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Novel Hybrid Au Fe O Magnetic Octahedron-like Nanoparticles with
Tunable Size

L. Li , Y. M. Du , K. Y. Mak , C. W. Leung , and P. W. T. Pong

Department of Electrical and Electronic Engineering, The University of Hong Kong, Hong Kong
Department of Applied Physics, Hong Kong Polytechnic University, Hong Kong

Octahedron-like Au Fe O magnetic nanoparticles are synthesized using decomposition of FeO(OH) and HAuCl with the presence
of oleic acid in 1-octadecene solvent. In the octahedron-like hybrid particles, Fe O mainly displayed the octahedral morphology and
spherical Au nanoparticles partially embedded into one side of Fe O octahedron. The size of particle could be tuned from 25 to 240 nm
for the whole particle (mainly for Fe O ) and 10 to 40 nm for Au by changing the proportion of the starting materials. The hybrid
particles showed the magnetic properties of Fe O with dependence on the size of Fe O octahedron composite and the proportion of
Fe O to Au. Coercivity is observed in the hybrid Au Fe O octahedron-like nanoparticles (55 Oe for 25 nm, 135 Oe for 100 nm, and
159 Oe for 240 nm) at room temperature. These size-controllable hybrid Au Fe O magnetic octahedron-like particles, inheriting the
advantages of Au and Fe O nanoparticles, may evolve as useful building blocks for nano- and micro-electronic applications.

Index Terms—Gold, hybrid nanoparticles, iron oxide, octahedron, tunable size.

I. INTRODUCTION

A RESEARCH topic of growing importance in nanomate-
rials synthesis is to design the systems possessing diverse

physical and chemical properties through the assembling of dif-
ferent materials into hybrid nanostructures. The multicompo-
nent nanostructures can inherit the chemical and physical prop-
erties of individual domains. In some cases, it can even pro-
vide entirely novel properties via the coupling between com-
ponents, which will be essential for the future technological
applications. For instance, the structural stability and fluores-
cence efficiency of semiconductor nanoparticle (CdSe) can be
enhanced by the CdS or ZnS nanoshells [1], [2]. Besides the
significant progress in the synthesis of hybrid semiconductor
nanoparticles, a number of heterostructures that combine other
materials has been successfully fabricated to date, including
CoPt Au dumbbells [3], Ru–Pt core–shell nanoparticles [4],
Au/Pd nanooctahedron [5], Pd/Ag and Pt/Ag nanoboxes [6],
Au Fe O dumbbells and “nanoflowers” [7], [8]. Among these
binary hybrid nanomaterials, the combinations of gold and iron
oxide have attracted increasing interests frommaterial scientists
because they are promising to inherit the advantageous proper-
ties from both individual gold and iron oxide nanoparticles.
The magnetic iron oxide-based materials often exhibit mag-

netic properties and can be used for selective capture of tar-
geting molecules, recyclable nanocatalysis, magnetic bio-detec-
tion purposes, and magnetic resonance imaging (MRI) contrast
enhancement [9]–[12]. The combination of gold and iron oxide
can offer the promise of new application because of the comple-
mentary properties of gold to iron oxide. It has been found that
the gold nanoshell can modulate the magnetic properties of iron
oxide nanoparticles in iron oxide/gold core/shell structure [13].
The gold domains can facilitate chemical functionalization by
using thiols or disulfides on gold/iron oxide hybrid dumbbell-

Manuscript received April 28, 2013; revised July 12, 2013; accepted July 31,
2013. Date of current version December 23, 2013. Corresponding author: P. W.
T. Pong (e-mail: ppong@eee.hku.hk).
Color versions of one or more of the figures in this paper are available online

at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/TMAG.2013.2276629

like nanoparticles, and the bio-conjugated hybrid nanoparticles
have great potential to serve as an effective antigen-targeted
photothermal therapeutic agent for cancer treatment as well as
a probe for magnetic resonance-based imaging [14]. For the
preparation of binary gold/iron oxide hybrid nanoparticles, sev-
eral methods have been reported, including thermal decomposi-
tion method, laser process method, and sonochemical methods
[8], [15], [16]. Various morphologies of the hybrid nanopar-
ticles have been realized, such as peanut-like, dumbbell-like,
“nanoflower”-like, and sphere-like (core-shell or core-satellite
structure) shapes [7], [8], [17]. Here, we report a straightfor-
ward and environmentally friendly approach to synthesizing bi-
nary Au Fe O magnetic nanoparticles with a novel octahe-
dron-like morphology, consisting of spherical gold nanoparti-
cles partially embedded into one side of the iron oxide octa-
hedron. The synthetic procedure is inspired by the methods of
Sun’s group [8] and Colvin’s group [18] and is based on the
thermal decomposition of FeO(OH) and HAuCl in the pres-
ence of oleic acid in high boiling-point solvent. The iron pre-
cursor (FeO(OH)) and gold precursor (HAuCl ) are both envi-
ronmentally friendly, nontoxic, and safe reagents. The sizes of
the final Au Fe O hybrid products, especially the size of iron
oxide octahedral component, can be adjusted by changing the
proportion of startingmaterials.We characterize the synthesized
particles using transmission electron microscopy (TEM), se-
lected area electron diffraction pattern (SAEDP), scanning elec-
tron microscopy (SEM), energy-dispersive X-ray spectroscopy
(EDS), and a vibrating sample magnetometer (VSM).

II. EXPERIMENT

A. Materials

Hydrated iron (III) oxide (FeO(OH)), Gold(III) chloride
(HAuCl ), oleic acid (OA), 1-octadecene, and dioctyl ether
were purchased from Sigma-Aldrich (USA). All chemicals
were used as received.

B. Synthesis of Au Fe O Hybrid Nanoparticles

All the nanoproducts were synthesized in a three-neck flask
equipped with condenser, magnetic stirrer, thermocouple, and
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heating mantle. Typically, a mixture of FeO(OH) fine powder,
2.26 g oleic acid, and 5 g 1-octadecene was stirred and heated to
120 C under a gentle flow of nitrogen. During this period, the
solution turned from turbid black to clear brown, and the iron
oleate formed [18]. Then under a blanket of nitrogen, the gold
precursor solution consisting of 0.068 g HAuCl and 2 g dioctyl
ether was injected into the solution. After maintaining 120 C
for 10 minutes, the mixture was heated to reflux ( C) for
2 hours, cooled down to room temperature, and exposed to air
for an extra 30 minutes to ensure the formation of Fe O . The
final products were precipitated out of 1-octadecene by acetone,
washed several times with 1:2 mixture of chloroform and ace-
tone, extracted by magnetic attraction, and redispersed in chlo-
roform. The amount of FeO(OH) was varied to prepare hybrid
Au Fe O nanoparticles of different sizes. For comparison, the
iron oxide nanoparticles (IONPs) were synthesized using the
same synthetic process only without the presence of HAuCl .

C. Characterization

The size and morphology of the synthesized nanoparticles
were examined under TEM (FEI Tecnai G2 20 S-TWIN) and
SEM (Hitachi S-4800 FEG). The chemical components of the
nanoparticles were analyzed through energy-dispersive X-ray
spectroscopy (EDS) microanalysis. For TEM observation, sam-
ples were prepared by dispensing dilute drops of the nanoparti-
cles chloroform suspension on carbon-coated copper grids and
allowed to dry slowly. For SEM observation and EDS analysis,
samples were prepared by dispensing one drop of the nanopar-
ticles chloroform suspension on silicon wafer and allowed to
dry slowly. The magnetic properties of nanoparticles were car-
ried out using a VSM (Lakeshore, VSM 7400). The magnetiza-
tion was measured over a range of applied field from - to
10 000 Oe.

III. RESULTS AND DISCUSSION

The as-synthesized gold/iron oxide hybrid nanoparticles
(GIONPs) and its control IONPs displayed different morpholo-
gies and dimensions under TEM observation (Fig. 1). The
initial molar ratio of FeO(OH) HAuCl in the experiment is
denoted as . Most GIONP products [Fig. 1(a)] synthesized
when mainly showed a quadrilateral morphology with
mean size about 240 nm. As shown in the high-magnification
view of one GIONP [inset in Fig. 1(a)], gold particle ( nm)
appears black and iron oxide is light colored in the image
because gold has a higher electron density and allows fewer
electrons to transmit [8]. The corresponding IONP products
[Fig. 1(b)] synthesized through the same synthetic route but
without the presence of HAuCl served as control. These
IONPs have spherical morphology with uniform size of 13 nm.
Fig. 1(c) is a typical high-resolution TEM (HRTEM) image of
a single IONP. Fig. 1(a1), 1(b1), and 1(c1) shows the corre-
sponding electron diffraction patterns of Fig. 1a, 1b, and 1c.
The diffraction pattern in Fig. 1(a1) demonstrates that the iron
oxide in GIONPs is magnetite (Fe O ). The Au diffraction
rings cannot be distinguished easily from the pattern because
of the small volume fraction of Au in the GIONPs. Fig. 1(b1)
shows a characteristic diffraction pattern of the Fe O parti-
cles. Fig. 1(c1) confirms and reveals the single-crystal nature of
IONP with the zone axis. Two spacings of 0.29 nm are

Fig. 1. TEM images of (a) hybrid Au Fe O nanoparticles (GIONPs, initial
molar ratio R of FeO(OH) HAuCl ) and (b) iron oxide nanoparticles
(IONPs, 13 nm). Inset in Fig. 1(a) is the high-magnification view of one
GIONP. (c) HRTEM image of a single IONP. Electron diffraction pattern of
(a1) GIONPs, (b1) IONPs, and (c1) single IONP.

consistent with the planes of ( ) and ( ) [19]. This result
demonstrates that the introduction of gold precursor (HAuCl )
into our reaction system induces dramatic changes on the size
and morphology of final products. This should be attributed to
the catalytic ability of gold nanoparticles on the decomposition
of iron oleate. The catalytic ability of gold nanoparticles has
been already used in the synthesis of hybrid gold/iron oxide
nanoparticles with peanut-like, dumbbell-like, and core-shell
structures [7], [8], [17]. In order to confirm the formation of
gold nanoparticles in advance of the formation of iron oxide
nanoparticles in our experiment, some reaction mixture was
extracted when the reaction temperature reached 150 C. Only
gold nanoparticles were found in the mixture solution while no
formation of iron oxide nanoparticles could be viewed under
TEM observation. This confirmed that the gold nanoparticles
were presynthesized before the decomposition of iron oleate
into iron oxide nanoparticles.
To further study their morphology and their chemical com-

ponents, the GIONP samples were analyzed by SEM and EDS
(Fig. 2). We found that the increase of FeO(OH) precursor
amount in the reaction system leads to the size increase of the
final GIONP products. The mean sizes of GIONPs synthe-
sized with varied amount of iron precursors are about 25 nm
[GIONP-25, , Fig. 2(a)], 100 nm [GIONP-100, ,
Fig. 2(b)], and 240 nm [GIONP-240, , Fig. 2(c)],
respectively. Different from the peanut-like, dumbbell-like,
“nanoflower”-like, and nanoporous core/shell spherical shapes
of the gold/iron oxide hybrid nanoparticles which have already
been fabricated by other research groups [7], [8], [17], the
GIONP products obtained in our experiments displayed a new
octahedron-like shape [as illustrated by the red octahedron
schematic plots in Fig. 2(a), Fig. 2(b), and Fig. 2(c)]. Fig. 2(d)
is a representative EDS result of GIONP-240. The elements of
Fe and Au are confirmed in all the GIONP products.
As shown in the TEM images (Fig. 3), GIONP-25 [ ,

Fig. 3(a)], GIONP-100 [ , Fig. 3(b)] and GIONP-240
[ , Fig. 3(c)] displayed increased size as the iron pre-
cursor increased. This is consistent with the observation in the
SEM images (Fig. 2). The quadrilateral and hexagonal images
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Fig. 2 (Color online) SEM images of (a) GIONP-25, hybrid Au Fe O
nanoparticles with initial molar ratio R of FeO(OH) HAuCl ,
(b) GIONP-100, hybrid Au Fe O nanoparticles with initial molar ratio
R of FeO(OH) HAuCl , and (c) GIONP-240, hybrid Au Fe O nanopar-
ticles with initial molar ratio R of FeO(OH) HAuCl . Red octahedral
schematic plots are provided as visual guides. (d) EDS result of GIONP-240.
Elements of Fe and Au are labeled.

of the GIONPs under TEM observation are the 2-D projection
of the octahedron through different projection directions. The
red octahedron in Fig. 3(a) represents the corresponding 3-D
schematic models of the hexagonal 2-D projection of GIONPs.
In addition, it can be observed that the gold nanoparticles are
not located at the center of the iron oxide nanoparticles, and
part of the gold nanoparticles extrude beyond the iron oxide
nanoparticles area. This indicates that our GIONP-25 products
do not have a core-sell structure but have a structure like the
3-D schematic model as shown in Fig. 3(d). In this structure,
iron oxide nanoparticles maintain octahedral shape and part of
the gold nanoparticles embedded on one face of the iron oxide
octahedral nanoparticles. The sizes of gold nanoparticles in
GIONP-100 (Au: 22 nm) and in GIONP-240 (Au: 40 nm) are
much smaller than the respective iron oxide composites. Thus
it is difficult to know if the gold nanoparticle is the wholly
embedded or partly embedded inside the iron oxide octahedron
from the electron microscopy images. Since this kind of com-
posite structure is relatively novel, there is no well-established
mechanism explaining their formation. Nevertheless, the final
structure of hybrid particles seems to depend on whether the
gold surface allows only a single nucleation site or multiple
ones for iron oxide, which is related to the polarity of solvent
used in the experiment [8]. For example, hybrid gold/iron oxide
products can form core-shell structures in benzyl ether and
phenyl ether. In contrast, iron oxide may only grow from a
single site on gold surface in dioctyl ether and 1-octadecene.
Since the solvent used in our experiment is dioctyl ether and
1-octadecene, we presume that the iron oxide cannot grow
around the gold nanoparticles. Thus, the morphologies of
GIONP-100 and GIONP-240 are likely to develop the same
structure [Fig. 3(d)] as GIONP-25, which needs to be further
confirmed. In addition, the gold/magnetite interface in GIONPs
is likely due to the phenomenon that the iron oxide starts to
nucleate on a gold nanoparticle, and the shape of iron oxide
crystals is mostly determined by the relative growth rates along

Fig. 3 (Color online) TEM images of (a) GIONP-25, hybrid Au Fe O
nanoparticles with initial molar ratio R of FeO(OH) HAuCl ,
(b) GIONP-100, hybrid Au Fe O nanoparticles with initial molar ratio
R of FeO(OH) HAuCl , and (c) GIONP-240, hybrid Au Fe O nanopar-
ticles with initial molar ratio R of FeO(OH) HAuCl . Red octahedron in
Fig. 3(a) represents the corresponding 3-D schematic models of the hexagonal
2-D projection of GIONPs. (d) 3-D schematic models for the GIONP-25. In
this octahedron-like particle, one spherical Au nanoparticle partially embedded
into one face of the Fe O octahedron.

different directions [8], [20]. It is suggested that the shape of
an fcc crystal, like magnetite, is mainly determined by the ratio
of the growth rate in the direction to that in the
direction [21]. Since the catalysis ability of gold nanoparticles
played an important role in the formation of magnetite octahe-
dral, we conjecture that the influence of gold nanoparticles may
cause the growth rate of planes to be higher than that of

planes, thus the shape of octahedron forms naturally [20].
The magnetic properties of the IONPs and GIONPs were

characterized using VSM at room temperature (Fig. 4).
The saturation magnetization ( ) for IONPs, GIONP-25,
GIONP-100, and GIONP-240 are 60, 30, 42, and 55 emu/g,
respectively. The values of three GIONPs samples are
all less than the of IONPs due to the presence of the
nonmagnetic gold in the samples, but are much larger than the

value ( emu/g) of the gold/magnetite nanocomposites
formed via sonochemical methods [22]. Meanwhile, the
values of the GIONP-25, GIONP-100, and GIONP-240 are
30, 42, and 55 emu/g, respectively, indicating the of the
samples increases with the sample size. This phenomenon can
be explained by two reasons. First, the increase of FeO(OH)
precursor amount in reaction system leads to the size increase
of GIONPs, along with the size increase of their iron oxide
composites, as shown in TEM image (Fig. 3). Since the
value of IONPs increases in proportion to the particle size in
the nanometer regime [23] higher value exists in the iron
oxide composite with larger size. Thus, the size-dependent
value of the GIONPs can be partly attributed to the increasing

value with the increasing size of its iron oxide composite.
Second, the initial molar ratio of iron-precursor/gold-precursor
(FeO(OH) HAuCl ) is , , and for the
GIONP-25, GIONP-100, and GIONP-240, respectively. With
higher R value used, the size of GIONPs increases, along with
the higher the proportion of magnetic iron oxide obtained in the
corresponding GIONPs, and larger value can be expected.
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Fig. 4 (Color online) (a) Full view of magnetization curve and (b) magnified
views of the M-H loops in the low magnetic field of iron oxide nanoparticles
(IONPs, 13 nm), hybrid Au Fe O nanoparticles with initial molar ratio R of
FeO(OH) HAuCl (GIONP-25), hybrid Au Fe O nanoparticles with
initial molar ratio R of FeO(OH) HAuCl (GIONP-100), and hybrid
Au Fe O nanoparticles with initial molar ratio R of FeO(OH) HAuCl
(GIONP-240).

As such, the increasing trend of value in GIONP-25,
GIONP-100, and GIONP-240 can be attributed to the increased
ratio of magnetic iron oxide to nonmagnetic gold in the final
products. The magnified views of the M-H loops in the low
magnetic field are shown in Fig. 4b. The IONPs show super-
paramagnetic behavior with no coercivity. The coercivity of
GIONP-25 is 55 Oe, comparable with the coercivity of 25 nm
iron oxide nanoparticles (45 Oe) [24]. This is mainly because
the iron oxide octahedron composites in GIONPs have a size of
around 25 nm. As the size of hybrid Au Fe O octahedron-like
particles increases to 100 nm and 240 nm, the coercivities
of particles increase to 135 Oe (GIONP-100) and 159 Oe
(GIONP-240). Thus, the GIONP samples showed size-de-
pendent coercivity, which can be explained by the random
anisotropy model [25]. The degree of magnetic anisotropy
increases with the size of iron oxide particle, which leads to
higher coercivity [26]. Therefore, the larger the size of the
GIONP samples, the larger the size of the iron oxide com-
posite, which is responsible for the higher coercivity value.
The increasing coercivity with particle size is consistent with
the phenomena reported in magnetite nanoparticles [27]. In
addition, the GIONP-100 and GIONP-240 showed coercivities
of 135 Oe and 159 Oe, larger than the coercivities of spherical
iron oxide nanoparticles with similar sizes of 81 nm (89 Oe)
and 282 nm (62 Oe) [27]. This is because the coercivity of
magnetite is governed by the particle shape and it is larger in
the octahedral particles than in the spherical ones [28].

IV. CONCLUSION

Here, we have reported a simple and environmentally
friendly approach to synthesize binary Au Fe O magnetic
nanoparticles with a novel octahedron-like morphology, con-
sisting of gold nanoparticles partially embedded into one side
of iron oxide octahedron. The sizes of the binary products, es-
pecially the iron oxide octahedral component, can be adjusted
by changing the proportion of starting materials. Magnetic
measurements indicate the hybrid Au Fe O magnetic octa-
hedron-like particles showed the magnetic behavior like their
Fe O components. The exposed part of the gold surface can be
used for attachment of thiol-terminated molecules, especially
biomolecules. The magnetic behavior of Fe O provides the
hybrid products with the potential to be used as magnetic labels

which can be detected by magnetic sensors or captured by
magnetic field. With the novel morphology and tunable sizes
from 25 to larger than 200 nm, hybrid Au Fe O magnetic
octahedron-like particles may evolve as useful building blocks
for nano-/micro-electronic application.
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