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ABSTRACT

Here we demonstrate a simple method for the organic sonosynthesis of stable Iron Carbide@Iron Oxide core-shell nanoparticles (ICIONPs) stabilized by oleic acid
surface modification. This robust synthesis route is based on the sonochemistry reaction of organometallic precursor like Fe(CO)s in octanol using low intensity
ultrasonic bath. As obtained, nanoparticles diameter sizes were measured around 6.38 nm # 1.34 with a hydrodynamic diameter around 25 nm and an estimated
polydispersity of 0.27. Core-Shell structure of nanoparticles was confirmed using HR-TEM and XPS characterization tools in which a core made up of iron carbide
(Fe3C) and a shell of magnetite (y-Fe,O3) was found. The overall nanoparticle presented ferromagnetic behavior at 4 K by SQUID. With these characteristics, the
ICIONPs can be potentially used in various applications such as theranostic agent due to their properties obtained from the iron oxides and iron carbide phases.

1. Introduction

For several decades, metal and metal oxide nanoparticles (NPs)
have been explored and utilized in a wide range of applications from
catalysis, chemical sensors, nanocomposites, nanoelectronics [1,2] to
biotechnology and nanomedicine [3]. Metal oxides are widely known
metal-based materials due to their fascinating properties like magnetic
momentum and chemical composition which allow them to tailor them
to suffice versatility for different applications. In addition to this, metal-
based nanoparticles can be prepared in relatively simple way in which
their size, size distribution and shapes can be tuned to enhance material
properties and therefore applications.

In the recent years, along with metal oxides [4] many researcher
explored magnetic properties of metal alloys, borides [5-7] and car-
bides [8-11] which could be organic, air and/or aqueous stable. Among
oxide materials, iron oxides nanoparticles (IONs) have been extensively
used NPs due to their low-to-no toxicity and ability to show low mag-
netization under applied magnetic field conditions [12]. Previously,
there were reported the synthesis of different nanosystems like poly-
meric vectors [13-15], metallic and IONs modified [4,16,17] used for
medicine field as theranostic application which is described as both
diagnosis device and therapeutic agents [4].

Furthermore, Iron carbide (IC) is known for its high magnetization

properties and being extremely stable in air, however, it has been found
difficult to prepare the IC in nano-architecture systems. Nevertheless,
there are some reports showing the preparation of IC nanoparticles via
laser ablation [18-20], explosions [21,22], pyrolysis of organometallic
precursors [23,24] or hydrogels [2,25,26], and more recently based on
sonochemistry couple with plasma [27]. However, all the methods have
proven to be high cost preparation methods and yields low efficiency,
uncontrolled particle size, high polydispersity range and large-scale
growth of agglomerates resulting in poor overall properties. Researcher
used ICs prepared by previously described methods as catalyst, com-
posite in different nanosystems, MRI contrast agent and hyperthermia
therapies [28] which show high magnetic saturation and chemical
stability.

In this study, we report preparation of magnetic Iron Carbide@Iron
Oxide core-shell nanoparticles (ICIONPs) with ferromagnetic proper-
ties. Also, due to their stability and magnetic properties, novel core-
shell nanomaterials can be potential utilized in nanomedicine applica-
tions. Therefore, here we report a simple and cost effective method for
the synthesis of well define spherical, monodispersed and ferromag-
netic properties of iron carbide (Fe3C) and iron oxide (y-Fe;O3) core-
shell nanoparticle using low intensity sonosynthesis route and orga-
nometallic precursors (Fe(CO)s). As obtained nanoparticles have been
extensively characterized using transmission electron microscopy
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(TEM), dynamic light scattering (DLS), Fourier transform IR spectro-
scopy (FTIR), x-ray photoelectron spectroscopy (XPS) and super-
conducting quantum interference device (SQUID).

2. Experimental
2.1. Reagents and materials

For the synthesis and purification of ICIONPs, iron pentacarbonyl
(Fe(CO)s), oleic acid (99%), 1-octanol (99%), absolute ethanol and
toluene were purchase from Sigma-Aldrich (Merck) and used without
further purification. For all washing purposes milli-Q (18.2uQ™")
water was used.

2.2. Methods

The sonosynthesis was carried out using ultrasonic water-bath
model Branson 3800 with a fabric frequency of 40 kHz. During soni-
cation, 15 mL Falcon tubes were used and fill with at least 5mL of
solvent and keep submerge in the center of the bath. The temperature
for most of the experiment was not controlled, because past experi-
ments showed not effect among the 15-60 °C temperature range (See
Supplementary Data, Fig. S1), although a maximum temperature
around 50 °C was naturally and normally achieved inside the water
bath during summer season experiments.

FTIR spectra were analyzed using KBr pellets or ATR diamond
module (as specify) between the 4000 to 400 cm™! on a Thermo
Scientific iS50 Nicolet, Madison, WI, USA, equipment using a 2 em !
resolution and 64 scans per sample at room temperature (RT).
Morphology and core-shell characteristic morphologies were confirmed
by TEM (JEOL Jem2010F Field Emission) with a voltage of 200 keV on
a 200-mesh carbon on copper grid (Ted Pella). The ICIONPs average
diameter size and distribution was calculated by the digital images
using ImageJ 1.51m9 software from Wayne Rasband, National Institute
of Health; and the inter-planar distance was processed using Fast
Fourier Transform by the same software [29]. Hydrodynamic diameter
was measured with a Malvern Instrument Zetasizer Nano ZS at 37 °C.
The XPS was measured on 1x1 cm glass substrate in a Perkin Elmer PH1
5100 with dual anode of Al/Mg, non-monochrome Mg radiation of
1253.6eV. All the high-resolution spectra were adjusted to the C1
signal at 285 eV due to the oleic acid presence. Near spectra were adjust
with a Gauss-Lorentz (70% Gauss) function and the background noise
was eliminated by the Shirley method for the carbon and Tougaard
method for Ols and Fe2p;,,. Magnetic properties were obtained by
SQUID using a MPMS-5S by Quantum Design at a temperature of 4K
and an intensity of the applied magnetic field ranging from —40 to
40 kOe.

2.3. Preparation of the ICIONPs.

Firstly, iron carbide@iron oxide nanoparticles were prepared as
result of the reaction between iron pentacarbonyl and oxygen in ul-
trasonic bath. As prepared nanoparticles were showing propensity to
agglomeration and were stabilized via surface modification. Hence,
ICIONPs were modified to avoid agglomerations by particle-particle
interaction, using oleic acid. The reaction starts with a solution with
1 mmol relation of Fe(CO)s and 3 mmol relation of oleic acid dissolved
in 5mL of 1-octanol used before in somewhere else [30,31]. The so-
lution was placed in a 15 mL lid closed falcon tube located in the center
of the ultrasonic bath filled with deionized water at room temperature
for 40 min until turn color of the solution; open and close of the lid was
done every 5 min to allow the atmospheric oxygen into the reaction and
keeping it free of water splashes.
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2.4. Purification of ICIONPs

The recovery of the ICIONPs from the residues and the poly-
dispersity lowering was carried by the centrifugation at 7197g at RT of
the sonosyntheses solution by the addition 3 mL of absolute alcohol for
20 min. This step was followed to remove the non-reacted precursors.
The precipitate is re-suspended by the addition of a 13% v/v of oleic
acid/toluene solution and centrifuged at the same conditions to remove
the bigger particles. The solution was again re-precipitated following
the first purification step mention herein to obtain the final product
which could be dissolved in different solvents (toluene, benzene, di-
chloromethane, chloroform, tetrahydrofuran) as tried.

3. Results and discussions
3.1. Synthesis of ICIONPs

As mention before, the synthesis of iron carbide nanoparticles using
iron pentacarbonyl has been possible by other groups with the use of
high energy techniques, in which the chemical reaction usually de-
scribed, involves the decarbolynation of the pentacarbonyl and the
liberation of gaseous CO under inert atmosphere conditions [32]. Al-
though, our method has showed the impossibility to form any kind of
nanoparticle (characterized by TEM and DLS) achievable under inert
atmosphere conditions (like Ar and N,); actually, several experiments
have been tried with the expectative of synthesize pure iron carbide
nanoparticles without success, proof that there is the necessity of the
modification of the atmosphere with constant atmospheric air or pure
oxygen conditions.

Even, when the mechanism of the reaction is not the main purpose
of this work, herein, we described the possible mechanism of synthesis
of the ICIONPS coated with oleic acid. Here the reaction could happen
in 3 possible steps: In the first step, the iron pentacarbonyl start a
decarbolynation by the ultrasonic bath to produce Fe;C nucleation
points with the aid of the oxygen present in the tube, as shown in the
Eq. (1); follow by its grow due to the formation of the hotspot by the
cavitation (due to the lower vapor pressure of Fe(CO)s comparing it
with the octanol). The second step described in the Eq. (2); follows the
interaction of the iron carbide nanoparticle produced with the oxygen,
leading to the formation of the iron oxide outer layer [33]. Finally, in
the third step the oleic acid chains interact with the iron oxide surface
by its carboxyl group forming a complex link as explained somewhere
else [34], as shown in Fig. 1(a).

Preliminary results has showed that there is an effect in the yield
and size of the ICIONPs related with the O, concentration, but the
chemical mechanism, effect of the O, concentration and optimization of
the reaction will be examined in future works by our group.

Sonication
-

6Fe(CO)s + 130, 2Fe3C + 28CO, (€D)]

Sonication
-

4Fe;C + 130, 6Fe,0; + 4CO, )

3.2. Morphology characterization

The analysis of TEM shows a spherical morphology in which a
contrast in the brightness between the nucleus and the shell of the
ICIONP can be visualized, as shown in Fig. 1(b). It is interesting to
notice that the iron oxide shell size was constant even when the iron
carbide nucleus diameter varied; the length and thickness of the iron
oxide layer was noted to be around 2.56 nm * 0.4 (n = 157). How-
ever, smaller nanoparticles shows no signal of an iron carbide core [33].
These effects could be explained with hypothesis that the iron carbide
core was formed first by the reaction showed in the Eq. (1) and the core
keeps growing with the presence of oxygen and iron pentacarbonyl, aid
by the energy delivered by the cavitation-implosion effect. The iron
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Fig. 1. Synthesis and characterization of ICIONPs (a) Sonosynthesis reaction leading to the formation of the ICIONPs coated with oleic acid. (b) TEM image of the
ICIONPs coated with oleic acid, (c) Plot shows the nanoparticle size and their distribution, (d) HRTEM image showing the areas analyzed, area 1 being the core and
area 2 for the shell of the ICION’s. (e) DLS plot showing the ICIONPs intensity size distribution.

oxide is formed in the surface of the iron carbide by the oxidation in-
duced again due to presence of dissolved oxygen. Other publications
used high intensity sonication and inert atmospheres changing the re-
actions, probably, accelerating the oxidation of the seeded material and
leading to the production of pure IONs. The nanoparticle diameters
have been estimated from the TEM micrographs using the ImageJ
1.51 m9 software, the radius obtained was around 6.38nm *+ 1.34
(n = 509) as shown in the dispersion plot in Fig. 1(c). The HR-TEM
analyzed on both, the area of the core and the shell were analyzed
showing inter-planar distance of 2.10A (see Fig.1(d)), typically to
Cementite (Fe3zC) and the lattice inter-planar distance of 1.71 A and
2.41 A which corresponds to maghemite (y-Fe,O5) phases. HR-TEM also
shows an inter-planar distance of 4.29 A and 2.88 A which correspond a
maghemite tetragonal super-cell and magnetite respectively [35,36].
Supplementary Data (Fig. S2) shows the EDS of the same samples with
the elements expected for these reactions; like Fe, O and C. Also, the
DLS results obtained at different concentrations of the disperse ICIONPs
in toluene at 37 °C, showed a hydrodynamic diameter of 24.8 nm
3.73 (n = 16) and a polydispersity of 0.266 = 0.0539, as shown in
Fig. 1(e). The range of nanoparticle diameters can be explained by the
presence of different amounts of oleic acid chains attached to the

+

ICIONP surface and the stretch of the chains by the presence of the
toluene, which is recognized as a good solvent for the oleic acid. Even
though, the polydispersity obtained is in an adequate range expected
for sonosynthesis reactions [37,38].

3.3. XPS results

Elemental composition of ICIONPs was confirmed by XPS analysis.
The XPS spectra shown in Fig. 2(a), represents the principal elements
found and list in the Table 1, identify with agreement of the literature
[39]. On the other hand, Fig.2(b), shows the photoelectronic peak,
adjust to C 1S, in which the deconvolution showed three bands C—C,
C—O0 or C=0 and a third one corresponding to the Fe;C [40]. Signals
which agree with the results found for the inter-planar distance ob-
tained by the HRTEM. It is important to mention that the energy values
are shifted due to the adjustment from 287 to 285 eV made. Fig. 2(c),
shows the adjust of the high-resolution peak of oxygen (O 1S) by the
Toougard method presenting the band around 530.3 eV corresponding
to the O-Fe of maghemita [40]. Iron characterization was more com-
plicated; the oleic acid coating could be interfering with the signal. But
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Fig. 2. XPS spectra of ICIONPs. (a) XPS survey spectra of the high-resolution peaks showing the principal elements found, (b) C 1S adjust showing the deconvolution
of three different bands corresponding to C—C, C—0 or C=O0 and Fe3C. (c) O 1S adjusts showing the deconvolution of the O-C and O-Fe, being the later one like the
maghemita signal. (d) Iron adjust signals deconvoluted showing the bands associated with 2p3»and 2p; ».

Table 1
Identify elements in ICIONPs sample.

Element Position (eV)
C1ls 285

O1ls 533.2

Fe 2p3/» 711.7

Fe 3p 56.79

as the Fig. 2d showed the satellite 2p3,5 at 717.15 eV is appreciable. The
band associate to Fe 2p; 5 is found around 711.1 eV, which is highly
similar to maghemite report before [40]. Respect to the off-bending of
the peak around 13 eV is explained by Fe 2p; /5.

3.4. FTIR characterization

FTIR characterization spectra recorded for ICIONPs in Fig. 3(a) il-
lustrate the purification process of ICIONPs. The band at 1700 cm ™!
after purification showing a reduction corresponding to the C=0 of the
carboxyl group and the appearance of the band at 1030 and 1050 cm ™!
of the carboxylate (C—0O) and the presence of carbon coated iron oxide
with the 2920 cm~?! band [41].
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3.5. Magnetic properties

The hysteresis loop measured at 4K for the ICIONPs is shown in
Fig. 4. As seen by the results, an atypical ferromagnetic behavior are
showed if we compared this results with Fe;O4 nanoparticles synthe-
sized with similar diameter sizes, usually showing superparamagnetic
behavior [42]. The results showed a significant coercivity
(Hc = 2kOe), minimal remnant (M, = 0.07 emu/g) and a relatively
low saturation magnetization (Mg = 0.78 emu/g) given a remnant to
saturation magnetization ratio: M,/Ms = 0.09 (ICIONPs are coated with
oleic acid increasing the amount of weight of nonmagnetic substance,
hence reducing the overall magnetization of the material); these values
has been usually presented as superparamagnetic behavior [28] and as
ferrimagnetic by the presence of large particle (diameter = 100 nm)
below their blocking temperature by others [24,43], although this
particles have demonstrated to be below the 10 nm diameter (according
to the TEM data).

The probable explanation to a ferromagnetic behavior was ap-
proached by Borysiuk et al. [43]; in their work they synthesized Fe-C
nanoparticles of similar sizes (10-100nm) and proposed that the
magnetic property is not attributed exclusively by the different frac-
tions of magnetic material (iron carbide, iron oxide and oleic acid) but
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Fig. 4. Hysteresis loop of magnetization vs. applied magnetic field for ICIONPs at 4 K.

the weaker interaction between magnetic domains of the phases, as
well to the nanoparticle size which could be bigger than the domain
wall.

4. Conclusions

In this work, iron carbide@iron oxide core-shell nanoparticles sta-
bilized with oleic acid were synthesized by low intensity sonication
using a standard sonic water bath at room temperature. The diameter of
the particles measured using HR-TEM noted to be around 6.38 nm with
a visible core-shell architecture and a constant outer shell length of
2.5nm. The diffraction spectra of the HR-TEM showed different inter-

planar distances between the core and the shell corresponding to iron
carbide (Fe3C) and iron oxide (y-Fe,O3). These were corroborated by
FTIR and XPS showing similar signals for those phases. Hydrodynamic
diameter was measured by DLS using toluene dispersion at 37 °C ob-
taining sizes around 25nm and low polydispersities of 0.266. Their
magnetic properties were measured by SQUID at 4 K showing an unu-
sual ferromagnetic behavior possible explained by the interaction of
weaker magnetic moments and size domain wall due to the different
core-shell phases which composed the nanoparticle, opening the pos-
sibility of being use as theranostic agent if the biocompatibility prop-
erties are achieved. Its development was only possible due to the use of
low intensity ultrasonic equipment, opening the possibility to be
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prepared in a simple, robust and cost-effective way without the need of
sophisticated equipment.
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