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Graphite-coated iron nanoparticles with high magnetization have been synthesized by 355 nm pulsed
laser photodecomposition of triiron dodecacarbonyl Fe3(CO)12 in the presence of triphenylphosphine PPh3.
The iron particles have been found to be stable toward oxygen and strong mineral acids. The graphite
shell surrounding the iron core has been shown to possess defects on its outer layers, rendering them
suitable for functionalization. These superparamagnetic spherical nanoparticles show a high magnetization
value of 103.9 emu/g, as indicated by SQUID measurements. We believe that the as-prepared graphite-
coated iron nanoparticles have great potential in magnetic resonance imaging and other biomagnetic
applications.

Introduction

Magnetic nanoparticles are of great interest and iron, one
of the most abundant elements on earth, has excellent
magnetic properties.1 Fine iron has been investigated for
many years, but it is also easily oxidized, rendering it difficult
to study and inconvenient for practical applications.2 In the
past few years, a large number of reports has focused on
magnetic iron oxide nanoparticles3 instead, as well as their
dispersions in various media.4 However, compared to these
oxides, iron still has the highest room-temperature saturation
magnetization value and also a sufficiently high Curie
temperature for the majority of practical applications.5 These
superb properties made the preparation of iron nanoparticles
highly desirable. Since then, a few methods have been
developed to synthesize iron nanoparticles. For example,
thermal6 and sonochemical7 decomposition of iron carbonyl
[Fe(CO)5] as well as thermal decomposition of sufficiently
reactive iron-containing organometallic compounds8 have
been employed as precursors. However, the iron nanopar-
ticles still need to be protected against oxidation in order to
maintain their unique properties. Efforts have been performed
to protect the iron nanoparticles using polymer-,9 silica-,10

gold-,11 and carbon-coating12 methods. Among these, the
carbon-coating method is most effective. However, most of
these preparations carried out in the gas phase13 or solid
state14 at high temperatures have produced particles in large
indiscrete aggregations, usually outside the nanometer range
rather than controllable individual nanoparticle sizes.

Recently, we have developed a method15 to prepare
metallic nanoparticles upon laser decomposition of a suitable
organometallic species in organic solvents. The advantage
of the method lies first in the choice of the organometallic
species, where the metal itself is already present in the zero
oxidation state, hence eliminating the need for a reducing
agent in the synthesis. Second, nanoparticles could be pre-
pared under room-temperature conditions using light or laser
to induce the decomposition of nanoparticles. We report here
a facile synthesis of highly magnetizable graphite-coated iron
nanoparticles by visible pulsed laser decomposition of
commercially available Fe3(CO)12 in the presence of triph-
enylphosphine (PPh3) in hexane. To the best of our knowl-
edge, this is the first report for preparation of graphite-coated
iron nanoparticles in solution at room temperature. In this
one-pot synthesis, iron cores with average diameter of 100
nm are first generated by the complete laser decomposition
of the precursor. This is followed by the generation of
graphite shells around the iron cores upon catalytic graphi-
tization of the PPh3 adsorbates.
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Experimental Section

In a typical experiment, Fe3(CO)12 (5-10 mg, 99% Sigma-
Aldrich) and PPh3 (30-60 mg, 99% Sigma-Aldrich) with a P/Fe
ratio of 1:20 were dissolved in 10-30 mL of deoxygenated hexane
to form a green solution. This represented a concentration of 0.3
to 2.0 × 10-4 M for Fe3(CO)12 in hexane. The UV-visible
absorption spectrum of this solution was recorded using a Shimadzu
uv-2550 spectrometer to check for its absorptivity. The broad
absorption spectrum ranging from 200 to 750 nm indicated that it
is possible to induce photodecomposition of Fe3(CO)12 using a
pulsed laser atλ ) 355 nm. The solution was then irradiated by a
355 nm nanosecond pulsed YAG laser (Continuum Surelite III-
10, ∼70 mJ/pulse, 10 ns pulse) under vigorous stirring for 2 h.
Different laser energies per pulse have been attempted but small
energies (<20 mJ/pulse) over the same time did not produce iron
nanoparticles, whereas energies higher than 100 mJ/pulse tend to
damage the flask. A change of color from green to brown occurred
in about 10 min as Fe3(CO)12 decomposed, followed by another
change from brown to black, which indicated the formation of iron
clusters. The solution remained black upon further irradiation. The
particles were collected by a magnet, rinsed with hexane several
times, and then redispersed in hexane for further characterization.
A drop of this suspension was put on the copper grid and allowed
to dry in air for transmission electron microscopy (TEM) study.

Results and Discussion

We have varied the concentrations of Fe3(CO)12 from 1
× 10-5 to 1 × 10-4 M with a Fe3(CO)12:PPh3 ratio of 1:20.
The variation of the concentration is limited to the solubility
of iron carbonyl in hexane. Iron as opposed to iron oxide
nanoparticles can only be found at a Fe3(CO)12:PPh3 ratio
of about 4, beyond which no more significant changes are
produced. High laser fluences were required and will be
discussed later. However, there is a limit to the maximum
laser energy to avoid damaging the glass container. It appears
two different size distributions were observed where the
larger iron nanoparticles ranged from 100 to 200 nm, whereas
the smaller ones ranged from 20 to 30 nm. (see Figure 1).

Bright-field TEM images of the as-prepared graphite-
coated iron particles taken with a JEOL JEM 2010F TEM
instrument (200 keV) are shown in Figure 1. The core-
shell nanostructures can be seen with the shell estimated to
be around 10 nm thick. The graphite shells were more clearly
seen in the bright-field TEM image (Figure 2a) at a higher
magnification (JEOL JEM 3010 TEM, 300 keV). In the dark-
field image (Figure 2b), the diffraction contrast of the
graphite shell indicates that the iron core was fully coated
with highly crystalline graphite. The high-resolution image
of the graphite shell (Figure 2c) showed a lattice spacing of
0.34 nm, which corresponds to the (002) planes of crystalline
graphite. It is worth pointing out that almost every iron
particle, whether large (>100 nm) or small (<30 nm), was
coated with a compact graphite shell. High-resolution TEM
of the iron core (Figure 2d) was also taken, and from the
image, it is seen that the core is composed of small-sized
grains. Selected area electron diffraction (SAED) of these
core-shell nanostructures (Figure 2e) showed a typical
polycrystalline structure and the existence of graphite and
body-centered cubic (bcc) iron, as evidenced by the lattice
spacings of 0.34 nm corresponding to (002) of graphite, 0.202

nm to (110) of bcc iron, and 0.117 nm to (211) of bcc iron.
The diffusive scattering in SAED indicates a rather small
grain size of iron, consistent with the high-resolution TEM
analysis in Figure 2d.

X-ray diffraction (XRD) analysis with a Siemens Powder
XRD D5005 diffractometer also confirmed the formation of
both graphite and iron phases by revealing the characteristic
diffraction peaks of crystalline graphite and the iron bcc
phase16 (Figure 3). The XRD pattern is in agreement with
the SAED image taken of the graphite-coated iron nanopar-
ticles.

(16) Joint Committee on Standards, Powder Diffraction.Diffraction Data
File; JCPDS Instrumental Center for Diffraction Data: Newtown
Square, PA, 1991.

Figure 1. TEM images of the graphite-coated iron nanoparticles. (a) Wider
scan showing the distribution of nanoaprticle sizes. (b) Zoom image showing
the graphite coating on each of the iron core.
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The confocal Raman spectrum (Renishaw inVia Raman
microscope,λargon ) 514.5 nm) of the graphite-coated iron
particles in solid form was carried out to examine further
the crystallinity of the graphite shell (Figure 4). In the Stokes
Raman spectrum, two bands were recorded in which the first
one centers at 1590 cm-1. This band is attributed to the
graphite crystallites G band; this band is inherent in the
graphite lattices. More interestingly, the second band is at
1357 cm-1, which is referred to as the main defect D1 band.

According to the relationship between the D1/G intensity
ratio and the graphite crystallinities,17 we found that the
inner layers of the graphite shells of our nanoparticles are
highly crystalline but some defects are found on the outer
layers.

The composition of the graphite-coated iron particles were
examined by energy-dispersive X-ray spectroscopy (EDS)

(17) Wopenka, B.; Pasteris, J. D.Am. Mineral.1993, 78, 533.

Figure 2. HRTEM images of the graphite-coated iron particles taken with JEOL TEM-3010 showing the clear graphite layer in (a) bright-field image and
(b) dark-field image, (c) HRTEM image of the graphite shell, (d) HRTEM image of iron core (e) SAED of the core-shell nanostructure.
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analysis. At the edge of the graphite-coated iron particle, it
was found that the shells are composed almost entirely of
carbon with an atomic percentage greater than 85%. On the
other hand, the atomic percentage of Fe is much larger,
greater than 80% in the core area. Note that even if the core
is entirely composed of iron, some carbon signals would still
be recorded, because the EDX beam has to pass through the
graphite shell during the measurements. In both cases, no
oxygen signal was observed, which may indicate the
complete decomposition of the precursor [Fe3(CO)12] and
the protection of the graphite layers against oxidation of the
iron cores.

The graphite-coated iron nanoparticles were exposed to
air for 22 days, after which they were analyzed by EDS once
again. This time a little oxygen was detected in the shell
only, while no any oxygen signal was observed in the core
area. This result indicates that the inner layers of the graphite
shell are highly crystalline, whereas the defects on the outer
layers must have interacted with the oxygen species presum-
ably adsorbed on the surface. Highly crystalline inner layers
prevent oxygen from oxidizing the iron cores. In another
experiment, the graphite-coated iron nanoparticles were
dispersed in concentrated HNO3 solution and aged for 4 days.
From the TEM images (see the Supporting Information)
taken of these particles, we found that almost none of the
iron cores underwent reaction with acid. The two results
presented here showed that highly stabilized graphite-coated
iron nanoparticles have been obtained.

We have carried out further experiments as part of the
study into the formation mechanism of the iron nanoparticles.
We found that when oxygenated hexane solvent was used,
only iron(II) oxide (FeO, confirmed by XRD, see the
Supporting Information) particles were obtained without any

graphitic shells around them. This shows that it takes only
a little oxygen in the hexane solvent to oxidize the iron
completely. Once the iron oxide formed, no graphitization
can occur as well, because the oxidation of iron appears to
proceed much faster than the graphitization on the surface
of the iron nanoparticles. The same observation was seen
even when phosphine was not added into the mixture. Hence,
it is important to keep the solvent free from any oxidizing
agent if iron nanoparticles were to be prepared. We have
also investigated the origin of the graphite layers on the iron,
because the carbon could come from either the phenyl ring
of PPh3 or from the solvent itself. We chose to use toluene
as the solvent instead of hexane, because it can also provide
an aromatic ring for graphitization; hence, a better compari-
son can be made. However, no graphite-coated iron nano-
particles were observed in deoxygenated toluene in the
absence of PPh3. Although the iron carbonyl precursor would
still decompose under laser irradiation in toluene, the phenyl
ring of toluene may not be close enough to the surface of
the iron particles to initiate the graphitization process. Once
PPh3 was added to deoxygenated toluene, graphite layers
were indeed formed. We attributed this occurrence to the
adsorption or coordination between PPh3 and iron, which
allows the phenyl ring of PPh3 to be sufficiently close to
the iron surface for conversion to graphite.

In our case, the graphitization appears to have taken place
under room-temperature conditions. However, an intense
nanosecond pulse laser is well-known to provide the heat
necessary for inducing molecular desorption on surfaces over
a short period. Similarly, the laser energy could easily
provide the heating effect for the graphitization process to
occur at specific sites on the iron cores. Another important
role provided by laser irradiation appears during the decom-
position stage of the Fe3(CO)12 precursor. When a 200 W
broadband xenon lamp (300< λ < 700 nm) was used as
the irradiation source instead, nanoparticles of any type could
not be produced. This is presumably due to the inability of
inducing complete iron carbonyl dissociation under much
weaker irradiation. However, the intense pulse provided by
the YAG laser ensures that any iron carbonyl intermediates
formed will undergo further dissociation to form iron
nanoparticles. In fact, it is well-known that in the light-
induced homogeneous catalytic isomerization of alkenes in
the presence of Fe3(CO)12 or Fe(CO)5, many intermediates
containing tricarbonyl or tetracarbonyl iron species are
believed to be present in the mixture.18 Under continuous

Figure 3. X-ray diffraction pattern (XRD) of the graphite-coated iron
particles.

Figure 4. Confocal Raman spectrum of the graphite-coated iron particles.
Both the G (1590 cm-1) and D (1357 cm-1) bands of graphite have been
observed.

Figure 5. Proposed formation scheme of graphite-coated iron nanostruc-
tures.
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and intense laser photolysis, these reactive intermediates
would further decompose to yield Fe(CO)2 or Fe(CO) and
eventually Fe atom itself.19

On the basis of the experimental findings, we proposed a
synthetic scheme (Figure 5) for the formation of the graphite-
coated iron spheres. In the initial step, the precursor [Fe3-
(CO)12] was dissociated into Fe atoms and CO under intense
laser photodecomposition. Free phosphines then began to
adsorb onto the surface of the iron spheres. With continuous
irradiation, the phenyl rings of the attached PPh3 undergo
graphitization and form the graphite layers around the iron
cores.

The magnetic property of the iron nanoparticles was
studied using a superconducting quantum interference device
(SQUID). Figure 6 shows the field-dependent magnetization

of the graphite-coated iron nanoparticles measured at 300
K. At this temperature, the magnetization of the sample can
be completely saturated at high fields of up to 5 T. The
magnetization at 5 T is 103.9 emu/g. The nonsaturated
magnetization behaviors, the zero magnetic remanence, and
the anhysteretic loop feature (more clearly seen in the field
range of-1 to 1 T) indicates that the graphite-coated iron
nanoparticles are superparamagnetic at room temperature.
The superparamagnetic behavior of these graphite-coated iron
nanoparticles corresponds well with the results of the TEM
analysis in Figure 2, which revealed that the iron core
possesses a polycrystalline structure with rather small grain
size. The superparamagnetism of the assembly of nanosized
grains have been observed and well-documented.20 Recently,
a number of approaches to making superparamagnetic
particles as the magnetic contrast agents for magnetic
resonance imaging (MRI) contrast enhancement have been
developed.21 A high magnetization value would certainly
improve the magnetic contrast. Because the iron cores were
coated with graphite shells, the shells provide an extremely
effective barrier against oxygen, oxidizing agents, and even
strong acids. The defects on the outer graphite layers make
these magnetic particles easily functionalized22 for possible
biomedical applications.

Conclusion

Iron nanoparticles coated with graphite layers have been
synthesized by 355 nm pulsed laser photodecomposition of
triiron dodecacarbonyl Fe3(CO)12 in the presence of triph-
enylphosphine PPh3. They have been shown to be stable
toward oxygen and strong mineral acids. The graphite shell
surrounding the iron core has been found to possess defects
on its outer layers, hence providing suitable sites for
functionalization. These superparamagnetic spherical nano-
particles also show a high magnetization value of 103.9 emu/
g, as indicated by SQUID measurements.
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Figure 6. Magnetization measurement using SQUID (a)-5 to 5 T at 300
K, (b) zoom image from-1 to 1 T at 300 K.

Graphite-Coated Fe Nanoparticles from Photodecomposition Chem. Mater., Vol. 19, No. 15, 20073849


