coexistence of
both structures and their high density.

Water vapor as the atmosphere for synthesis has some peculiarities. It is well
known that the critical point of water occurs at around 374◦C and 22 MPa. At
these conditions, it turns into a fluid with unique properties. It has high mobility

a b

Figure 15.
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a b 

Figure 16.

  150 nm  

Figure 17.

and acts as an effective oxidant. Our experimental conditions are near this criti-
cal point. The presence of iron, which has a high affinity to oxygen, and water
as an oxidant leads to the forming of iron oxides. The α-Fe and the Magnetite
(Fe3O4) have a cubic lattice. We believe that they are the cubically shaped struc-
tures shown in Figure 16 and Figure 17. Magnetite can fully dominate when the
conditions are suitable. For example, the sintered material is 100% magnetite
when the ferrocene decomposition is carried out at 550◦C in a water-vapor at-
mosphere (see spectrum in Figure 18).

Iron and carbon are some of the widest spread elements in the Universe. Their
common compound Fe3C has an orthorhombic crystal structure, which is very
stable and forms the core of the Earth. Both elements are present in large amount
in our experiments. Therefore, Fe3C was expected as an end product. It has been
found in almost all samples as a dominating component or in combination with
α-Fe and Fe3O4. The structures in Fig. 19 have been grown simultaneously with
the magnetite crystals shown in Figure 15. Therefore, we conclude that they are
iron carbide.

At the walls and in the sintered material (Figure 20a), we have also observed a
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Figure 18.

Figure 19.

a b 

Figure 20.

considerable amount of ideal spherical objects, which do not contain iron (Fig-
ure 20b). It is very likely that the spheres and the coverage of the particles shown
in Figure 11 are made out of the same material. We assume that the material was
in a vapor or in a liquid phase during the synthesis and it has been solidified
by the cooling. Heating up the spheres in air up to 350◦C shows that they are
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Figure 21.

Figure 22.

stabile (Figure 21). We do not know what they are made of but if we analyze
the reactions between the initial components it is likely to be some combination
of different hydrocarbons. Their exact content and nature will be investigated in
future experiments.

To indirectly check our assumption that the spheres are made of hydrocarbons,
we supplied C and H by adding naphthalene as an initial component. A qualita-
tive increase of the spheres was registered (Figure 22).
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4 Conclusion

The method developed for ferrocene decomposition in a tightly closed chamber
allows the creation of different structures and materials. Some of the obtained
particles are new. The high temperature and in the same time the presence of Fe,
C, H or Fe, C, H, O, which are very reactive, allows the production of various
kind of morphologies. On the other hand, a precise control of the processes pa-
rameters must be established to allow certain types to be obtained preferentially.

Our experiments confirmed the high catalytic activity of iron in connection with
carbon-particle growth at temperatures near the ferrocene decomposition. The
observed differences in the structure of particles grown on the walls of the ap-
paratus and in the reactor chamber confirm our expectations for a growth pro-
cess with and without a substrate. Water demonstrated its properties as a strong
oxidant. When included in the initial components, it leads to the synthesis of
magnetite at high pressures and high temperatures.

We obtained solid hydrocarbons stabile up to 350 0C, which cover the particles
and can act as an additional chemical protection. Such hydrocarbon materials
have not been obtained by other methods used in the production of iron particles.
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