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To obtain a recyclable surface-enhanced Raman scattering (SERS) material, we developed a composite of
Fe30,4\SiO,\Ag with core\shell\particles structure. The designed particles were synthesized via an
ultrasonic route. The Raman scattering signal of Fe3s04 could be shielded by increasing the thickness
of the SiO, layer to 60 nm. Dye rhodamine B (RB) was chosen as probe molecule to test the SERS effect of
the synthesized Fe304\SiO,\Ag particles. On the synthesized Fe;04\SiO,\Ag particles, the characteristic
Raman bands of RB could be observed when the RB solution was diluted to 5 ppm (1 x 107> M).
Furthermore, the synthesized particles could keep their efficiency till four cycles.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Since the first report on surface-enhanced Raman scattering (SERS)
phenomena was found in silver and gold sols in 1979 [1], many
researches were focused on this attractive field because of its wide
applications in the study of sensors, catalysis, molecule structures,
adsorption of molecules, coordination chemistry, drug\nucleic acid
interactions and so on [2,3]. In the past decades, most of the correlative
SERS studies mainly focused on four goals. (i) Develop and improve the
SERS substrates. Studies focused on this goal remained an active area of
research and many publications were devoted to the descriptions of
novel substrates as well as to the investigations of more conventional
substrates. Producing inexpensive SERS materials of rugged and sensi-
tive surfaces for analytical applications was the goal of the most
SERS substrate development work at all times [4-6]. (ii) Increase the
sensitivity of the SERS substrate. Actually, SERS analysis has achieved a
single molecule level by Kneipp and his group [7] as early as 1997, but
many improvements are still in progress until now [8,9]. (iii) Study the
relative basic theory of SERS. The study of SERS theory has always been
an active research area since the SERS effect was discovered, and many
publications were still devoted to this field in recent years [10,11]. (iv)
Explore the new applications of SERS. Up to now, SERS phenomenon
has been applied in many fields as mentioned at the beginning of
this paragraph and new applications are still continuously developed
[12-14]. It is interesting to note that, in most of these works, noble
metal colloids or particles with nanostructures (including Au, Ag, Pt, Pd,
Ru and their composites) [15-20] were the most commonly used SERS
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substrates. However, the use of noble metals directly increased the cost
of SERS detection. To resolve this problem, there are two methods: (i)
Seeking for cheap materials with SERS effect, which can substitute
noble metals. Many researches were carried out for this purpose, but
most of these materials exhibited poor SERS effect in comparison with
the noble metals (for instance Cu [21], Cu-Zr alloys [22], a-Fe;03 [6],
porous silicon [23] and so on). (ii) Exploiting recyclable SERS materials
based on noble metals. However, reports on callback and recycle of
SERS materials were very few [24,25].

Out of this consideration, we planned to prepare a recyclable
SERS material, Fe304\Ag particles of core\shell structure, on the basis
of SERS material Ag nanoparticles and magnetic Fe304 nanoparti-
cles. However, Fes04 has obvious Raman scattering at 665 and
540 cm~ ! [26], and its scattering would be further enhanced after
coating with Ag nanoparticles due to the SERS effect. According to
the literatures [27,28], amorphous SiO, have no Raman scattering.
Therefore, a SiO, layer was inserted between Fes04 core and Ag
particles to shield the Raman scattering of Fe;0,4. Actually, there
have been many reports on the preparation of Fe;0,\SiO, and
SiO,\Ag nanoparticles [29-31]. However, the synthesis of
Fe304\Si0O,\Ag particles is still not reported until now. Herein, we
prepared the Fe304\SiO,\Ag particles via a simple and effective
ultrasonic route, and studied its possible application in SERS.

2. Experimental section

2.1. Synthesis of Fes0,4 nanoparticles

The Fes0,4 nanoparticles were obtained by a polyol reducing
process in a solvothermal system. In a typical procedure, 2.70 g of
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FeCls - 6H,0 and 4.10 g of NaAc- 3H,0 (as a dispersed agent) were
added to 80 mL of ethylene glycol (EG), which acted as both solvent
and reductant. The solution was then sealed in a 100 mL Teflon-
lined stainless steel autoclave and treated for 24 h at 180 °C. At last,
black precipitate was obtained at the bottom of the autoclave and
separated by magnetic force. After that, the precipitate was washed
three times with ethanol and dried at 60 °C in air.

2.2. Preparation of Fe30,\SiO, particles

Fe304\SiO, structures were prepared by an assisted Stober
process. A total of 0.05g of synthesized FesO, nanoparticles
were re-dispersed in solution composed of 100 mL of ethanol
and 10 mL of NHs3 - H,0. Then, 0.02 mL of TEOS was added to the
solution and the solution was ultrasonicated for 2 h using an
ultrasonic cleaning bath. After that, the precipitate was separated
by magnetic force and washed three times with ethanol. The
thickness of the SiO; layer could be adjusted by changing the cycle
times of the coating process.

2.3. Preparation of Fe30,\Si0,\Ag particles

To locate Ag nanoparticles on the surface of Fe304\SiO,, an
electroless metal plating process was carried out [30]. The new
synthesized Fe30,4\SiO, particles were dispersed in 50 mL mixture
solution of SnCl, (0.60 g) and HCI (0.01 M) and the solution was
ultrasonicated for 30 min. Subsequently, the particles were
separated by magnetic force and quickly washed three times
with distilled water. Then, the particles were re-dispersed in
50 mL of fresh aqueous solution of ammonical silver nitrate
(0.13 M) and sonicated for 1h. At last, the precipitate was
separated by magnetic force, washed three times with distilled
water and then dried at 60 °C in air.

2.4. Instruments

X-ray diffraction (XRD) measurement was performed on a D8
Advance Bruker AXS diffractometer using Cu-Ko radiation
(4=1.5406 A). The morphologies of the samples were observed
by transmission electron micrograph (TEM, Hitachi H-600 and JEM-
2010). X-ray photoelectron spectroscopy (XPS) analysis was per-
formed on a PHI 5300x multi-technique system with an Mg Ko
X-ray source (Perkin-Elmer Physical Electronics). Raman spectra
were measured on a Horiba Labram HR800 spectrometer equipped
with 514 nm argon ion laser.

3. Results and discussion

Fig. 1 shows the XRD patterns of the products at different steps:
(a) Fe304 particles, (b) Fe304\SiO, particles and (c) Fe304\SiO,\Ag
particles. From Fig. 1a, the initial synthesized product can be
indexed to Fes0,4 according to standard data (JCPDS 19-0629). After
being coated by SiO,, the intensity of the Fes0,4 phase decreased
obviously and a wide diffraction of amorphous SiO, could be found
between 20° and 30° of 20, as shown in Fig. 1b. Fig. 1c shows the
patterns of Fe304\SiO,\Ag particles, in which the (1 1 1) peak of Ag
(JCPDS 04-0783) could be found clearly at 38° of 26.

The morphologies and structures of the products at different
synthetic steps were observed by TEM. Fig. 2a shows the TEM
image of Fe304 particles, in which well-dispersed particles with
average diameter about 150 nm could be observed clearly. Seen
from the TEM image of Fe304\SiO, particles (Fig. 2b), the core\shell
structure could be clearly observed and the thickness of the SiO,
layer is about 60 nm. The TEM image of the Fe;04\SiO,\Ag particles
is shown in Fig. 2c, in which small nanoparticles are uniformly
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Fig. 1. XRD patterns of products at different step: (a) Fe304, (b) Fe304\SiO, and (c)
Fe;04\Si02\Ag. (#: Ag 04-0783, and *: Fe504 19-0629).

distributed on the surface Fe304\SiO, particles. To identify the
situation of Ag element, HRTEM was used to observe the detailed
information of the synthesized particles. Fig. 2d is an image of a
single particle with core\shell\Ag structure, and Fig. 2e is the high-
magnification image of the E area in Fig. 2d. It is seen from Fig. 2e
that there are many isolated little crystal areas (the oval areas in
Fig. 2e) on the shell of the particle. Fig. 2f is a typical image of the
crystal area (F area in Fig. 2e), in which two kinds of lattice fringes
can be readily resolved and the inter-plane distances are both
0.29 nm that is very close to the inter-plane distances of (1-10) and
(0-11) planes of Ag (JCPDS 04-0783). According to the corres-
ponding fast-Fourier transform (FFT, inset of Fig.2f) analysis, the
image should be the projection of (111) planes under incident
electron beam along [111] direction of Ag. On the basis of above
analysis, the core\shell\particle structure of Fe304\SiO,\Ag particles
could be identified and the Ag particles are well distributed on the
surface Fe304\SiO, particles.

Fig. 3 shows the XPS spectrum of the synthesized Fe304\SiO>\Ag
particles. Seen from the high-resolution spectrum (inset of Fig. 3)
between 730 and 700 eV, the typical peaks of Fe element at the
binding energies of 724.5 eV (Fe 2p1/2) and 711.0 eV (Fe 2p3/2)
are not found, and the peak at 716.3 eV should be the peak of
Sn 3p3 [30,32]. This indicates that the Fe;0,4 particles have been
coated completely, since the analysis depth of XPS is only several
nanometers. Both the peaks of Si 25 (153.5 eV) and Si 2p (102.6 eV)
are very small and this means that SiO, is not the main component
of the outer surface. The strong peaks of Ag 3p1 (603.5 eV), Ag 3p3
(573.2 eV), Ag 3d5/2 (368.2 ev) and Ag 3d7/2 (374.3 ev) indicate
that Ag is the main component of the surface, and these peaks also
demonstrate that the Ag element in the sample is Ag® [32,33]. The
peaks of Sn 3d and Sn 3p should come from the adsorbed Sn** or
Sn?*. On the basis of above analysis, it can be concluded that the
XPS data further identified the core\shell\particles structure of the
synthesized Fe304\SiO,\Ag particles.

In the preparation process, one very important step was to load
the Ag nanoparticles on the SiO, surface of Fe304\SiO, particles. In
order to obtain uniform silver nanoparticles and their effective
bonding with silica surface, the pre-treatment process used in
electroless plating method was adopted [30]. It is a widely used
process in electroless plating to deposit some metal nanoparticles
such as gold and palladium on the surface of a substrate as a
catalyst [34]. In this method, the ions used as reductant were firstly
adsorbed on the surface of the substrate, which were subsequently
dispersed in the solution of aimed metal ions. Then, reaction would
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Fig. 2. TEM images of (a) Fe304, (b) Fe304\SiO,, (c) and (d) Fes04\Si0»\Ag, (e) the E area in (d), (f) the F area in (e) (ellipses in (e) are crystal areas, and inset of (f) is its

corresponding FFT image).
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Fig. 3. XPS spectrum of Fe;0,4\Si0»\Ag particles and the inset is the high-resolution
spectrum of 730-700 eV.

uniformly occur on the surface of substrate and the nuclei of
aimed metal would also be uniformly formed on the surface.
Subsequently, the metal nanoparticles would uniformly grow on
the surface of the substrate. As the nuclei were directly formed on
the hetero matrix-metal interface, the formed bonding between
metal nuclei and matrix obtained by hetero-interface nuclei
formation would be superior to homogeneous nuclei process in
the solution. In the homogeneous nuclei process, silver nuclei were
formed in the solution where most of the as-formed silver nuclei
suspend, and small part of silver nuclei moves to the silica surface
to form a loose bonding through adsorption effect. In our synthesis

process, Sn?* ions were selected as the reductant to load Ag
nanoparticles on the Fe;0,\Si0, particles, because the Sn?* ions
not only could reduce the Ag* to Ag®, but also could easily adsorb on
the surface of SiO, through interaction with the surface hydroxyl
groups and the electrostatic interaction with the negatively
charged surface [30,34]. The adsorption of reducing agent Sn>*
ions firstly took place on the silica surface. Then, when the
Ag[(NHs3),]* ions were added into the solution, the following
reaction would occur

Sn?* +2[Ag(NHs),]* > Sn** +2Ag+2NH;

By this way, the silver nanoparticles were uniformly formed on
the hetero silica-silver interface and possessed good stability. The
whole process is illustrated in Sketch 1.

As mentioned in the introduction, the SiO, layer was inserted
between the Fes04 core and the Ag particles to shield the Raman
scattering of Fe304. However, the magnetic response capability of
the ultimate product might be weakened if the SiO, layer was too
thick. Therefore, taking into account the magnetic response cap-
ability and the Raman scattering of Fe;0y4, the confirmation of the
appropriate thickness of SiO, layer became a question. To resolve
this problem, Fe30,4\SiO, particles with different SiO, layer in
thickness were synthesized by changing the repeat times of the
coating process. Fig. 4 shows the TEM images of the Fe304\SiO,
particles with different SiO, layer. The thickness of SiO, layers in
Figs. 4a-c is 15, 40 and 60 nm, respectively. Fig. 4d shows the
photograph of Fe304\SiO, particles with 60 nm SiO, layer before
and after it was placed in a magnetic field for 30 s, in which the
synthesized Fe30,4\SiO particles could be separated out of solution
easily. That is to say, the Fe304\SiO, particles showed good
magnetic response ability even if the SiO, layer was increased to
60 nm. Then, Ag nanoparticles were loaded on the surfaces of these
Fe304\SiO; particles with different SiO5 layer. Subsequently, Raman
analysis was carried out on these different Fe;04\SiO,\Ag particles,
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Sketch 1. Illustration of the ultrasonic synthesis route of Fe304\SiO,\Ag particles.
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Fig. 4. Fe304\SiO, particles with different SiO; layer in thickness: (a) 15 nm, (b) 40 nm and (c) 60 nm; (d) is the photograph of before and after the sample (c) was placed in a

magnetic field for 30s.

and their spectra are shown in Fig. 5A. It is notable that the Raman
scattering of a-Fe,03 and y-Fe,03 also could be found in Fig.5A (a),
which should be attributed to the surface oxidization of Fe304
particles in the SiO, coating process. It was found that the intensity
of the Raman scattering of the iron oxides decreased with the
increase in thickness of the SiO, layer. When the thickness of SiO,
layer was increased to 60 nm, the Raman scattering of iron oxides
could be shielded completely.

Dye rhodamine B (RB) was chosen as the probe molecule to test
the SERS effect of the synthesized Fe304\SiO,\Ag particles. Fig. 5B
(a) shows the Raman spectra of pure RB, in which the bands at 1198,
1357, 1505, 1560 and 1649 cm~! could be confirmed as its
characteristic bands. Fig. 5B (b) shows the Raman spectra of RB
solution (40 ppm, 8 x 10~> M) on a SiO, nanoparticles substrate,
seen from which there was no characteristic bands of RB could be
observed. Fig. 5B (c) shows the Raman spectra of the same RB
solution on the synthesized Fe;04\SiO,\Ag particles substrate, in

which the characteristic bands of RB at 1198, 1357, 1505, 1560 and
1649 cm ! could be found clearly. That is to say, the synthesized
Fe30,4\Si0,\Ag particles had obvious SERS effect. To investigate the
SERS sensitivity of the Fe304\Si0,\Ag particles, the RB solution was
diluted to 20 (4 x 107> M), 10 (2 x 10~> M), 5 ppm (1 x 10> M),
and their Raman spectra on the synthesized Fe304\SiO,\Ag particles
are shown in Fig. 5B (d)-(f), respectively. It was found that the
intensity of the characteristic bands of RB decreased with the
decrease of the RB concentration, and the characteristic bands still
could be found even when the solution was diluted to 5 ppm,
though the signal intensity was not very strong.

To test the recycling performance of the synthesized Fe;04\"”
SiO,\Ag particles, the used sample was ultrasonically washed three
times with water and ethanol, respectively. After that, the
sample was detected and its Raman spectra are shown in Fig. 5C
(a), in which no bands could be observed. Then, the recycling
performance of Fe304\SiO,\Ag particles was investigated with RB



2972 B. Lv et al. / Journal of Solid State Chemistry 183 (2010) 2968-2973
A B
©®
S5 S5
s 8
Z 2
k= E
(b
(c)
1 1 1 1 et il T T T (b
0 400 800 1200 1600 2000 400 800 1200 1600 2000
Wavenumber (cm™) Wavenumber (cm™)
C
o
N ©
75} o
o @ 3
9 ~
-~ WX b)
=}
8
2 ©
D
g
b= d
WWWMW”‘W
(@)
1000 1200 1400 1600 1800 2000

Wavenumber (cm™)

Fig. 5. (A) Raman spectra of Fe304\SiO,\Ag particles with different SiO, layer in thickness: (a) 15 nm, (b) 40 nm and (c) 60 nm; (B) Raman spectra of (a) pure dye RB, (b) RB
solution (40 ppm, 8 x 10~ M) on SiO, particles, RB solutions with different concentration on synthesized Fe304\SiO,\Ag particles (c) 40 ppm, (d) 20 ppm, (e) 10 ppm and (f)
5 ppm; (C) (a) Raman spectra of the ultrasonically washed Fe;0,\Si0,\Ag particles after first cycle; Raman spectra of RB solution (40 ppm, 8 x 10~° M) to test the recycling
performance of the synthesized Fe;04\Si0,\Ag particles: (b) second cycle, (c) third cycle, (d) fourth cycle and (e) fifth cycle.

solution (40 ppm, 8 x 107> M). It was found that the synthesized
particles exhibited good stability and recycling performance in the
second, third and fourth cycle, as shown in Fig. 5C (b)-(d),
respectively. In the fifth cycle, the efficiency decreased slightly
(Fig. 5C (e)) that should be owing to the loss of the silver
nanoparticles. In next step, we plan to make a thin SiO, coating
(about 10 nm) for the whole particle and form a Fe304\Si0,\Ag\SiO,
structure to avoid the loss of the silver particles. The correlative
experiments are on progress now.

4. Conclusions

In summary, Fe304\SiO,\Ag particles were synthesized via a
simple ultrasonic route. The Raman scattering of Fe30,4 could be
shielded by increasing the thickness of the SiO, layer to 60 nm. The
synthesized Fe304\SiO,\Ag particles exhibited good sensitivity,
stability and well-recycling performance in SERS. Although it has
a distance to the single molecule level SERS, the synthesized
particles still testified the feasibility of developing recyclable
SERS materials. The stability and recycling performance of this
material may be further improved by increasing a thin SiO, layer on
Fe30,4\Si0,\Ag particles and that is the next aim of our work.
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