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Abstract This paper reports the generalized green
synthesis of a series of Fe;O4/Ag composites by
magnetron sputtering method. The amounts of silver
nanoparticles located on the hollow Fe;O, magnetic
nanoparticles can be tuned by controlling the sputter-
ing time. The surfaces of Fe;04/Ag composites are
rough with high density and numerous Ag nanogaps
(which can serve as Raman active hot spots to amplify
the Raman signal), providing the sound reliability and
reproducibility of Raman detection. With p-aminoth-
iophenol and Rhodamine 6G (R6G) for probe
molecules, the surface-enhanced Raman scattering
(SERS) properties of these Fe;04/Ag composites were
studied. It was found that the SERS signal reached the
maximum with the sputtering time of 130 s, indicating
that this compound had most hot spots. In this paper,
we used the composite with the strongest SERS signal
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for thiram detection, and the detection limit can reach
5 x 1077 mol/L (about 0.012 ppm), which is lower
than the maximal residue limit of 7 ppm in fruit
prescribed by the U.S. Environmental Protection
Agency. The Fe;04/Ag composites are readily avail-
able, easy to carry, and show great potential for
applications in universal SERS substrates in practical
SERS detection.

Keywords Fe;04/Ag composites - Surface-
enhanced Raman scattering - p-aminothiophenol -
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Introduction

In recent years, surface-enhanced Raman scattering
(SERS) has been a powerful and versatile novel
analytical tool due to its high sensitivity and specificity
in the detection of analytes (Lal et al. 2008; Lee et al.
2010; Xia et al. 2011; Su et al. 2012). Thus, the SERS
technology has been widely applied in biology,
medicine pharmacy, environmental monitoring,
national security, and other fields (Zong et al. 2012;
Yang et al. 2014; Tao et al. 2014; Wang et al. 2014).
Typically, probe molecules adsorbed on the surface of
noble metals (Ag, Au, or Cu) and some transition
metals can produce significant SERS effect. Theoret-
ically, the size and shape can affect their SERS
properties (Guo et al. 2009). Therefore, various shapes
of these nanoparticles (NPs) with different size have
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been prepared and their SERS properties have been
greatly investigated, such as nanospheres, nanorods,
nanowires, nanocubes, nanocages, core/shell struc-
tures, and so on (Guo et al. 2009; Njoki et al. 2007,
Orendorff et al. 2005; Liu et al. 2013; Skrabalak et al.
2007; Chen et al. 2007; Panda et al. 2007; Bao et al.
2008). Although they have excellent SERS properties,
there are some limitations in the application. The
noble metals not only directly increase the cost of the
SERS application, but also tend to aggregate, and it is
troublesome to be separated and concentrated. To
resolve these problems, the magnetic nanoparticles
were introduced. They can be easily separated and
concentrated by applying an external magnetite
(Mariotti and Sankaran 2010). They usually combine
with noble metal to form magnetic/noble metal
composites as SERS substrates (Giihlke et al. 2012;
Lv et al. 2010; Tian et al. 2012; Yang et al. 2012).
Magnetic/noble metal composites have attracted
particular attention, due to the combined functions of
magnetic and optical properties from the two compo-
nents. Therefore, the multifunctionality makes the
composites to be widely applied in catalysis, targeted
drug delivery, magnetic resonance imaging, and SERS
detection (Zhang et al. 2010; Xuan et al. 2011; Xu
etal. 2009; Gaoetal. 2011, 2012; Gan et al. 2013; Guo
et al. 2014). Currently, there are two methods for
preparing magnetic/noble metal composites, namely
one-step and multi-step processes. Gong and his
colleagues reported a one-step method to synthesize
rattle-type Pd@Fe;0,4, Ag@Fe;0,4, and Cu@Cu,.
Fe;_,0,4 composites (Jiang et al. 2012). They pointed
out that these complexes had high catalytic activity.
Zhang has prepared Ag@Fe;0, core/shell nanostruc-
tures and studied their plasmonic and catalytic prop-
erties (Zhang et al. 2012; Sun et al. 2013). They
modulated the size and morphology of the nanostruc-
tures by controlling the reaction time and the molar
ratio of Ag/Fe precursors. They also proved that the
Ag@Fe;0,4 nanostructures were recyclable catalysts
in the reduction of R6G. There were many other
reports about one-step preparation of noble
metal/magnetic composites, but mostly studied their
catalytic properties. Fe;O4/noble metal composites are
generally prepared using a multi-step method. Fe;04
nanoparticles were firstly synthesized by the
solvothermal approach, and then the surface was
modified with the link molecule. With the linker, the
noble metal was finally contacted on the surface of
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Fe;04 nanoparticles to form the composites. Wang’s
group constructed multifunctional Fe;O4/metal hybrid
nanostructures using 3-aminopropyltrimethoxysilane
(APTMS) as a linker (Guo et al. 2009). Au NPs, Au/Pt
hybrid NPs, and Au/Ag core/shell NPs were supported
on the surface of Fe;0, spheres. These multifunctional
hybrid spheres showed high catalytic activity. Since
the surface of Fe;O4 was coated with high-density Ag
or Au/Ag core/shell NPs, they showed good SERS
activities. Bao acquired y-Fe,O3/Au core/shell NPs by
deposition of Au on the preformed Fe,Oj; using
iterative hydroxylamine seeding procedure (Bao
et al. 2009). The SERS properties of the products
were studied and applied in immunoassay. In addition,
there are some reports about the noble metal coated on
the magnetic material surface through electrostatic
adsorption. Dong reported a multi-step method to
synthesize Fe;04/Au submicrometer structures (Zhai
et al. 2009). The Fe30, particles were first modified
with polyelectrolytes to impart positive charge and
then electrostatically adsorbed a lot of gold nanoseeds
for further Au shell formation. Au shells were finally
formed by reduction of HAuCl, with hydroxylamine.
Tang designed Au nanorod-coated Fe;O4 micro-
spheres for near-infrared SERS application (Tang
et al. 2015). In this report, the FesO, microspheres
were synthesized by hydrothermal method, surface
functionalized with polyethylenimine, and then coated
with Au nanorods densely. To meet the different needs
of the application, Fe;0,@C@Au, Fe;0,@8SiO,@-
Ag, Fe;0,@S810,@Au, Au@Fe;0,@8Si0,, Ag@Fe;.
04-Si0, Janus nanorod, and other multifunctional
composites were prepared (Qi et al. 2010; Jun et al.
2011; Khosroshahi and Ghazanfari 2012; Bardhan
et al. 2009; Zhang et al. 2012). Since magnetic/noble
metal composites comprise noble metal outside, their
SERS properties and SERS-based applications were
greatly investigated in previous studies. However, the
stability of SERS substrate and the reproducibility of
the signal have always been the problem to be
resolved.

In this paper, we report a stable and efficient route
based on physical magnetron sputtering technique for
preparing Fe;O04/Ag composites with high SERS
activity. The surface morphology of these composites
was reproducible where strong SERS signals can be
generated. Both the SERS signal of p-aminothiophe-
nol (PATP) and R6G reached the maximum with a
sputtering time of 130 s. These composites were also
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applied for the detection of thiram and the detection
limit was as low as 5 x 10~7 M (about 0.012 ppm). It
is noted that the obtained Fe;O4,/Ag composites are
stable and can be produced on a large scale with high
repeatability. Moreover, the formed silicon slide
SERS substrates are easy to carry and can be cut into
pieces for direct detection, which show great potential
for the rapid ultratrace detection of contaminants in
soil and water.

Experimental section
Chemicals and materials

Ferric nitrate nonahydrate (Fe(NOs3);-9H,0), sodium
citrate, urea, polyacrylamide (PAM), silver nitrate
(AgNO3), thodamine 6G (R6G), and thiram were
purchased from Shanghai Reagents Co (China). PATP
was supplied by Alfa-Aesar. All of the chemical
reagents were of analytical grade and used as received
without further purification. All glasswares were
cleaned with aqua regia, thoroughly rinsed with
deionized water, and dried prior to use.

Synthesis of hollow Fe;O4 NPs

Hollow Fe304 NPs were synthesized by the solvother-
mal approach (Xuan et al. 2011). In the typical
procedure, Fe(NO3)3-9H,O (0.45 mmol) was dis-
solved in H,O to form a clear solution, followed by
the addition of sodium citrate (1.8 mmol), urea
(1.8 mmol), and PAM (0.09 g). Deionized water was
added to the mixture until the final volume to 12 mL.
The mixture was stirred vigorously until all the
reactants were fully dissolved. Then, the obtained
solution was transferred to a 15-mL Teflon-lined
stainless steel autoclave and heated at 200 °C for 12 h.
The autoclave was allowed to cool down to room
temperature naturally. Finally, the black precipitate
was collected by the magnet and rinsed with water and
ethanol, then dried under vacuum at 60 °C for
subsequent experiments.

Preparation of Fe304/Ag composites
Fe;0O4 NPs dispersed in ethanol was firstly concen-

trated onto the cleaned silicon slides under the external
magnetic field. After dried with high purity nitrogen,

the silicon substrate was placed in the conventional
direct-current magnetron sputtering system to deposit
Ag. The power of the magnetron was 50 W, the
pressure of the magnetron chamber was 5 x 10~ Pa,
and the deposition time was, respectively, 40, 70, 100,
130, 160, and 190 s. The samples were conserved with
nitrogen protection before further experiments. For
SERS detection, each sample substrate was cut into
pieces. These SERS substrates were immersed in
PATP, R6G, and thiram ethanol solutions for 2 h.
Then, the substrates were taken out, rinsed with
ethanol, and dried with high-purity nitrogen before
detection. Scheme 1 shows the formation of Fe;O04/Ag
composites and the SERS detection process.

Characterization

The morphologies of the samples were observed with
field emission scanning electron microscope images
(FESEM) on a JEOL JSM-6300F SEM with primary
electron energy of 10 kV. Transmission electron
microscopy (TEM) studies were performed with a
JEOL-2010 microscope operated at an accelerating
voltage of 200 kV with a tungsten filament. The phase
and composition of the products were determined by a
Rigaku D/Max-vA rotating-anode X-ray diffractome-
ter equipped with monochromatic high-intensity Cu-
Ko radiation (A = 1.54187 A). The magnetic proper-
ties of the samples were measured by the Magnetic
Property Measurement System (MPMS, XL5) at
300K. The Raman scattering spectra were recorded
on Thermo Fisher DXR Raman Microscope equipped
with a CCD detector in backscattered configuration
using a 10x objective, and the Raman spectra were
recorded with a 532 nm laser, | mW power, 50 um
aperture slit, and 5 s integral time.

Results and discussion

Synthesis and characterization of Fe;04/Ag
composites

At the beginning of the experiment, an aqueous
mixture of Fe (III) ions, sodium citrate, urea, and
polyacrylamide (PAM) was prepared. After the
hydrothermal treatment process, porous spherical type
nanoparticles were obtained. The morphology of the
obtained pure Fe;O, NPs was characterized by SEM
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Scheme 1 The formation
of Fe;04/Ag composites and
the SERS detection process Fer
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and TEM. As shown in Fig. 1A, there are uniformly
porous spherical nanoparticles and the diameter is
about 250 nm. From Fig. 1B, the surface of Fe;O4
NPs is relatively rough which indicate that the particle
is composed of tiny primary nanocrystals. The phase
structure of the obtained sample was characterized by
XRD. From Fig. 1C, the XRD pattern of the obtained
sample proves its crystalline nature and the peaks
match well with standard Fe;O, reflections (JCPDS
card No. 88-0315). The magnetization of obtained
pure Fe;O4 NPs will be studied later. Figure 1D shows
the magnetic hysteresis loops of the sample,
and the saturation magnetization is 112 emu/g. The

Fig. 1 The morphology
and properties of the
obtained Fe;O0, NPs: SEM
(A), TEM (B), XRD (C),
and M—-H curve (D)
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magnetization is strong enough that they can be easily
concentrated and separated from the solution by
simply applying a small magnet.

The morphology of the obtained composites with
different amounts of Ag was characterized by SEM in
Fig. 2. As can be seen from the figure, the amount of
Ag is increasing as sputtering time increases. The
amount of Ag reaches the maximum at 190 s and there
is an obvious Ag layer on the next blank silicon wafer.
Particularly, the surface of the composites with a
sputtering time of 130 s is relatively rough compared
with others. This rough structure may produce more
hot spots in the subsequent SERS detection.
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Fig. 2 SEM images of Fe;04/Ag composites with a sputtering time of 40 (A), 70 (B), 100 (C), 130 (D), 160 (E), and 190 s (F)

SERS properties of the Fe;04/Ag composites

The performance of the Fe;O4/Ag composites as
SERS active substrates was initially investigated with
PATP (1.0 x 107> M) and R6G (1.0 x 1077 M) as
the target analytes. The excitation power was 1.0 mW
and the integration time was 5 s for each spectrum.
Figure 3A shows the SERS spectra of PATP adsorbed
on the Fe;04/Ag composites with different sputtering
time. Distinctive SERS spectra were obtained and the
peak positions agreed well with the PATP molecules
adsorbed on silver nanostructures (Osawa et al. 1994).
Five strong bands at 1077, 1142, 1388, 1437, and
1577 cm™ ! are attributed to the benzene ring in-plane
and out-of-plane vibrations. It is observed that the
SERS intensity increases with the extension of the
sputtering time and reaches a maximum at 130 s, then
decreases at 160 and 190 s (Zhang et al. 2014).
Figure 3B presents the integrated SERS intensities of
bands at 1142 and 1437 cm ™' observed in Fig. 3A as a
function of sputtering time. It is clear that the sample
showed the strongest SERS signal at the sputtering
time of 130 s. At the beginning of 40 s, sparse silver
NPs were decorated onto the surface of Fe;O4 NPs

which produced a minimum SERS signal. As the
sputtering time prolongs, the number of silver NPs
increases which tends to form a large number of gaps
on the surface. These gaps may provide more active
sites which afford potential hot spots to enhance the
SERS signal (Rodriguez-Fernandez et al. 2009).
However, the formed gaps would be covered by silver
NPs with further increasing sputtering time which
reduces the potential hot spots, thus reducing the
SERS intensity.

For further proving the correlation of SERS prop-
erties and Fe3O4/Ag composites with increasing
sputtering time, R6G was chosen to repeat the
experimental process. Figure 4A shows the SERS
spectra of R6G adsorbed on the prepared samples.
There are five strong SERS peaks appearing at 1187,
1311, 1362, 1509, and 1651 cm™ " which are assigned
to C—H in-plane bending, C—O-C stretching, and C-C
stretching of the aromatic ring (Sun et al. 2008). The
peak at 772 cm ™' is due to the out-of-plane bending
motion of the hydrogen atoms of the xanthene skeleton
(Xu et al. 1999). Figure 4B presents the integrated
SERS intensities of bands at 613 and 1362 cm™'
observed in Fig. 4A as a function of sputtering time.
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Fig. 3 A SERS spectra of PATP (107> M) adsorbed on the
Fe;04/Ag composites with the sputtering time of 0 (a), 40 (b),
70 (c), 100 (d), 130 (e), 160 (f), and 190 s (g). The excitation
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Fig. 4 A SERS spectra of R6G (1077 M) adsorbed on the
Fe;04/Ag composites with the sputtering time of 0 (a), 40 (b),
70 (c), 100 (d), 130 (e), 160 (f), and 190 s (g). The excitation

As can be seen, the SERS signal of R6G reached the
maximum at 130 s, which agreed well with the
variation tendency of PATP.

The above proves that the Fe;O4/Ag composites
have excellent SERS performance. Then, the com-
posite with a sputtering time of 130 s was chosen for
detection sensitivity study. Figure 5 shows the SERS
spectra of PATP with different concentrations
adsorbed on the Fe;04/Ag with a sputtering time of
130 s. The characteristic peaks of PATP are obvious.
These results demonstrate that PATP adsorbed on the
composite SERS substrate can be well detected in the
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concentration ranges down to 1 x 107'" M. While
using SERS technology to detect target molecules in
the practical application, the reproducibility and
stability of Fe;O4/Ag SERS substrate must be vali-
dated. The SERS mapping is often used to estimate the
reproducibility of SERS signals. In this paper, the area
scanning mapping of the composite with a sputtering
time of 130 s is shown in Fig. 6, which was based on
the intensity of the spectral peak at 1142 and
1437 cm™" of PATP. It can be seen that there is a
homogeneous SERS response throughout the whole
surface with a scale of 5 cm. Except for some
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Fig. 5 Series of SERS spectra of PATP at different concentra-
tions adsorbed on the Fe;0,/Ag composites with a sputtering
time of 130 s
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Fig. 6 Area scanning mapping of the Fe;O4/Ag (sputtering time 130 s) based on the intensity of the spectral peak at 1142 cm™

inevitable defect spots, data show that our Fe;04/Ag
composites are excellent SERS substrates. In addition,
the Fe;O4/Ag substrates are stable and can be
produced with high reproducibility across the entire
area, which show great potential for application in
pesticide detection.

SERS detection of thiram

The Fe;04/Ag composites were further applied for the
trace detection of thiram. The thiram is a low-toxicity
fungicide which is widely used in plant insecticide. It
has a stimulating effect on the skin and respiratory
mucosa. There are many methods reported for the
detection of thiram, such as chromatography, UV-Vis
spectrophotometry, enzyme-linked immunosorbent
assay, and chemiluminescence analysis (Gupta et al.

300 600 $00 1200 1500 1800 2100 2400 2700

1

(A, B) and 1437 cm™! (C, D) of PATP. The range of the selected area is 5 cm x 5 cm
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Fig. 7 SERS spectra of thiram with different concentrations
from 1 x 107> M to 5 x 1077 M adsorbed on the Fe;04/Ag
composites with the sputtering time of 130 s. The excitation
power was 1.0 mW and the integration time was 5 s

2012; Rastegarzadeh et al. 2013; Queffelec et al. 2001;
Waseem et al. 2010). However, these methods are
complicated, time consuming or require expensive
equipment. There were relatively small reports about
the SERS detection of thiram. In our experiment, the
Fe;04/Ag composites were immersed into the thiram
solution. Then, they were washed with ethanol and
dried with high-purity nitrogen. Figure 7 shows the
SERS spectra of thiram adsorbed on the Fe;O4/Ag
composites with a sputtering time of 130 s. The main
characteristic peaks of thiram were obtained. The
strongest peak at 1379 cm™! is attributed to the CN
stretching mode and symmetric CHj; deformation
mode. The peak at 560 cm™' is attributed to S-S
stretching modes and those at 1145 and 1504 cm™" to
the CN stretching vibrations and rocking CH; mode,
respectively (Tao et al. 2014; Kang et al. 2002). The
concentration of thiram can be detected as low as
5 x 1077 M (about 0.012 ppm), which is lower than
the maximal residue limit of 7 ppm in fruit prescribed
by the U.S. Environmental Protection Agency. In
addition, the composites we prepared are convenient
to carry, which can be potentially used for real-time
detection of pesticides in the field.

Conclusions
In summary, the Fe;O4/Ag composites were obtained

by magnetron sputtering technique. The SERS activity
of the composites with different sputtering time was
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detected with PATP and R6G as adsorbed molecules.
The SERS intensity of the composites reached the
maximum with the sputtering time of 130 s. As SERS
substrate, the reproducibility and stability of the SERS
signal is very well. Then this composite was used as an
efficient SERS substrate for high-sensitivity detection
of pesticide residues. The detection limits for thiram of
the composites with a sputtering time of 130 s are as
low as 5 x 1077 M, which meets the requirements for
ultratrace detection of analytes. We believe that these
Fe;0,4/Ag composites could serve as ideal substrates
for SERS applications and provide an excellent
candidate for SERS analysis.
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