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Monodisperse Au–Fe3O4 heterodimeric nanoparticles (NPs) were prepared by injecting precursors into a hot

reaction solution. The size of Au and Fe3O4 particles can be controlled by changing the injection temperature. UV–

Vis spectra show that the surface plasma resonance band of Au–Fe3O4 heterodimeric NPs was evidently red-shifted

compared with the resonance band of Au NPs of similar size. The as-prepared heterodimeric Au–Fe3O4 NPs exhibited

superparamagnetic properties at room temperature. The Ag–Fe3O4 heterodimeric NPs were also prepared by this

synthetic method simply using AgNO3 as precursor instead of HAuCl4. It is indicated that the reported method can

be readily extended to the synthesis of other noble metal conjugated heterodimeric NPs.
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1. Introduction

The controls on shape, size and composition of

nanoparticles are very important in the synthesis of

nanomaterials because their chemical and physical

properties depend upon these factors greatly.[1−5] No-

ble metal and magnetic materials exhibited inter-

esting optical and magnetic properties such as sur-

face plasma resonance (SPR) absorption and super-

paramagnetism, as their size was scaled down to

nanometers.[6−9] It has been found that the opti-

cal, magnetic and electronic properties of these two

nanomaterials can be further varied when they are

combined with each other through a nanoscale inter-

face to form heterodimeric nanoparticles (NPs).[10−12]

Because the shape and size of each component

of heterodimeric NPs can be controlled separately,

these heterodimeric nanoparticles show controllable

bifunctional properties and thus they have been of

great potential for biological sensors, magnetic reso-

nance imaging and drug delivery.[13−15] Much effort

has been devoted to the synthesis of heterodimeric

NPs and various heterodimeric NPs including metal–

metal oxide,[16−19] metal–metal,[17,20,21] and metal–

semiconductor,[13,15,22] have been reported in recent

years. These heterodimeric NPs have been success-

fully applied in the studies of bio-detection, drug-

delivery and magneto-optical interactions,[23,24] and

thus have simplified the current synthetic approaches

of heterodimeric NPs, which has been desirable for

their future applications.

Here, we report a simplified synthesis and the

properties of monodisperse Au–Fe3O4 and Ag–Fe3O4

heterodimeric NPs. The synthesis was carried out

by thermal decomposition of Fe(CO)5 and reduction

of HAuCl4 in hot organic solvent in the presence of

stabilizers. It was found that the size of Au and

Fe3O4 particles in the heterodimeric NPs can be con-

trolled by changing the injecting temperature of pre-

cursors. UV–Vis spectra of different sized Au–Fe3O4

heterodimeric NPs showed that the SPR band of the

heterodimeric NPs was red-shifted compared with Au

nanoparticles of similar size. The magnetization be-

haviours of heterodimeric NPs also exhibited a slight

decrease due to the attachment of the Au component

onto Fe3O4. This method was extended to synthe-

size Ag–Fe3O4 heterodimeric NPs by using AgNO3 as

precursor instead of HAuCl4.

∗Project supported by the National Natural Science Foundation of China (Grant Nos. 60571045 and 50872147) and the National

High-Tech. Research and Development Program of China (Grant No. 2007AA03Z035).
†Corresponding author. E-mail: hjgao@aphy.iphy.ac.cn

c⃝ 2010 Chinese Physical Society and IOP Publishing Ltd
http://www.iop.org/journals/cpb　http://cpb.iphy.ac.cn

066102-1



Chin. Phys. B Vol. 19, No. 6 (2010) 066102

2. Experiment

2.1.Materials

Oleic acid (90%), oleylamine (70%), 1,2-hexade-

candiol and 1-octadecene (90%), Fe(CO)5, HAuCl4

and AgNO3 were purchased from Aldrich Co. Ltd. All

reagents were used without further purification.

2.2. Synthesis of Au Fe3O4 NPs

The synthesis process was modified based on

the seed-mediated method:[16] 6 mmol oleic acid

(OA), 6 mmol oleylamine (OAm), 10 mmol 1,2-

hexadecandiol and 20 mL 1-octadecene (ODE) were

mixed in 100 mL flask and stirred under nitrogen flow

at 120 ◦C for 30 min. Then under a blanket of nitro-

gen, 0.3 mL Fe(CO)5 was injected into mixed solution.

After 3 min, the deaerated gold precursor solution con-

sisting of 42 mg HAuCl4·(H2O)3, 0.5 mL oleylamine

and 5 mL 1-octadecene was added dropwise into the

hot solution within 10 min. The solution was slowly

heated to 310 ◦C to reflux for 45 min. Then the so-

lution was cooled down to room temperature and the

heat source was removed. The solution was exposed to

air for an extra hour to ensure the formation of Fe3O4.

An amount of 40 mL of isopropanol was added into

the solution and centrifuged at 8000 rpm for 10 min.

The products were redispersed in hexane in the pres-

ence of 0.5 µL oleylamine and centrifuged again for

8 min at 6000 rpm. Then 40 ml ethanol was added

into the solution and was centrifuged again. The Au–

Fe3O4 NPs was dissolved in 30 ml hexane in the pres-

ence of 0.5 µL oleylamine. Furthermore, 6.0–15.8 nm

Au–Fe3O4 NPs were prepared when precursors were

injected at 160 ◦C.

2.3. Synthesis of 4.1 7.5 nm Ag Fe3O4

NPs

1.9 mL (6 mmol) oleic acid, 2.0 mL (6 mmol)

oleylamine, 10 mmol 1,2-hexadecandiol and 20 mL 1-

octadecene were mixed in a 100 mL flask. The mixed

solution was heated to 120 ◦C under nitrogen gas

flow for 30 min. At stirring, 0.3 mL Fe(CO)5 solu-

tion was injected into this mixed solution. After 5

min, the deaerated silver precursor solution consisting

of 35.2 mg AgNO3, 1.0 mL oleylamine and 5.0 mL

toluene solution was added to the hot solution. The

solution was heated to 205 ◦C to reflux for 90 min.

Then the solution was cooled down to room temper-

ature and the heat source was removed. The solution

was exposed to air for an extra hour to ensure the for-

mation of Fe3O4. Forty mililiters of isopropanol was

added to the solution and centrifuged at 8000 rpm for

10 min. The products were redispersed in hexane in

the presence of 0.5 µL oleylamine and centrifuged for 8

min at 6000 rpm. The products were finally dissolved

in 30 ml hexane in the presence of 0.5 µL oleylamine.

2.4.Characterization of Au Fe3O4 NPs

The morphology of the product was character-

ized by a Philips EM-420 transmission electron mi-

croscope (TEM) at an acceleration voltage of 120 kV.

UV–Vis absorption spectra were obtained using a

Perkin Elmer Lambda 35 UV/Vis spectrometer. The

magnetic properties of samples were examined by a

Lakeshore 7404 high sensitivity vibrating sample mag-

netometer (VSM) with fields up to 1.5 Tesla at room

temperature. The x-ray diffraction (XRD) patterns

were collected on a Bruker AXS D8-advanced diffrac-

tometer with Cu Kα radiation (= 1.5418 Å, 1 Å =

0.1 nm).

3. Results and discussion

The monodisperse Au–Fe3O4 NPs with different

sizes were synthesized at different injection temper-

atures of precursors. The TEM images of Au–Fe3O4

NPs are shown in Fig. 1. It can be seen that the size of

Au–Fe3O4 NPs can be controlled by changing the in-

jection temperature of Fe(CO)5 and HAuCl4. The 7.4

± 1.3 nm Au–12.1 ± 1.6 nm Fe3O4 (Fig. 1(a)) and 6.0

± 0.82 nm Au–15.8 ± 2.4 nm Fe3O4 (Fig. 1(b)) were

obtained by injecting precursors at 120 ◦C and 160 ◦C,

respectively. The Au–Fe3O4 heterodimeric NPs show

narrow size and shape distributions. The standard de-

viations of Au and Fe3O4 are 12%–18% and 23%–30%,

respectively. The size of Au NPs decreases and that of

Fe3O4 NPs increases as the injecting temperature of

precursors increases. The Au particles appear darker

and Fe3O4 are light coloured in the image because Au

has a higher electron density.[16] These results differ

slightly from Sun’s report, in which the size of Au

in the heterodimeric NPs increased with increasing

injecting temperature of HAuCl4. The main reason

should be ascribed to the difference between the two

injection processes of HAuCl4. Sun et al.[16] injected
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HAuCl4–OAm–ODE solution rapidly into the hot so-

lution at different temperatures to tune the size of Au

particles.

In our experiment, we added HAuCl4–OAm–

ODE solution dropwise into the hot solution within

10 min. When Au precursor solution was slowly

dropped into the solution, Au3+ ions were reduced

to small Au0 clusters, which can be seeds for further

growth of Au crystals. With Au precursor solution

dropped gradually, Au3+ ions can adsorb on the seeds

to grow large Au particles. At a higher injection tem-

perature (160 ◦C), the increase of reduction rate of

Au3+ ions will lead to the decrease of size of Au par-

ticles.

Fig. 1. TEM images and size distribution histograms of Au–Fe3O4 NPs prepared at different injection temperatures

of precursors: (a) 7.4 ± 1.3 nm Au–12.1 ± 1.6 nm Fe3O4 at 120 ◦C; (b) 6.0 ± 0.82 nm Au–15.8 ± 2.4 nm Fe3O4

at 160 ◦C.
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As shown in Fig. 2, the typical XRD pattern of

the Au–Fe3O4 (6.0–15.8 nm) heterodimeric NPs shows

the main reflection peaks of Au and Fe3O4, indicat-

ing that the heterodimeric NPs are indeed composed

of Au and Fe3O4. The diffraction peaks of Au and

Fe3O4 are consistent with the standard ones of Au

(JCPDF 04-0784) and Fe3O4 (JCPDF 88-0866). The

results prove that the components of heterodimeric

NPs are face-centred cubic structure of Au and cubic

spinel structure of Fe3O4.

Fig. 2. The typical XRD pattern of Au–Fe3O4 (6.0–

15.8 nm) NPs. The reflection peaks of Au and Fe3O4 in

the heterodimeric NPs match well with the standard ones

of Au (JCPDF 04-0784) and Fe3O4 (JCPDF 88-0866).

The UV–Vis spectrum of Au–Fe3O4 het-

erodimeric NPs dispersed in hexane solution is shown

in Fig. 3. Compared with the absorption spectrum

of 7 nm Au NPs (at 525 nm), the SPR bands of

Au parts in the heterodimeric NPs are evidently red-

shifted. The SPR band of 7.4–12.1 nm Au–Fe3O4 NPs

and that of 6.0–15.8 nm Au–Fe3O4 NPs are located at

545 nm and 540 nm, respectively. The position and

width of the SPR band also change due to the size dif-

ference of Au particles in heterodimeric NPs. When

the size of Au particles in heterodimeric NPs becomes

small, the SPR band is blue-shifted and the absorp-

tion peak becomes broader. This is confirmed by the

fact that the size of Au particles in Au–Fe3O4 het-

erodimeric NPs has influence on the SPR band of the

heterodimeric NPs.

The hysteresis loops of heterodimeric NPs pre-

pared at different injecting temperatures of the pre-

cursors are shown in Fig. 4. Au–Fe3O4 NPs show su-

perparamagnetic characteristics at room temperature

(300 K). It can be seen from Fig. 4 that the satura-

tion magnetization of Au–Fe3O4 NPs decreases com-

pared with pure Fe3O4 NPs. The saturation magneti-

zation of Au–Fe3O4 NPs prepared at 160 ◦C injection

temperature is higher than that prepared at 120 ◦C.

This is because the size of Fe3O4 particles in the het-

erodimeric NPs prepared at 160 ◦C is bigger and the

mass percentage of the Fe3O4 component is relatively

higher than that prepared at 120 ◦C. This is consis-

tent with the reports of other research groups.[16]

Fig. 3. UV–Vis spectra of Au–Fe3O4 NPs prepared at

different injection temperatures of precursors. The SPR

bands of 7.4–12.1 nm Au–Fe3O4 NPs and 6.0–15.8 nm

Au–Fe3O4 NPs are located at 545 nm and 540 nm, re-

spectively. Compared with 7 nm Au, the SPR band of

Au–Fe3O4 NPs is evidently red-shifted.

Fig. 4. The room-temperature hysteresis loops of Au–

Fe3O4 NPs prepared at different injection temperatures

of precursors. Au–Fe3O4 heterodimeric NPs show super-

paramagnetic characteristics at room temperature.

Under similar reaction conditions, we also suc-

cessfully prepared Ag–Fe3O4 heterodimeric NPs using

AgNO3 instead of HAuCl4 as precursor at 220
◦C. Fig-

ure 5(a) shows a typical TEM image of the as-prepared

Ag–Fe3O4 heterodimeric NPs. These Ag–Fe3O4 NPs

are in good monodispersity and the sizes of Ag and

Fe3O4 particles are 4.7 ± 0.9 nm and 2.8 ± 0.4 nm,

respectively. The SPR absorption of Ag–Fe3O4 NPs

is at around 421 nm as shown in Fig. 5(b), in which

the peak is red-shifted by 12 nm away from that of

the pure Ag NPs of similar size. The hysteresis loop

of Ag–Fe3O4 NPs shows that the heterodimeric NPs

are superparamagnetic at room temperature. Their

saturation magnetization is 9.5 emu/g, which is much

lower than that of pure Fe3O4 NPs due to the rel-

atively low mass percentage of Fe3O4 component in

these heterodimeric NPs.
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Fig. 5. The typical TEM image (a), the UV–Vis spectrum (b) and the room-temperature hysteresis loop of 4.7 nm

Ag–2.8 nm Fe3O4 NPs. Ag–Fe3O4 NPs are dispersed well in non-polar solvents and the SPR band is red-shifted

compared with that of the Ag NPs with similar size. The saturation magnetization of these Ag–Fe3O4 NPs decreases

significantly due to the relatively low mass percentage of Fe3O4 component.

4. Conclusions

Monodisperse Au–Fe3O4 and Ag–Fe3O4 heterodimeric NPs with different sizes were prepared via the ther-

mal decomposition of Fe(CO)5 and the reduction of HAuCl4 or AgNO3. Different materials of 7.4 ± 1.3 nm

Au–12.1 ± 1.6 nm Fe3O4 and 6.0 ± 0.82 nm Au–15.8 ± 2.4 nm Fe3O4 were prepared when the injection tem-

peratures of precursors were 120 ◦C and 160 ◦C, respectively. The XRD pattern of Au–Fe3O4 NPs shows that

the NPs consist of fcc Au and cubic spinel structured Fe3O4. UV–Vis spectra of NPs show that the SPR bands

of Au–Fe3O4 heterodimeric NPs were evidently red-shifted compared with pure 7 nm Au particles. The hys-

teresis loops of Au–Fe3O4 and Ag–Fe3O4 heterodimeric NPs indicate that they are superparamagnetic at room

temperature with a relative decrease in the saturation magnetization. The reported synthetic method offers

an easy way to control two components of heterodimeric NPs and should be applicable to the size-controlled

synthesis of other heterodimeric NPs.
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