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We report the successful synthesis of Co-Au core-shell nanoparticles by reducing an organo-gold compound
onto cobalt seeds with a weak reducer in a nonpolar solvent. The core-shell morphology was unequivocally
confirmed by complementary structural, magnetic, and optical property measurements. High-resolution
transmission electron microscopy and Z-contrast imaging shows a gold shell composed of multiple grains.
Electron-energy loss spectroscopy confirms the chemically distinct characteristics of the core (Co) and shell
(Au). Temperature-dependent magnetic property measurements confirm that the particles are superparamagnetic
with a blocking temperature,TB ∼ 55 K, consistent with a magnetic diameter∼6 nm. The UV-visible
absorption spectra of these nanoparticles show a red shift (relative to pure gold nanoparticles) in agreement
with a Au-shell morphology.

Introduction

Nanoscale core-shell structures have received considerable
attention recently because, in principle, their physical and
chemical properties can be tuned by controlling their chemical
composition and the relative sizes of the core and shell. For
example, the Ag-Au core-shell structure exhibits a strong Ag
surface plasmon resonance band combined with the ease of Au
surface functionalization.1 (ZnS)-(CdSe) core-shell semicon-
ductor materials show improved luminescence quantum yields.2

Bimagnetic (FePt)-(Fe3O4) core-shell structures display strong
exchange-spring behavior and an enhanced energy product.3

These physical and chemical properties of core-shell nanopar-
ticles strongly depend on the structure of the core, the shell,
and the interface. For magnetic nanoparticles, the biomedical
applications of ferromagnetic iron oxide nanoparticles have been
intensively studied due to their good biocompatibility.4 Recently,
there is an increasing interest in developing alternative high
moment metallic (Co, Fe, and related alloys) nanoparticles for
specific biomedical applications that require significant genera-
tion of forces, such as bioseparation and targeted delivery.5

However, biological applications of cobalt-based nanoparticles
are limited by their poor biocompatibility and resistance to
oxidation. As a result, much effort has been made in creating a
biocompatible interface for high magnetic moment cobalt
nanoparticles by growing a gold shell. Development of such
materials is expected to translate into useful and important
biomedical/diagnostic applications with enhanced detection
sensitivity. Gold-coated magnetic nanoparticles have been
reported by different groups.6-10 However, most of the synthetic
procedures were limited by their reproducibility and the control
of shell uniformity and crystallinity because of the use of a
strong reducing agent (borohydride) and an oxygen and water
rich environment. These problems in synthesis can be partially

solved by using a weak reducer such as hydrazine or a primary
amine.11,12 Most recently, a more successful procedure was
reported to create various core-shell structures utilizing a redox-
transmetalation process.13 In this method, an inorganic gold salt
was transferred into nonpolar solvent using a phase-transfer
agent to serve as a shell precursor. Subsequently, gold ions were
reduced by cobalt due to the difference in their reduction
potentials. One of the main issues in the redox-transmetalation
process is the interface between the core and the shell because
gaps or cavities are likely produced as the ions of the core
materials diffuse out of the nanostructures. In fact, with use of
cobalt nanoparticles as templates, gold hollow spheres with
tunable optical properties have been successfully synthesized
using the transmetalation method.14-16 Additionally, the evolu-
tion of magnetic properties in such displacement reactions can
be a good indicator of the core-shell morphology.17 Besides
the synthetic issues of core-shell nanostructures, it is also vital
to properly characterize the core-shell structure of nanoparticles
to confirm the core-shell morphology. Until now, microstruc-
tural analysis of core-shell nanostructure still remains a big
challenge due to the small size of the grains and the complex
crystal orientations. Here, we present the synthesis of Co-Au
core-shell nanoparticles using an organo-gold compound as
precursor in a nonpolar solvent. Detailed structural analysis
using high spatial resolution TEM techniques in conjunction
with studies of their magnetic and optical properties provide
convincing evidence for the core-shell morphology of the
nanoparticles synthesized in our laboratory.

Experimental Section

Synthesis of Cobalt Nanoparticle Seeds.For the synthesis
of Co-Au core-shell nanoparticles, cobalt seeds were first
fabricated. All the procedures were carried out under an argon
atmosphere to prevent oxidation. Monodispersed 6 nm cobalt
nanoparticles were synthesized utilizing a procedure similar to
the one reported elsewhere.12,18 Specifically, 1.58 mmol (0.54
g) of cobalt carbonyl dissolved in 3 mL of 1,2-diclrorobenzene
(DCB), forming a precursor stock solution. The stock solution
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was then injected into pre-heated DCB (180°C) solution
containing a mixture of 0.6 mmol (0.2 mL) of oleic acid and
1.1 mmol (0.34 mL) of trioctylamine (TOA) and refluxed for
15 min.

Synthesis of Co-Au Core-Shell Nanoparticles. Two
milligrams of cobalt seeds after washing with methanol was
redispersed into 5 mL of toluene, forming a homogeneous dark
black solution. The seed solution was then heated up to 95°C
slowly while stirring under an argon atmosphere. Gold precursor
stock solution was prepared inside the glovebox by dissolving
0.01 g of [(C6H5)3P]AuCl and 0.5 mL of oleylamine into 3 mL
of toluene. Here, the amine served as both a reducing and
capping agent. The gold precursor solution was then injected
into the preheated (95°C) toluene solution and kept at this
temperature for an hour. A yellowish black solution was
obtained, leading to the formation of 9 nm Co-Au core-shell
nanoparticles. Subsequently, these core-shell nanoparticles were
made water-soluble by functionalizing them with hydrophilic
thiol-containing surfactants, 11-mercaptoundecanoic acid, through
the specific binding between gold and thiols (Supporting
Information).

Characterization of the Co-Au Core-Shell Nanopar-
ticles. The crystal structure of cobalt seeds and the core-shell
nanoparticles were examined in powder form with a Rigaku
12.5 kW rotating anode X-ray diffraction system. The detailed
core-shell structures were investigated by a wide range of TEM
analysis, including bright field imaging (Phillips CM 100 TEM),
high-resolution TEM, EELS, and Z-contrast imaging (a 200 kV,
FEI F20 UT Tecnai, transmission electron microscope with an
in-column monochromator). Temperature and field-dependent
magnetization measurements were performed on a supercon-
ducting quantum interference device (SQUID) magnetometer
(Quantum Design MPMS SQUID Magnetometer). Optical
properties of solution-form samples were investigated on similar
size pure cobalt, pure gold, and Co-Au core-shell nanoparticles
by UV- visible spectrophotometery (Carry 550).

Results and Discussions

After synthesis, cobalt nanoparticles seeds were coated with
a layer of surfactants, which make them soluble only in organic
nonpolar solvents due to the hydrophobic nature of the
hydrocarbon chains. To obtain uniform core-shell structures,
several strategies were applied for the synthesis of Co-Au
core-shell nanoparticles. First, a nonpolar solvent (toluene) was
chosen to facilitate the formation of a homogeneous seed
solution. Second and more importantly, an organo-gold com-
pound was used as a precursor with distinct positive attributes
that include the following: (1) It has very good solubility in
toluene, forming a homogeneous solution together with the
seeds. Phase transformation could possibly bring water, ions,
or other molecules into the system, which affects the magnetic
properties of the seeds. (2) [(C6H5)3P]AuCl precursor exists as
a stable complex in toluene, which cannot react directly with
cobalt. (3) The weak reducer, oleyamine, can slowly reduce the
gold precursor on cobalt seeds to form a shell since the
heterogeneous nucleation requires less activation energy. Ad-
ditionally, this procedure avoids the interface problem due to
ion diffusion. All these considerations allowed the formation
of core-shell structure to take place in a controlled manner.
These Co-Au core-shell nanoparticles in organic solution are
stable up to several months without the observation of a cobalt
oxide signal in X-ray diffraction measurements. However, their
stabilities were reduced after transfer into aqueous solution,
mainly owing to the reaction of cobalt and thiol groups; this

reaction pilled off gold grains from the structure.19 This
assumption was also supported by the observation of a strong
absorption around 505 nm in the UV-vis absorption spectra,
which can be attributed to the absorption by small gold clusters
(Supporting Information).

A bright field TEM image of the cobalt nanoparticle seeds
is shown in Figure 1a, suggesting a narrow size distribution.
Figure 1b shows a representative bright field TEM image of 9
nm Co-Au core-shell nanoparticles. In principle, the contrast
in a bright field TEM image has contributions from a mechanism
based on both mass and thickness. The thicker and/or higher
mass areas appear darker than thinner and/or lower mass region.
The lighter cores and the darker shells of the TEM image suggest
that the core-shell structure was formed. Cobalt has a lower
atomic mass than gold; therefore, it is expected that a core made
of cobalt should look lighter than the gold shell based on atomic
mass contrast. Here, we believed that the atomic mass contribu-
tion was dominant over the thickness. The HRTEM image
shows a single-crystal Co core surrounded by multiple gold
grains, forming a raspberry structure. Clear Co/Au boundaries
are not observed due to the multiple gold grains on the cobalt
surface. This structure suggests that gold has multiple nucleation
sites on individual cobalt seeds during synthesis (Figure 1c).
The core diameter is 5-6 nm, close to the size of the cobalt
seeds used during synthesis, and the shell is roughly 1.5-2.0
nm thick. The HREM image clearly shows the structure of the
shell, but the core is not well-resolved due to it being both in
a different crystallographic orientation and embedded inside the
thin shell. However, lattice spacing of 0.204 and 0.102 nm,
measured from the images of the shell combined with an inverse
Fourier transform (IFT) analysis, corresponds to fcc Au (002)
and (004) planes (Supporting Information). A Z-contrast image
performed on these core-shell nanoparticles using scanning
transmission electron microscopy20 is shown in Figure 1d. In
this analysis, a high-intensity electron probe, typically sub-

Figure 1. Nine nanometer Co-Au core-shell nanoparticles: (a) cobalt
nanoparticle seeds, (b) bright field TEM image, (c) high-resolution TEM
image, and (d) Z-contrast image of 9 nm Co-Au core-shell nano-
particles shows the contrast difference between the relatively lighter
shells and the darker centers, indicating the spatial distribution of a
cobalt-rich core and gold-rich shell within the core-shell nanoparticles.
A clearer Z-contrast image of a single core-shell nanoparticle is shown
in the inset.
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nanometer in diameter that determines the spatial resolution, is
scanned across the sample and electrons incoherently scattered
at high angles are detected by an annular detector. Element
specificity is also a routine as the intensity of the scattered
electrons is proportional to the square of the atomic number of
the probed element. The contrast difference between the
relatively lighter shells (higher atomic number) and the darker
centers (lower atomic number) confirms the expected spatial
distribution of cobalt and gold within the core-shell nanopar-
ticles.

In addition to the Z-contrast imaging, the local chemistry was
unequivocally determined by measuring the EEL spectra using
a 1 nm focused probe. Figures 2a and 2b show the EEL spectra
focused on the core and the shell. The L3,2 edges in EELS of
transition metals are marked by prominent features at the
threshold, called “white lines”, due to excitations from 2p3/2(L3)
and 2p1/2(L2) spin-orbit split levels to the unoccupied 3d states
following the allowed dipole transitions. The observation of
strong features at 779 and 794 eV losses, corresponding to the
Co L2,3 edges in the EEL spectra, obtained when focused on
the core, indicates the presence of cobalt; the absence of these
edges when focused on the shell confirms the distinct chemical
nature of the core and shell and suggests that the cobalt
concentration in the shell is below the instrument detection limit
of ∼5%. Here, the Au core edge peak is not examined because
its Au M4,5 edges (2206 and 2291 eV) are outside the energy
range (<1000 eV) of facile EELS analysis in a TEM. This
measurement was repeated several times with almost identical
results.

In addition to the detailed TEM analysis, the crystal structure
of these Co-Au core-shell nanoparticles was studied by
powder X-ray diffraction (XRD). The main peaks of theθ-2θ
X-ray scan were indexed as fcc gold crystal structure and the
cobalt signal was barely seen (Figure 3a). Yet the crystal
structure of pure cobalt seeds was indexed as theε-structure
(Figure 3b). After being coated with gold grains, the cobalt
signals are dominated by gold due to the much stronger
absorption of Cu KR radiation by cobalt than gold. However,
two more peaks were clearly seen from a detailed scan in a
range of 40°-50°, which matched the (310) and (311) peaks
of ε-cobalt (Figure 3a, inset); the main peak (221) ofε-cobalt

was not well-resolved since it overlaps with the (200) peak of
fcc gold. Simulation of the XRD pattern was performed with
JADE software, and the average crystalline size of these core-
shell structures was determined by the Scherrer equation to be
about 5 nm with(10% deviations (Supporting Information).
This simulation demonstrated relative uniform particle size of
these core-shell nanoparticles. The average crystalline size from
the simulation was smaller than the size obtained from the TEM
image, also suggesting the presence of multiple gold grains.
The powder XRD analysis confirmed the presence of both cobalt
and gold in large quantity.

Figure 4a shows the temperature-dependent magnetization
measurements (zero field cooled and field cooled, ZFC/FC) of
these core-shell nanoparticles using a SQUID magnetometer.
The ZFC/FC curves show a relative narrow peak around 55 K,
suggesting that these particles are superparamagnetic at room
temperature and ferromagnetic below 55 K. The latter was
consistent with the observation of an open hysteresis loop at 5
K (Figure 4a, inset). The magnetic size of the core-shell
nanoparticle was estimated by comparing its blocking temper-
ature with measurements on pure cobalt nanocrystals. This is
done with an assumption that the gold grains do not affect the
anisotropy constant of cobalt significantly due to the immiscible
nature of cobalt and gold. For a given measurement time,τ of
100 s, the blocking temperature (TB) can be used to estimate

Figure 2. EELS spectra of 9 nm diameter Co-Au core-shell
nanoparticles from (a) center and (b) edge.

Figure 3. θ-2θ X-ray scans: (a) 9 nm Co-Au core-shell nanopar-
ticles and the detailed scan in a narrow angular window is shown in
the inset; (b) cobalt seeds.

Figure 4. Nine nanometer Co-Au core-shell nanoparticles: (a) ZFC/
FC magnetic measurements, inset 5 K hysteresis loop; (b) UV-visible
spectra and the comparison with similar size pure cobalt and gold
nanoparticles.
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the magnetic volume (eq 1). The observedTB ∼ 55 K
corresponds to approximately 6 nm magnetic core.

In addition to the intrinsic magnetic properties of the cobalt
core, the gold nanoshell brings in unique biocompatibility and
near-infrared optical activity. The plasmon-derived optical
resonance of gold shell can be dramatically shifted in wavelength
from the visible region into infrared21 and the wavelength range
spans the region of highest physiological transmissivity.22 UV-
visible spectra of our nanoparticles show a continuous decrease
in intensity for pure Co nanoparticles and a distinct peak around
530 nm for pure Au nanoparticles. However, a pronounced peak
around 680 nm was observed for the Au shell absorbance of
these Co-Au core-shell nanoparticles (Figure 4b). This red
shift behavior of these core-shell nanoparticles is attributed to
surface plasmon resonance enhanced absorption. It is expected
to be similar to the one reported in the literature for a gold-
coated dielectric core22 and depend on the relative size of the
core and shell. Theoretical calculation on Ag-Au core-shell
structure also shows a red shift for gold-coated metallic cores.23

The red shift in wavelength of gold surface plasmon has also
been observed experimentally in other bimetallic systems with
a metal core as well, such as Fe-Au core-shell nanoparticles.6

Conclusions

In conclusion, we have synthesized Co-Au core-shell
nanoparticles in a nonpolar environment and, using a range of
complementary electron-optical characterization methods, pro-
vided a detailed analysis to confirm the formation of a cobalt
core and a gold shell. The magnetic and optical properties are
also consistent with this core-shell morphology; further, they
may both be tuned by tailoring the size of the core and shell.
The gold shell also provides a variety of surface functionaliza-
tion opportunities. These tailorable magnetic/optical properties
and ease of surface functionalization in these well-characterized
core-shell nanostructures make them attractive candidates for
a wide range of biomedical applications, such as separation,
detection, and sensing.
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