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Abstract: The fabrication and characteristics of spindle Fe2O3@Au core/shell particle were investigated, and the effect of the 
core/shell nanoparticles as the surface enhanced Raman spectroscopy (SERS)-active substrates was studied. By using the 
seed-catalyzed reduction technique, anisotropic Fe2O3@Au core/shell particles with spindle morphology were successfully prepared. 
The Fe2O3 particles with spindle morphology were initially prepared as original cores. The Au nanoparticles of 2 nm were attached 
onto the Fe2O3 particles through organosilane molecules. Uniform Au shell formed onto Fe2O3 core modified by Au nanoparticles 
through the in-situ reduction of HAuCl4. The shell thickness was controlled through regulating the concentration of HAuCl4 solution. 
The results of TEM, XRD and UV-vis characterization show that the core/shell particles with the original shape of the Fe2O3 
particles are obtained and these surfaces are covered by Au shell completely. The surface enhanced Raman spectrum of the probe 
molecules adsorbed on these core/shell substrates is strong and the intensity is enhanced with the increase of the thickness of Au shell 
or the aspect ratio of particles. The spindle Fe2O3@Au core/shell particles exhibit optimum (SERS) activity. 
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1 Introduction 
 

The nanoparticles with core/shell structure have 
attracted extensive attention in materials science[1−2], 
since these particles have many unique physical or 
chemical properties compared with their 
single-component counterparts, such as monodispersity, 
stability, maneuverability, and self-assembly property. 
Thus, core/shell nanoparticles exhibit some novel 
properties in electronics[3], magnetics [4], optics[5−7], 
thermal conductivity[8] and catalysis[9] by adjusting 
their size, chemical composition and structure order. In 
particular, structure consisting of a dielectric core and a 
metal shell exhibits important application in various 
technological fields such as photonics[10], catalysis[11], 
medical therapy[12] and sensing[13−14]. Recently, the 
hybrid particles were severed as the surface enhanced 
Raman spectroscopy (SERS) substrate due to the tunable 
optical properties of the hybrid materials[15]. It is well 
known that SERS is originated from extremely high 

surface electromagnetic field, which results from the 
localized surface plasmon resonance(LSPR). As a 
consequence, SERS intensities are critically dependent 
on the excitation of LSPR, and hence it is worthy of 
controlling. 

During the last few years, the synthesis and the 
characterization of anisotropic metal nanoparticles have 
been intensified. Previous studies showed that the 
plasmon optical resonance of Au nanoshells could be 
selectively tuned to any wavelength across the visible 
and the infrared regions of spectrum by simply varying 
the thickness ratio of the core to metal shell. In this work, 
to obtain the convenient and tunable ratio of the core to 
shell, we paid attention to prolate spheroid-nanorice that 
bears a remarkable resemblance to a grain of rice. Then, 
after the investigation of the fabrication of anisotropic 
dielectric core/metallic shell nanoparticle with tunable 
thickness and surface roughness, the SERS spectra of 
probe molecules adsorbed on these particles substrates 
were studied. 
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2 Experimental 
 
2.1 Materials 

Ferric chloride (FeCl3·6H2O), formaldehyde 
solution (37%), potassium dihydrogen phosphate 
(KH2PO4), (3-aminopropyl)trimeth-oxysilane (APTMS, 
97%), ethanol, chloroauric acid tetrahydrate (HAuCl4• 
4H2O), tetrakis hydroxymethyl phosphonium chloride 
(THPC), thiophenol(TP) were purchased from Aldrich. 
Ultrapure water with 18.2 MΩ in resistivity and all these 
chemicals were used as received without further 
purification. 
 
2.2 Preparation of spindle Fe2O3 particles 

Monodisperse spindle-shaped Fe2O3 particles with 
controllable aspect ratios were fabricated by forced 
hydrolysis of ferric chloride (FeCl3⋅6H2O) in 100 mL of 
aqueous solution containing KH2PO4 for 3 d[16]. The 
perfect spindle-shaped Fe2O3 particles with aspect ratio 
of 6.2 (500 nm×80 nm) were prepared. As one of 
reactants, KH2PO4 prolonged the processes of core 
formation and induced Fe2O3 to form rice-shaped or 
spindle-shaped particles. The precipitate was centrifuged 
and washed several times with water and ethanol. Finally, 
the precipitate was redispersed in ethanol for the further 
treatment. 
 
2.3 Surface modification of spindle Fe2O3 cores 

Through the self-assembly monolayer technique 
organosilane molecules (3-aminopropyl trimethoxysilane) 
were modified onto the surface of spindle Fe2O3 
cores[17]. The modified particles were centrifuged and 
redispersed in ethanol several times to remove the 
APTMS in the solution. The amine terminated on the 
surface of particles attached the small THPC-capped Au 
nanoparticles (about 2 nm in diameter) through the 
gold−amine interactions[18]. Fe2O3 cores modified with 
small Au nanoparticles were served as the seeds for the 
continuous formation of Au shell[19]. 
 
2.4 Preparation of spindle Fe2O3@Au core/shell 

particles 
A typical preparation of spindle Fe2O3@Au 

core/shell particles was carried out as follows: the former 
seed particles were disturbed in 10 mL of aqueous 
solution containing HAuCl4 and then reduced        
by formaldehyde solution. The continuous Au shell  
was formed due to the small Au nanoparticles as 
nucleation sites[20]. The thickness of Au shell can be 
controlled by changing the ratio of Au3+ to reducing 
agent. 

2.5 Measurement 
Transmission electron microscopy(TEM) 

photographs were taken on a Tecnai G220 from USA 
FEI Company. X-ray powder diffraction(XRD) patterns 
of the products were obtained on a X‘pert-pro MPD from 
Panalytical Company, Holand. A rotation anode X-ray 
diffractometer was equipped with graphite 
monochromatized Cu Kα radiation (λ=1.541 78 Å). 
Ultraviolet-visible (UV-vis) spectra were measured with 
an ultraviolet-visible spectrophotometer of TU-1810 
DSPC model. SERS spectra were measured on 
micro-confocal Raman system of LabRam HR800 from 
Horiba Jobin-Yvon with the excitation line of 633 nm. 
 
3 Results and discussion 
 
3.1 Morphology of particles 

The perfect spindle-type Fe2O3 particles could be 
synthesized through hydrolysis in a flask. And the small 
Au nanoparticle can be attached to the core through 
Au−amine interaction, which contributes to the 
formation of continuous Au shell. All these can be 
inferred from TEM photographs. Fig.1 shows the 
morphologies of spindle Fe2O3 particles and the 
core/shell particles with different shell thicknesses. 
Fig.1(a) shows that monodisperse spindle particles with a 
mean edge length of 500 nm and edge width of 80 nm 
are formed. Transmission electron micrograph in Fig.1(b) 
illustrates that the seed particles are formed by small Au 
nanoparticles attached to the Fe2O3 core. Micrographs in 
Figs.1(c) and (d) provide further evidence to prove the 
formation of core/shell particles due to a sharp contrast 
between the dark edge and the pale center. Two different 
thicknesses of Au shell, determined from the TEM image, 
are 28 nm and 49 nm, respectively. 
 
3.2 Crystal parameters of particles 

The XRD patterns of the products are shown in 
Fig.2. In Fig.2(a), all the peaks match well with the 
standard JCPDS data of α-Fe2O3 (JCPDS file, 
No.01-072-0469). When the α-Fe2O3 particles are 
modified with amine and attached by small Au 
nanoparticles, the characteristic diffraction peaks of 
α-Fe2O3 gradually disappear while the characteristic 
diffraction peaks of Au (111, 200, 220) appear in 
Fig.2(b). The above phenomena are apparent in Figs.2(c) 
and (d) with the increase of the thickness of Au shell, 
and these peaks are well accordant with the standard card 
(JCPDS file, No.01-089-3697). And the XRD results are 
well consistent with the above TEM images. 
 
3.3 Growth process of Fe2O3@Au core/shell structure 

In order to observe the influence of the thickness of 



SHEN Hong-xia, et al/Trans. Nonferrous Met. Soc. China 19(2009) 652−656 

 

654
 

 

 
Fig.1 TEM micrographs: (a) Spindle Fe2O3 particles; (b) Seed particles; (c), (d) Fe2O3 coated with different thicknesses of Au shell 
of 28 nm and 49 nm, respectively 
 

 
Fig.2 X-ray diffraction patterns for spindle particles: (a) Fe2O3 

core; (b) Seed particle; (c) Fe2O3@Au with thinner shell;    
(d) Fe2O3@Au with thicker shell 
 
the shell on SERS, hybrid particles with different 
thicknesses of Au shell were also prepared. Two major 
factors can control the thickness of Au shell in the 

growth process of Fe2O3@Au core/shell structure: one is 
the concentration of Au3+ and the other is the 
concentration of the seeds. 

The typical TEM images (Fig.3) show the 
anisotropic core/shell nature of the products resulted 
from the change of the concentration of Au3+ in solution. 
With increasing Au3+

 concentration, the shell becomes 
thicker and thicker, which is similar to that with 
decreasing the concentration of seed. Once the seeds 
with small Au particles have been obtained (the particles 
are shown in Fig.1(b)), further growth can be promoted 
by a slow reduction of HAuCl4 with a weak reducing 
agent that can only lead metal Au to form on the surface 
of the small Au particles. This has been previously 
reported for the growth of Au spheres[21] or for the 
growth of Au nanoshells on silica spheres[20−22]. 

The TEM micrographs indicate that the Au steadily 
grows on the surface of seed like islands, which is 
attributed to the preference chemical reduction of 
HAuCl4 onto the small Au nanoparticles attached to 
Fe2O3 cores. And they eventually form a Au shell. 
However, because of the independent growth of isolated  
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Fig.3 TEM micrographs of Fe2O3@Au core/shell structures with different thickness of Au shell: (a) 4 nm; (b) 11 nm; (c) 29 nm;   
(d) 59 nm 
 
islands, the final structure is relatively rough, which can 
be readily distinguished from the smooth surface 
morphology of the Fe2O3 spindles. Rough surface 
obtained is very useful for SERS[23]. So, In this study, 
large surface area and roughness are desirable. 
 
3.4 SERS of probe molecules adsorbed on α-Fe2O3@ 

Au core/shell structure 
A large variability of SERS intensities for different 

hybrid particles was observed experimentally as shown 
in Fig.4 in which thiophenol(TP) was used as the probe 
molecule. It can be seen that the surface Raman signals 
are extremely strong. The strong SERS signals at 999,  
1 020, 1 072, and 1 573 cm−1 are from TP and signal at 
900−1 000 cm−1 are from Si substrate[24]. With 
increasing the thickness and roughness of Au shell, the 
SERS intensity increases because of the electromagnetic 
enhancement and the coupling between the hybrid 
particles. 
 
3.5 UV-vis spectra of Fe2O3@Au core/shell structure 

In Fig.5 the evolution of the UV-vis spectra of 
Fe2O3@Au core/shell structure is plotted with the growth 
of the Au particles on the surface of seed. The poor 
smoothness of the Au structure obtained is responsible 
for broad absorption bands[25]. And the deposition of  

 

Fig.4 SERS spectra of Fe2O3@Au core/shell particles with 
different thicknesses of Au shell: (a) 4 nm; (b) 11 nm; (c) 29 
nm; (d) 59 nm 
 
the Au nanoparticles leads to an obvious increase in the 
absorption because of the Au plasmon absorption band. 

Although the seeds display a weak plasmon 
resonance, absorbance largely increases and red-shift 
happens as Au nanoparticles agglomerate on the Fe2O3 
surface owing to increased particle size and interparticle 
interactions. 
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Fig.5 UV-vis spectra of Fe2O3@Au core/shell particles with 
different thicknesses of Au shell: (a) 4 nm; (b) 11 nm;       
(c) 29 nm; (d) 59 nm 
 
4 Conclusions 
 

1) The spindle Fe2O3@Au core/shell particles are 
successfully prepared by seed-catalyzed method. 

2) The strong SERS signals of the probe molecules 
on the surface of the spindle Fe2O3@Au core/shell 
nanoparticles are observed because of the located surface 
plasmon resonance of its rough surface and unique 
shape. 
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