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Interest in nanoparticles is stimulated from their technological
importance, as they exhibit unique electrical, optical, and magnetic
properties, which differ from their respective bulk.1-5 Magnetic
nanoparticles with the size of 2-10 nm are particularly important
because they are potentially useful in terabit magnetic storage, as
carriers for biochemical complexes, as MRI contrast enhancing
agents, etc.6 Core/shell nanoparticles, produced by various methods,
can be applied for sensing, for high-density information storage,
etc.7c,8Here we present the one-step synthesis of core/shell magnetic
nanoparticles and their characterization.

The nanoparticles were prepared by adding 0.21 mL of Fe(CO)5

and 39.98 mg pf of Cr(CO)6 to 100 mL of degassed mesitylene
(preheated to 70°C). The molar ratio surfactant:carbonyls:solvent
was 1:100:40000, and 9:1 for Fe(CO)5:Cr(CO)6. After stirring for
5 min, 226 mg of the polymer surfactant, Pluronic F127, was added.
The temperature was then raised to reflux (∼165°C) for 24 h under
reducing environment (5% H2; 95% Ar). After cooling to room
temperature, the resulting precipitate was collected by centrifuga-
tion, washed with toluene, and dried under vacuum.

The TEM image (Figure 1) shows the particles have spherical
shape. The insert histogram shows particles size distribution of 13
( 4 nm. The narrow size distribution is in good agreement with
the magnetic measurements (Supporting Information). A small
group of particles with the diameter 4-6 nm might be the result of
decomposition at lower temperature.9 An interesting feature in the
image (see arrows) is a small dot inside of each particle core/shell
structure. This suggests that the particles are not homogeneous and
the material of the core differs from that of the shell.

The synchrotron powder XRD pattern (Supporting Information)
of nanoparticles was fitted to more than one index, which supports
finding heterogeneous particles from the TEM image. Apparently,
the majority of the sample matches theγ-Fe2O3 crystal structure.
However, since both Fe and Cr have the same crystal structure
with different lattice constants, it is hard to determine what is the
metal pattern at this point.

The Mössbauer spectra (Supporting Information) are in good
agreement with the results from SQUID (Supporting Information).
They are characterized by a doublet at room temperature and by a
sextet at 4.2 K. The change is due to the fact that the magnetic
moment in the particles is random at room temperature, and they
therefore behave like paramagnetic while there is an internal field
at the blocked state at low temperatures, which generates a Zeeman
splitting of the levels. At 295 K one observes two components:
Fe3+ (96.57%) exhibiting superparamagnetic behavior and a small
impurity of Fe2+ (3.43%). At 77 K we also observe Fe3+ and Fe2+,
but in lower amounts. Since almost all of the Fe atoms are trivalent,
the crystal structure can be confirmed asγ-Fe2O3. Notice that no
Fe0 could be detected, which indicates that the metal component
from the XRD pattern is Cr. To ascertain the exact structure of the
core/shell nanoparticles, we have carried out HR-TEM, EELS, and
iron mapping.

Nanoparticles of approximately 12 nm in diameter were imaged
by the HR-TEM, showing a high contrast core of about 4.5 nm in
diameter (Figure 2a). The electron energy loss spectrum (EELS)
(Figure 2d) clearly shows three edges: the O K, Cr L2, and Fe L2.
Quantification of the EELS, from such particles, revealed an Fe:
Cr ratio of about 9:1, which is in good agreement with the
stoichiometry of the reaction. However, there is more than one
source of oxygen, polymer, and oxide layers, so that the amount
of oxygen varied at different spots of the sample. This result
suggests that the sample is not homogeneous which is in good
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Figure 1. TEM image of the core/shell nanoparticles. (Inset) Histogram
prepared by measuring ca. 200 nanoparticles.
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agreement with the TEM and XRD results. The EELS analysis of
a single core/shell particle was performed in nanoprobe mode. One
measurement on the entire particle resulted in an O:Cr:Fe ratio of
10:1.1:9.3, while a second measurement performed with the electron
probe on the shell resulted in an O:Cr:Fe ratio of 10:0.3:6.3. This
suggests that the shell in this particle is Fe2O3, which is in good
agreement with the XRD pattern and Mo¨ssbauer spectra, so that
the core should be Cr.

Lattice fringe could be observed both in the core and in the shell
of the particles. The shell seems to consist of randomly oriented
crystalline grains. Fast Fourier transform performed on such images
gave several characteristic spots corresponding approximately to
thed spacing: 2.97, 2.56, 2.10, and 1.67 Å. However, not all four
spots appear in every particle analyzed. For example, in Figure 2a,
the d spacings measured in the two designated areas are 2.54 and
2.08 Å that can be assigned to Fe3O4 or FeCr2O4. Mössbauer spectra
(Supporting Information) also suggest the existence of Fe3O4. The
possibility of FeCr2O4 is excluded since these lattice fringes were
observed in the shell where Cr does not reside.

Energy-filtered imaging was performed by using a 40 eV energy
window (708-748 eV) around the iron edge, to form an iron map.
The regions containing Fe are bright, while other regions are dark
in such an image. Thus, in the Fe mapping performed on the core/
shell nanoparticles, shown in Figure 2, b and c, the donut-shaped
bright structures indicate that the Fe constitutes the shell, which
supports the finding from EELS analysis, while the dark region
(particle core) in the core is probably the Cr.

On the basis of the result of EELS, Mo¨ssbauer spectra, and
HR-TEM, the materials balance calculation (Supporting Informa-
tion) was performed to estimate the density of particle core. The
result shows there is no oxide in the particles core. Since Mo¨ssbauer
spectra show no trace amount of Fe0, we can conclude the particle
core is Cr.

The decomposition temperature of Fe(CO)5 (∼60 °C)10a is much
lower than that of Cr(CO)6 (∼130 °C);10bthus, the decomposition
reaction rate of Fe(CO)5 should be faster than that of Cr(CO)6 at
∼165 °C. Therefore, Fe should be formed before Cr, and the re-
sulting particles should be Fe core and Cr shell. However, on the
basis of the above results, they are confirmed to be Cr core and
γ-Fe2O3 shell. To fully understand this result, the reaction mech-
anism (Supporting Information) is crucial. These nanoparticles were
prepared in a one-step reaction from the carbonyl precursors. Due
to the much lower decomposition temperature, Fe(CO)5 was decom-
posed faster than Cr(CO)6 and forms a small amount of Fe clusters,
which were then used as the catalysts11 to accelerate the decomposi-
tion of Cr(CO)6. Combine this with the consideration that the
amount of Cr(CO)6 is only 10%, and thus, the formation of a Cr

core presumably results from accelerated decomposition of Cr(CO)6,
catalyzed by the Fe clusters. The Cr core is then used as the
nucleation seed to form an Fe shell layer. Since particles of this
size cannot stay stable as metal, the Fe shell oxidized toγ-Fe2O3,
which protects the core from oxidation; in addition Cr has strong
oxidation resistance. Therefore, the particle core stayed as Cr.

In conclusion, by mixing Fe(CO)5 and Cr(CO)6 in the 9:1 ratio,
we have successfully synthesized core/shell nanoparticles 13.5 nm
in diameter, with uniform spherical shape and narrow distribution.
The core/shell structure is formed by Fe0 clusters catalyzing the
decomposition of Cr(CO)6. TEM image reveals the heterogeneous
nature (core/shell structure), which is in good agreement with the
synchrotron powder XRD pattern. The pattern shows more than
one crystal structure in the materials. One was identified asγ-Fe2O3

and the other as a metal crystal structure. Mo¨ssbauer spectra, which
support the superparamagnetic behavior determined by H-M
measurement, do not show any traceable amount of Fe0. This
suggests that the metal component might be Cr. EELS analysis and
iron mapping suggest controlled stoichiometry and confirm a core
made of Cr and a shell made ofγ-Fe2O3.

Acknowledgment. This work was funded by the NSF through
the MRSEC for Polymers at Engineered Interfaces. Research carried
out in part at beamline X7A the NSLS at BNL is supported by the
U.S. DOE (DE-AC02-98CH10886). K.L. thanks the AvH founda-
tion for financial support. J.L. thanks the financial support from
Robert Tsao Endowment Fellowship.

Note Added after ASAP Publication: In the version published
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Supporting Information Available: Details of characterization
techniques, magnetic measurements, and materials balance calculation.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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Figure 2. (a) HR-TEM image of a core/shell nanoparticle with intensity
profile of the lattice fringes, (b) zero loss image, (c) iron mapping, (d) EELS
of the core/shell nanoparticles.
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