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The objective of the present work is to improve the protection against the oxidation that usually appears in core@shell nanoparticles.
Spherical iron nanoparticles coated with a carbon shell were obtained by a modified arc-discharge reactor, which permits controlling
the diameter of the iron core and the carbon shell of the particles. Oxidized iron nanoparticles involve a loss of the magnetic
characteristics and also changes in the chemical properties. Our nanoparticles show superparamagnetic behavior and high magnetic
saturation owing to the high purity a-Fe of core and to the high core sealing, provided by the carbon shell. A liquid iron precursor
was injected in the plasma spot dragged by an inert gas flow. A fixed arc-discharge current of 40 A was used to secure a stable
discharge, and several samples were produced at different conditions. Transmission electron microscopy indicated an iron core
diameter between 5 and 9 nm. Selected area electron diffraction provided evidences of a highly crystalline and dense iron core. The
magnetic properties were studied up to 5K temperature using a superconducting quantum interference device. The results reveal
a superparamagnetic behaviour, a narrow size distribution (6g = 1.22), and an average diameter of 6 nm for nanoparticles having

a blocking temperature near 40 K.

1. Introduction

In the recent years the superparamagnetic particles appear
to be important agents for a variety of applications in the
fields of drug delivery, magnetic resonance imaging (MRI),
and cancer treatments like hyperthermia. This is due to the
special magnetic characteristic of these particles. That is the
reason of our interest in studying the size limits under which
the nanoparticles present a superparamagnetic behaviour [1].

In order to synthesize nanoparticles in the vapor phase,
appropriate conditions should be created. Like in the case
described in the capillary theory of nucleation and under
supersaturation conditions, a vapor phase mixture in ther-
mal plasma (arc-discharge) can become thermodynamically
unstable giving place to a nucleation process [2]. From that
and setting particular conditions, it is possible to produce
solid phase homogeneous particles in the vapor phase sur-
rounding the hot spot of the arc-discharge.

The method varies depending on the phase of the precur-
sor we are interested to use.

Here, the precursor is injected into thermal plasma which
provides the necessary conditions to induce reactions that
lead to supersaturation and particle nucleation. Under the
condition of thermal plasma, the precursor decomposes in
radicals, atoms, and ions forming a high temperature ionized
gas. The high concentration of species and high temperatures
in the plasma arc induce a diffusion process associated with
a fast quenching of gas species. During this process, the gas
species react and condense to form particles in a similar way
to a vaporized material when cooled down by mixing with a
cool gas or expanded through a nozzle [3].

The objective of this work is the control of the synthesis
of iron encapsulated in carbon nanoparticles, regarding the
size of the Fe core, the diameter of the C shell, and moreover
the quantity of the obtained nanoparticles. Fe is one of the
most common materials used for the formation of magnetic
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FIGURE 1: General picture of the “home made” reactor we used for
the synthesis of the iron encapsulated in carbon nanoparticles.

nanoparticles. It is due to its superparamagnetic behaviour,
which is easily controlled by the nanometric size of the
magnetic core, and because the Fe is suitable for biomedical
applications. The use of a carbon shell is intended to achieve
the required biocompatibility and prevents oxidation of the
iron core and formation of agglomerations of nanoparticles
[4].

The structural and morphological characteristics like
shape and size distribution were studied using transmis-
sion electron microscopy (TEM) and selected area electron
diffraction (SAED). The absence of oxygen was preliminarily
evidenced by the energy-dispersive X-ray analysis (STEM-
EDX). The magnetic characteristics were determined using
a superconducting quantum interference device (SQUID).

2. Materials and Methods

In order to facilitate the study of magnetic behavior and other
characteristics of core@shell nanoparticles, we modified an
arc-discharge reactor in order to operate for longer time and
produce bigger amounts of them (Figure 1).

To facilitate the complete collection of the produced
nanoparticles we dragged them out of the arc-discharge
chamber, by a laminar flow of an inert gas (He) to a flask
cooled by liquid nitrogen. The flow of the dragging gas that
we used was 3 L/min of volumetric flow of He (at 1atm),
providing a moderated velocity of 65cm/s in the nozzle
outlet. The precursor was in the gas phase. Helium is used to
drag microdroplets of ferrocene. The carbon electrodes can
be rotated and moved in order to avoid problems that the
consumption of carbon could cause. One of the electrodes
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TABLE 1: Flow rate and resulting velocity and residence time for a
precursor vapor with 1% of ferrocene concentration.

Precursor vapor

He flow rate, Residence time,

® (mL/min) o * (ms)
30+2 707 £ 0.50 7115
60+2 14.13 £ 0.50 35+15
120 + 2 28.28 + 0.50 18 +1.5

has a sharp conical tip shape (cathode) and the other has
a cylindrical shape with an approximate diameter of 4 cm
and can rotate and move backward and forward (anode). The
plasma is being generated by a power supply to produce an
arc DC current of 40 A.

The pressure was kept stable at near-atmospheric condi-
tions (5-8 x 10* Pa). The run period of one experiment was
30 min. Although, to obtain more quantity of product, in
principle we can extend the time, it requires having stable
conditions during the production process. We used pure He
to drag the precursor compound because plasma becomes
more stable [5].

We investigated the effects of two technological param-
eters, the concentration of the Fe precursor into the solvent
isooctane and the total gas flow (He).

Both the isooctane and the Fe precursor (ferrocene) were
of a purity of 99.9%.

Residence time is the period that the nucleus of the
precursor is spending inside the plasma zone. The time that
gas atoms and precursor radicals stay inside the plasma zone
depends on the gas flow rate. This has an effect on the size of
the particles as the longer they stay inside the plasma zone,
the larger they grow [6].

The velocity u and the He flow rate, ®, are related through
the equation

40
u=—>, @)
nd?
where d is the internal diameter of the cannula through which
the gas is targeted in the plasma zone (~3 mm).

By measuring the size of the plasma zone / (~5mm) we
can estimate the residence time:

h
T="—. (2)
u

Table 1 shows the different residence times for several
values of He flow rate.

Different concentrations of Fe precursor into the isooc-
tane, from 1% to 4% w/w, were used to determine the effect
on the size of the particles and on the total amount of the
obtained product.

3. Results and Discussion

Images of nanoparticles were observed by TEM (JEOL 2100)
in high resolution mode, using 200 kV and a probe size of
0.5nm [7]. Prior to TEM observations, the formed nanoparti-
cles were diluted in methanol and then magnetically filtrated.
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TABLE 2: The iron core diameter average and its standard deviation of all our samples in relation to the two set parameters, He flow rate and
ferrocene/isooctane concentration. Samples with 1.1 < o, < 1.4 are quite monodisperse. Samples having o, above 1.4 (He flow of 60 sccm and

low ferrocene concentration) are bimodal.

Iron core size (nm)/geometric standard deviation, o,

He flow rate g
(sccm) [Ferrocene/isooctane] [Ferrocene/isooctane] [Ferrocene/isooctane]
1% w/w 2% wiw 4% wiw
30 8.18/1.22 5.43/1.34 5.34/1.33
(Figure 2(a)) (Figure 2(b)) (Figure 2(c))

60 6.23/1.47 6.12/1.46 5'.22/1'22
(Figure 3)

120 5.22/1.25 — —

The size distribution of the nanoparticles follows the lognor-
mal function described by Granqvist and Buhrman [8]:

2
2In oy

(D)= (3)

1
[
\/2Dln0g p(

Here, D is the particle diameter, D is the geometric mean,
which in a lognormal distribution is equal to its median,
and o, is the geometric standard deviation (dimensionless)
which describes how spread out are the set of core diameters
from the geometric mean. Figure 2 shows several pictures
as example of the obtained particles for different flows and
concentrations. Figure 2(a) shows a TEM image of nanopar-
ticles obtained with a precursor flow of 30 mL/min, in a
concentration of 1% w/w. Actually, this is the only sample
that presents an important difference in the size distribution
from all the others (average diameter of 8.18 nm). When
the precursor concentration was doubled to 2% w/w, the
iron core average size decreased to 5.43nm (Figure 2(b)).
Figure 2(a) shows how the carbon forms a shell around the
Fe core. The shell of carbon in this sample is measured to
be between 4 and 6 nm thick. After doubling the precursor
concentration to 4% w/w, the size of these particles remains
quite constant to 5.34 nm, but the total amount and density
of nanoparticles increase (Figure 2(c)). From Table 2, when
the precursor concentration is kept to 1% w/w, an increase
of the He flow produces a decrease in the iron core size.
Residence time can explain this behavior only for condi-
tions of low precursor concentrations. At higher precursor
concentrations, residence time seems to have no influence
on the iron core size. This behavior could be associated
with the increase of the nucleation inducing an increase
in the particle concentration, as evidenced by comparing
Figures 2(b) and 2(c). This phenomenon could be related to
the reduction of the supersaturation conditions, establishing
a competitive mechanism limiting the resulting iron core
size.

Another detail in the micrographs of Figure2 is the
absence of coalescence. This indicates a low concentration of
nucleus during the growth process for the conditions listed in
Table 2.

By treating all the size distribution results with ORIGIN
tools, D and o, were determined. To measure the diameter
of the nanoparticles we used Image], a free software tool for

image processing and analysis. Figure 3 shows the histogram
of the size distribution for the nanoparticles which have
been synthesized under a precursor flow of 60 mL/min and a
ferrocene concentration of 4% w/w. The resulting geometric
size average is 5.22 nm and the geometric standard deviation
1.22.

All the studied samples (Table2) present a size dis-
tribution of the iron core between 5.22nm and 8.18 nm.
This could be due to the stabilization of the growth of the
carbon shell after reaching the critical radius of a carbon
sphere. Under this hypothesis, the formation of a stable
carbon shell would limit the Fe core growth. According
to the studies reported by Kuznetsov et al. [9], the nucle-
ation of carbon on the surface of the metal catalyst is
something common for all kinds of carbon deposits. The
difference in morphology of the carbon deposits depends
on the reaction conditions and on the nature of the metal
catalyst. A thermodynamic analysis of the effect of different
reaction parameters on the critical radius of the carbon
nucleus was performed and showed that an increase in the
temperature can be responsible for the formation of smaller
nuclei.

Another interesting fact supporting the formation of a
carbon shell on the iron nanoparticles is that the use of
metals, which are characterized by a higher metal-carbon
energy bond, yields nanotubes of smaller radius [9]. In these
studies, the critical radius of the carbon is related to the
change in Gibbs free energy during the nucleation [9]. The
only sample that seems not to follow this assumption is the
one grown under conditions of 1% w/w of Fe concentration
and precursor flow of 30 mL/min. This result could be related
to the higher residence time associated with a low flow rate,
which leads to an increase in the core size and a delay in
reaching the conditions of carbon supersaturation located
outside the hot plasma region.

To discuss the size distribution of our samples we can rely
on the geometric standard deviation, o,. The results of size
and dispersion of iron cores along with their experimental
parameters are listed in Table 2. A geometric standard devia-
tion lower than 1.1 indicates a monodisperse size distribution,
whereas for values above 1.4 indicates a wide distribution
of size. Between these two values the size distribution is
considered quite monodispersed. When the dispersion is
larger than 1.4, the size distribution is considered to be



60

50

40

30

Counts

20

10

Journal of Nanomaterials

Size distribution: 1% w/w, 30 mL/min

D=8.18nm
04 = 1.22
Lognormal fit

113 counts

4 5 6 7 8 9 10 11 12
Diameter (nm)
(a)
Size distribution: 2% w/w, 30 mL/min
25
20 D= 543nm
04 = 1.34
15 Lognormal fit

93 counts

Counts

10

5
0
2 3 4 5 6 7 8 9 10 11 12 13 14
Diameter (nm)
Size distribution: 4% w/w, 30 mL/min
25
D = 5.34nm
20
04 = 1.33
2 15 Lognormal fit
§ 67 counts
© 10
5
0
2 3 4 5 6 7 8 9 10

Diameter (nm)

(c)

FIGURE 2: TEM images of iron encapsulated in carbon nanoparticles produced by arc-discharge (40 + 5 A of current) using different flows
and concentrations accompanied by their size distribution histograms. (a) 30 mL/min with a concentration of 1% w/w, (b) 30 mL/min with a
precursor concentration of 2% w/w, and (c) 30 mL/min with a concentration of 4% w/w.
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FIGURE 3: Histogram of the size distribution for iron nanoparticles
grown under precursor concentration of 4% w/w and He flow of
60 mL/min. The iron core is 5.22nm and the geometric standard
deviation o 1.22.

bimodal [10]. Table 2 lists the level of dispersion of the
different samples.

The absence of oxygen in the spectrum was preliminarily
evidenced by the energy-dispersive X-ray analysis (STEM-
EDX). Oxygen peak is not present in the spectrum in the
expected energy (O-Ka at 525eV), which indicates a low
level of oxygen. In addition, an HRTEM picture of a iron
encapsulated in carbon nanoparticle was taken (Figure 4).
To obtain the crystal structure of the iron core and the
carbon shell, we calculated its fast Fourier transform (inset
of Figure 4). The only phases evidenced from this figure were
the a-Fe (d-spacing = 0,202nm) and the iron carbide (d-
spacing = 0,221nm). No diffraction points of iron oxides
were detected [11] in any of our samples. The phases of iron
carbide probably are located in the interface between the
iron core and the carbon shell. As we comment below from
the magnetic measurements, the content of the iron carbide
phase is minor if compared with the a-Fe.

In addition carbon shell appears surrounding completely
the iron cores forming crystalline domains with a structure
similar to the fullerene one.

This result suggests that iron core is completely sealed into
the cover shell, which is of great importance and interest in
biomedical applications [12].

SQUID measurements were used to investigate the mag-
netic characteristics of our samples. Two hysteresis loops
(Figure 5) of different samples were studied to compare
their characteristics. Samples of Figures 5(a) and 5(b) were
produced by means of a precursor gas flow of 30 mL/min
and with a precursor concentration of 1% w/w and 2% w/w,
respectively.

From the hysteresis loop measured by SQUID at 5K
we have obtained the coercive field H.. For the sample of
the 2% w/w concentration having a diameter 5.43 nm, this
is 0.03T and, for the sample of 1% w/w with a diameter

of 8.18nm, it is 0.05T. These results come in agreement
with other results which indicates the influence of the size
on the magnetization when it comes to superparamagnetic
nanoparticles [13].

Subsequently we compare the values of the coercive
field with those reported in the bibliography for magnetic
nanoparticles encapsulated in carbon nanotubes [14]. We
have calculated the critical radius of the iron consisting of
uniaxial nanoparticles. To achieve this, we use the Neel-
Arrhenius equation [15] for blocking temperatures T = 40 K
and kp = 1.380-10"* J/K assumed. Then, from the equation,

. KV
B kg -1og (t,,/t)’

where the factor log(t,,/t,) = 25, t,, is the measuring time
of the SQUID (1005s), and ¢, is the characteristic relaxation
time. The value K is the anisotropy energy density (K =
4.8 x 10*J/m> for Fe bulk) and the volume is as follows:

(4)

_Am 48

_ma )
3 8

where d is the diameter of the core. From the above relations
the critical radius is calculated to be 4.09 nm. The theoretical
graph shows the connection of the radius of the nanoparticles
to Hi and the comparison with the values of the samples
shows an agreement. To obtain the curve, the following
equation is used [16]:

HC=HCO[1—(%)3/2]. (©)

In this equation, H, is the field that should be applied
in order to demagnetize the bulk material, Dy is the critical
radius below which our particles become superparamagnetic,
and D is the real radius of the sample. For particles of 5.43 nm
we expect a coercive field H, = 0.035T. The coercive field
from our sample of this size is measured to be 0.030 T, which
is a value very close to the theoretical one. For nanoparticles
of a diameter around 8.1nm the theoretical value of H,
is expected to be 0.053 T. The value of our sample of this
diameter is 0.050 T which is also in agreement with the
theoretical one. In the case of very small nanoparticles,
one can observe superparamagnetic behavior related to the
fact that a demagnetization effect arises from the additional
energy of the magnetic fields outside the graphitic carbon
encapsulation [17].

SQUID measurements of a sample in concentration of 1%,
in a precursor gas flow of 60 mL/min, and in temperatures
of 5 and 300K were taken. In Figure 6 the normalized
magnetization versus the applied field can be seen. The ratio
of remnant to saturation magnetization both at 5K and in
room temperature is 0.9, less than 0.25 which is the value
for the paramagnetic materials, so the carbon-coated iron
nanoparticles are superparamagnetic materials [18].

From the zero field cooled and the field cooled curve it can
be seen that the nanoparticles are superparamagnetic in room
temperature. The blocking temperature appears near 40K,
where the maximum of the ZFC magnetization is localised.
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FIGURE 4: TEM image of a nanoparticle. In the small picture we can see the diffraction pattern from which we obtain the crystalline structure

of the iron core. Here it corresponds to the a-phase.
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FIGURE 5: The hysteresis loops measured at 5K for samples with different precursor concentrations: (a) 1% w/w and (b) 2% w/w. Both were

obtained at a precursor gas flow of 30 mL/min.

Gittleman’s model describes blocking temperature and the
critical volume that separates nanoparticles from the blocked
state (V > VP) and superparamagnetic state (VP > P) [19].
Also, as the peak of the zero field cooled curve is quite narrow,
we can assume that the size distribution is narrow as well
(Figure 7) [20].

4. Conclusions

Our proposed synthesis method provides us with the capa-
bility of a very good control in the size of the synthesized
nanoparticles. Morphological and structural characterization
revealed a quite good monodispersion as well as the a-phase
crystallinity of the iron core, the iron carbide phase, and the

absence of oxygen. These are very important factors when it
comes to large scale productions, necessary for biomedical
applications. The iron core is completely shielded by carbon.
The magnetic characterization revealed the superparamag-
netic behavior of the particles in temperatures above 300 K.
Further research will be done concerning the improvement
of the collection process of the nanoparticles in order to have
the highest amounts possible per experimental round.
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