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ABSTRACT

Dumbbell-like Au −Fe3O4 nanoparticles are synthesized using decomposition of Fe(CO) 5 on the surface of the Au nanoparticles followed by
oxidation in 1-octadecene solvent. The size of the particles is tuned from 2 to 8 nm for Au and 4 nm to 20 nm for Fe 3O4. The particles show
the characteristic surface plasmon absorption of Au and the magnetic properties of Fe 3O4 that are affected by the interactions between Au and
Fe3O4. The dumbbell is formed through epitaxial growth of iron oxide on the Au seeds, and the growth can be affected by the polarity of the
solvent, as the use of diphenyl ether results in flower-like Au −Fe3O4 nanoparticles.

Nanocomposites containing two or more different nanoscale
functionalities are attractive candidates for advanced nano-
materials. With controlled structure and interface interactions,
these nanocomposites can exhibit novel physical and chemi-
cal properties that will be essential for future technological
applications. Core/shell nanostructures1-3 and exchange-
coupled magnetic nanocomposites4,5 are two well-known
composite systems that have shown enhanced optical,
magnetic, and catalytic properties compared to their indi-
vidual single-component materials. Here we report on a
general synthesis of dumbbell-like bifunctional composite
nanoparticles of Au-Fe3O4 with Au and Fe3O4 in nanometer
contact. The size of the particles is tuned from 2 to 8 nm for
Au and 4 nm to 20 nm for Fe3O4. The nanocontact between
Au and Fe3O4 results in red-shift of the surface plasmon of
the Au and slow increase in magnetization of the small Fe3O4

(8 nm or smaller). The dumbbell structure is formed through
epitaxial growth of iron oxide on the Au seeds, and the
growth can be affected by the polarity of the solvent, as the
use of more polar solvent leads to flower-like Au-Fe3O4

composite particles. The Au-Fe3O4 can be readily converted
into Au-Fe2O3 (γ-Fe2O3 or R-Fe2O3), making it possible
for systematic studies of nanoscale interactions and their
effects on physical and chemical properties of the Au-iron
oxide nanocomposites.

The bifunctional composite nanostructure containing Au
is traditionally obtained by physical deposition of a thin Au
film onto a spherical oxide particle,6-8 adsorption of HAuCl4
on the TiO2 surface followed by reduction,9 or via electro-
plating through the nanoscale templates.10,11 A similar
structure is also observed from the reaction intermediate in
the catalytic growth of Ge nanowires using Au nanoparticles
as a catalyst.12 Recently, solution phase chemical syntheses
have been applied to synthesize similarly structured bifunc-
tional nanocomposites, including CdSe-Au from selective
growth of Au tips onto CdSe rods/tetrapods.13-15 The
dumbbell-like nanoparticles reported here have several
distinct advantages over the previous bifunctional systems:
they can be made directly from a solution-phase synthesis
without any pretreatment of the particle surface; the structure
contains size-tunable Au and Fe3O4 with size of any one
kind of particles being controlled up to 20 nm; the Au-
Fe3O4 can be further converted to Au-Fe2O3 and Au-Fe,
leading to a rich variety of optic, magnetic, and chemical
properties.

The dumbbell-like Au-Fe3O4 nanoparticles were prepared
via the decomposition of iron pentacarbonyl, Fe(CO)5, over
the surface of the Au nanoparticles followed by oxidation
under air, as illustrated in Scheme 1. The Au nanoparticles
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were either synthesized in situ by injecting HAuCl4 solution
into the reaction mixture or pre-made using a modified
synthetic procedure.16 Mixing Au nanoparticles with Fe(CO)5

in 1-octadecene solvent in the presence of oleic acid and
oleylamine and heating the mixture to reflux (∼300 °C)
followed by room-temperature oxidation under air led to
dumbbell-like Au-Fe3O4 nanoparticles.16 The size of the Au
particles was tuned by controlling the temperature at which
the HAuCl4 was injected, or by controlling the HAuCl4/
oleylamine ratio. For example, injecting HAuCl4 solution into
the reaction mixture containing Fe(CO)5 at 120°C led to
∼2 nm Au particles, while injection at 160°C or 180°C
gave 4 or 6 nm Au particles. The size of the Fe3O4 particles
was controlled by adjusting the ratio between Fe(CO)5 and
Au. More Fe(CO)5 led to larger Fe3O4 nanoparticles. We
found that Au-Fe3O4 particles with Au up to 8 nm and Fe3O4

up to 20 nm were readily stabilized in hexane.16

Figure 1A-B show two transmission electron microscopy
(TEM) images of the dumbbell-like Au-Fe3O4 nanoparticles
with Fe3O4 at around 14 nm and Au at 3 and 8 nm,
respectively. Statistical analyses on the size of the various
dumbbell particles show the standard deviation for the
diameter of Au is within 15% and that of Fe3O4 within 12%.
The Au particles appear black and Fe3O4 are light colored

in the image because Au has a higher electron density and
allows fewer electrons to transmit. Figure 1C is the high
angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) image of several dumbbell
nanoparticles. The brightness in the image reflects the
intensity of scattered electrons from different substance and
is proportional to the atomic number (Z).17 In Figure 1C,
the Au particles, which have the higherZ compared to the
Fe3O4 particles, are imaged as brighter dots.

Figure 1D is a typical high-resolution TEM (HRTEM)
image of a dumbbell particle with Fe3O4 at 12 nm and Au
at 8 nm. The lattice fringes in each of the particles correspond
to atomic planes within the particle, indicating that both
particles are single crystals. The distance between two
adjacent planes in Fe3O4 is measured to be 0.485 nm,
corresponding to (111) planes in the inverse spinel structured
Fe3O4 and that in Au is 0.24 nm, resulting from a group of
(111) planes in fcc structured Au. The crystalline nature of
the dumbbell particles can also be characterized by X-ray
diffraction (XRD). Figure 2 shows representative XRD
patterns of the Au-Fe3O4 nanoparticles with Fe3O4 at around
14 nm and Au around 3 nm (Figure 2A) and 8 nm (Figure
2B), respectively. The position and relative intensity of all
diffraction peaks match with standard Fe3O4 and Au powder
diffraction data, indicating that the synthesis yields single
crystalline inverse spinel structured Fe3O4 and fcc structured
Au. The Fe3O4 structure is further characterized by its
chemical transformation under thermal annealing condition.
After annealing at 500°C under Ar for 1 h, the particles
show the same XRD pattern as in Figure 2A, indicating no
structure change. This is consistent with the structural
stability observed in Fe3O4 nanoparticles at high tempera-
tures.18 However, if the particles were annealed at 300°C
under oxygen for 3 h first, then under Ar at 500°C for 1 h,
their XRD showed two sets of different peaks with one being
fcc Au and the other related toR-Fe2O3 (Figure 2C). It is
known that Fe3O4 nanoparticles can be oxidized toγ-Fe2O3

Figure 1. TEM and STEM images of the dumbbell-like Au-Fe3O4

nanoparticles: (A) TEM image of the 3-14 nm Au-Fe3O4

particles; (B) TEM image of the 8-14 nm Au-Fe3O4 particles;
(C) HAADF-STEM image of the 8-9 nm Au-Fe3O4 particles;
and (D) HRTEM image of one 8-12 nm Au-Fe3O4 particle. The
specimens for TEM and STEM analyses were prepared by room-
temperature deposition of the hexane dispersions of the particles
on carbon-coated copper grids. TEM images were acquired using
a JEOL 2010F operated at 200 kV. The HAADF-STEM image
was acquired by digitally scanning a 3 Å diameter electron beam
across a region large enough to include several of the dumbbells.
An annular detector set at a camera length so that it collected only
electrons scattered beyond approximately 40 mrad and measured
the integrated electron count during the 25 microsecond dwell time
at each point.

Figure 2. X-ray diffraction patterns of Au-Fe3O4 nanoparticles
with representative index on typical peaks: (A) 3-14 nm Au-
Fe3O4, (B) 8-14 m Au-Fe3O4, and (C) Au-R-Fe2O3 after oxidative
annealing of the sample from (B). The samples were deposited from
their hexane dispersions on Si (100) substrates and dried under
ambient conditions. The diffraction patterns were collected on a
Siemens D-500 diffractometer under Co KR radiation (λ )
1.788965 Å).
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that is thermally unstable and can be converted intoR-Fe2O3

particles at temperatures above 450°C.18 The chemical
transformation observed from Figure 2B to Figure 2C
indicates that Fe3O4 is indeed formed in the dumbbell
structure and can be converted toγ-Fe2O3 and further to
R-Fe2O3 under the high-temperature annealing conditions.

The dumbbell-like Au-Fe3O4 composite nanoparticles
show red-shift of the surface plasmon of the Au due to its
nanocontact with Fe3O4. It is known that for Au particles
with sizes ranging from 5 to 20 nm in diameter, the electrons
are trapped in the small Au metal box and show a
characteristic collective oscillation frequency of the plasmon
resonance, giving rise to the plasmon resonance band at
around 520 nm.19 The exact absorption position varies with
particle morphology and particle surface coating. Figure 3
is the UV-vis spectra of the Au and Au-Fe3O4 particles
prepared in this work and dispersed in hexane. The peaks at
520 nm for Au nanoparticles is independent of the size and
concentration of the particles but the width was found to
increase with decreased size of the Au particles (Figure
3A,B), consistent with the observation from the Au nano-
particles made by different methods.19 However, once
attached to Fe3O4, the Au particles show plasmon absorption
at 538 nm (Figure 3C&D), a∼18 nm red-shift from that of
the pure Au particles. This could result from the charge
variation of the Au particles within the dumbbell structure.
Previous studies show that excess electrons on the Au
particles can cause the plasmon absorption shift to shorter
wavelength; whereas electron deficiency will shift the
absorption to longer wavelength.19 The red shift of the surface
plasmon spectra of the dumbbell structure indicates that the
interface communication between Au and Fe3O4 results in
deficient electron population on Au.

The interface communication between the nanoscale Au
and Fe3O4 also leads to the change of magnetization
behaviors of the Fe3O4 nanoparticles, especially for those
smaller than 8 nm. Figure 4 shows the hysteresis loops
measured at room temperature for Au-Fe3O4 particles with

Au being 3 nm and Fe3O4 14 nm (Figure 4A) and 6 nm
(Figure 4B), respectively. Like Fe3O4 nanoparticles, the
dumbbell particles are superparamagnetic at room temper-
ature. The 3-14 nm dumbbell particles show loops similar
to the 14 nm Fe3O4 nanoparticles with saturation moment
reaching 80 emu/g (Figure 4A), a value that is close to the
related Fe3O4 nanoparticles due to the negligible weight
percentage of 3 nm Au in the composite. The 3-6 nm
dumbbell particles, however, show a loop of slow increase
in moment with the field up to 5T (Figure 4B). This may be
caused by both thermal agitation and the surface spin canting
of the small particles.20

The Au-Fe3O4 structure is likely derived from the
epitaxial growth of Fe3O4 on the Au seeds as Au has an fcc
structure witha ) 4.08 Å, while Fe3O4 has a cubic structure
with a ) 8.35Å, which is within 3% of being exactly double.
Once the Fe3O4 starts to nucleate on an Au, the free electrons
from the Au must compensate for the charge induced by the
polarized plane at the interface. As the Au particle has only
a very limited source of electrons, this compensation makes
all other facets of the Au nanoparticle electron deficient and
unsuitable for multi-nucleation, giving only the dumbbell
structure. If the polarity of the solvent used for the synthesis
is increased, the Au nanoparticles could compensate for the
apparent electron density loss with charges from the solvent,
allowing nucleation on multiple facets. Experimentally, we
did synthesize the flower-like Au-Fe3O4 nanoparticles by
switching the solvent from nonpolar hydrocarbon to slightly
polarized diphenyl ether.16 Figure 5 shows the TEM images
of such flower-like nanoparticles with the faceted Au core
being ∼8 nm and radial length of the Fe3O4 at ∼4 nm,
indicating clearly the multi-nucleation of iron oxide on the
faceted Au seeds.

The present report demonstrates a simple chemical syn-
thesis of dumbbell-like Au-Fe3O4 nanoparticles with the Au
and the Fe3O4 being in nanometer contact. The size, structure
and chemical nature of each part of the dumbbell are
controlled by regulating the synthetic conditions. The dumb-

Figure 3. UV-vis spectra of the Au and Au-Fe3O4 nanopar-
ticles: (A) 8 nm Au; (B) 4 nm Au; (C) 7-14 nm Au-Fe3O4; and
(D) 3-14 nm Au-Fe3O4. The spectra were collected on a Lambda
9 UV/VIS/NIR spectrometer in the wavelength from 350 to 800
nm. All particles were dispersed in hexane.

Figure 4. Hysteresis loops of the Au-Fe3O4 particles measured
at room temperature: (A) 3-14 nm Au-Fe3O4 and (B) 3-6 nm
Au-Fe3O4 particles. The particles were deposited on Si (100)
substrates from their hexane dispersions and dried under ambient
conditions. The measurements were carried out using a MPMS2
Quantum Design SQUID magnetometer with fields up to 5 T.
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bell structure offers the particles with two distinct surfaces
and functionalities. With Au, one can use the well-developed
gold-thiol chemistry for site-specific assembly and attach-
ment of thiol-terminated molecules, especially biomole-
cules;21-23 with Fe3O4, one can apply a highly sensitive
magnetic sensor to detect the magnetic signal of the
particles.24 The electron deficient Au in the dumbbell
structure has similar configuration to the Au catalyst on metal
oxide surface25 and may be an efficient catalyst for CO
oxidation. With the control of functionalities and the interface
interactions, these dumbbell structures should become ideal
model systems for studying structural and interface effects
on physical and chemical properties, and may evolve as
useful nanoscale building blocks for nanoelectronic, biologi-
cal, and catalytic applications.
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Figure 5. (A) Low resolution TEM and (B) HRTEM images of
flower-like Au-Fe3O4 nanoparticles.

382 Nano Lett., Vol. 5, No. 2, 2005


