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sembled NiCo@SiO2@Ag magnetic
core–shell microspheres as highly efficient and
recyclable 3D SERS substrates†

Maofeng Zhang,ab Aiwu Zhao,*ab Dapeng Wanga and Henghui Suna

The hierarchically nanosheet-assembled NiCo@SiO2@Ag (NSA) core–shell microspheres have been

synthesized by a layer-by-layer procedure at ambient temperature. The mean particle size of NSA

microspheres is about 1.7 mm, which is made up of some nanosheets with an average thickness of

�20 nm. The outer silver shell surface structures can be controlled well by adjusting the concentration

of Ag+ ions and the reaction times. The obtained NSA 3D micro/nanostructures show a structure

enhanced SERS performance, which can be attributed to the special nanoscale configuration with

wedge-shaped surface architecture. We find that NSA microspheres with nanosheet-assembled shell

structure exhibit the highest enhancement efficiency and high SERS sensitivity to p-ATP and MBA

molecules. We show that the detection limits for both p-ATP and MBA of the optimized NSA

microsphere substrates can approach 10�7 M. And the relative standard deviation of the Raman peak

maximum is �13%, which indicates good uniformity of the substrate. In addition, the magnetic NSA

microspheres with high saturation magnetization show a quick magnetic response, good recoverability

and recyclability. Therefore, such NSA microspheres may have great practical potential applications in

rapid and reproducible trace detection of chemical, biological and environment pollutants with a simple

portable Raman instrument.
1. Introduction

Surface-enhanced Raman scattering (SERS) spectroscopy has
given birth to a powerful and versatile novel analytical tool due
to its high sensitivity, specicity, and ngerprint effect in the
detection of analytes,1–4 and thus has tremendous potential for
chemical and biomolecular sensing and identication.5,6 The
enormous SERS enhancement effect has enabled this technique
to be very sensitive which enables trace or single molecule
detection of a variety of molecules, including proteins,7

anthrax,8 DNA,9 explosives,10 environmental contaminants,11

and so on. Recently, three-dimensional (3D) Ag and Au micro/
nanostructures (such as ower-like,12 sea urchin-like,13,14 star-
like,15 sphere-like,16 as well as dendritic morphologies17), which
contain special ne structure, large specic surface area, and
larger size, have stimulated great interest for several obvious
advantages and their excellent performance as SERS substrates.
Both experimental measurements and theoretical calculations
have proven that strong electromagnetic eld enhancement can
cademy of Sciences, Hefei, 230031, P. R.

logy, Chinese Academy of Sciences, Hefei,

tion (ESI) available. See DOI:

Chemistry 2014
be produced between adjacent nanostructures on the surface of
the 3D complex structures.18–20 To date, various kinds of 3D Ag
and Au micro/nanostructures have been successively synthe-
sized and reported. Despite these amazing advances, it must be
emphasized that most of these SERS substrates are thrown away
aer one detection probably because they cannot be recycled.
This would result in a waste of the resources which usually are
made of noble metals (Au or Ag). From the application view-
point, it is of considerable importance to develop an efficient
SERS substrate that can not only provide strong enhancement
factors, but also show high stability and reproducibility.

The combination of noble metals and magnetic materials as
SERS substrates has been proved to be an effective way of
solving the problem described above. Magnetic-based noble
metal composites can be recycled, are economical, and their
function can be recovered by several washing steps. In partic-
ular, the combination of plasmonic andmagnetic materials in a
single micro/nanostructure is of high interest to the biomedical
community because it has the potential to lead to new biological
applications, such as immunomagnetic separation under plas-
monic imaging monitoring, dual mode imaging (MRI and
plasmonic imaging), and SERS sensing. For example, Yang et al.
had demonstrated the synthesis of Ag-coated Fe3O4 micro-
spheres as a SERS substrate holding clean and reproducible
properties under an external magnetic force.21 Also, they
showed a facile one-step solvothermal method for the synthesis
Analyst
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of sea-urchin-like Fe3O4@C@Ag particles, which can be used as
a SERS substrate possessing reproducible properties;22 Wang
et al. reported a well-dispersed Fe3O4@SiO2@Ag with a nano-
sheet assembled shell structure exhibiting good reproducibility
across the entire area;23 recently, our group has developed Fe3-
O4@C@Au composite microspheres with superior SERS detec-
tion and recyclable catalytic degradation abilities for organic
dyes.24 The above-mentioned magnetic core–shell materials
generally employ Fe3O4 as a magnetic core, while metals and
alloy materials (such as Fe, Co, Ni, FePt, and FePd) are less
commonly employed as magnetic cores,25 in part because of
their rapid oxidation in air and/or potential of cytotoxicity.
Importantly, these metals and alloy materials are specically
appealing because they oen possess high saturation magne-
tization which means that they are easy to be separated, recy-
cled and renewed through an external magnet. To overcome
these drawbacks, a silica or carbon shell is introduced on the
magnetic core to provide protection against oxidation, cytotox-
icity and help tomaintain long-term stability of the particles.26,27

Thus, it is of great importance to develop a facile and effec-
tive method for the synthesis of metal and alloy based noble
metal composite structures and exploring their SERS and
reproducible performance. Unfortunately, there are few reports
on the synthesis and SERS performance of metal and alloy
based silver composite microspheres to date. In this paper, we
report a new route to fabricate monodispersed NiCo@SiO2@Ag
(NSA) composite microspheres with an ideal reproducible
nanosheet-assembled shell structure from which strong SERS
signals can be generated. The NSA composite microspheres
were synthesized in three main steps based on a layer-by-layer
procedure. Firstly, the magnetic NiCo alloy spheres as the core
were prepared by a solution reaction at room temperature.
Secondly, the NiCo alloy spheres were coated with a layer of
silica by a modied Stöber method, which would disperse them
well in water due to the hydrophilic properties of the silica shell.
Thirdly, Ag seeds were introduced onto the surface of the silica
shell for easier deposition of the subsequent silver shell, and
then the Ag nanosheet-assembled shell was successfully formed
around the NiCo@SiO2 microspheres. Raman experiments
indicated that NSA composite microspheres with nanosheet-
assembled shell structure showed the highest enhancement
efficiency and high SERS sensitivity to p-aminothiophenol
(p-ATP) and 4-mercaptobenzoic acid (MBA) molecules. And a
low concentration of 10�7 M for both p-ATP and MBA could be
detected. Such NSA composite microspheres exhibited good
reproducibility across the entire area. Moreover, the superiority
of the NSA composite microspheres in terms of their recover-
ability and recyclability was demonstrated through many
successive cycles, under the external magnetic eld.

2. Experimental section
2.1. Sample preparation

Synthesis of NSA composite microspheres. NSA composite
microspheres were prepared according to the previous method
with minor modication.23 50 mg of the obtained NiCo@SiO2

microspheres were rst ultrasonically dispersed in 20 mL of
Analyst
absolute ethanol for 30 min, then mixed with [Ag(NH3)2]
+

solution (2 mmol AgNO3, 2 mL NH3$H2O, 20 mL ethanol) and
stirred for 300 min. Aer separation by a magnet, 40 mL of
ethanol containing 0.2 g of PVP was added, and the mixed
solution was kept in a sealed ask at 70 �C under vigorous
mechanical stirring and occasional sonication. Aer 3 h, NSA
seed microspheres were obtained. Then, the above-obtained
NSA seed microspheres were redispersed in a mixed solution
containing 2 mL AgNO3 (0.5 M), 0.2 g citrate acid, and 40 mL
deionized water under sonication and a mechanical stirrer, and
then an ascorbic acid solution (0.1 g, 10 mL) was added drop by
drop in 15 minutes, and the reaction process was conducted
under mechanical stirring and sonication. Aer the reaction
was completed, the sample was washed with ethanol and
deionized water repeatedly. Finally, the products were redis-
persed in 1 mL ethanol for further characterization.
2.2. Characterization

Field emission scanning electron microscope images were
taken with a eld emission scanning electron microscope
(Quanta 200 FEG) operated at an accelerating voltage of 10.0 kV
(ZYVEX, America). Transmission electron microscopy (TEM)
and selected area electron diffraction (SAED) studies were per-
formed with a JEOL-2010 microscope operated at an acceler-
ating voltage of 200 kV with a tungsten lament. The phase and
composition of the products were determined by a Rigaku D/
Max-gA rotating-anode X-ray diffractometer equipped with
monochromatic high-intensity Cu-Ka radiation (l ¼ 1.54187 Å).
The magnetic characterization of the samples was performed by
using a superconducting quantum interference device (SQUID,
Quantum Design MPMS-XL) magnetometer with elds up to
20 000 Oe. All measurements were performed at room temper-
ature. The UV-Vis absorption spectra of the samples were
recorded with a Shimadzu DUV-3700 spectrophotometer.
2.3. SERS measurement

p-ATP and MBA molecules were used as a Raman probe for the
SERS measurements. For preparation of SERS substrates, the
as-prepared NSA composite microspheres were immersed in
0.2 mL of p-ATP and MBA ethanol solutions respectively, then
the samples were extracted using an external magnet and
washed with ethanol and deionized water, and dried in air
before the subsequent characterization. Aer the sample was
carefully dropped onto clean glass slides, the substrates were
measured using a Raman instrument. All SERS and Raman
spectra were collected by a portable Raman instrument
(i-Raman, B&W Tek Inc., USA) attached with a microscope (20�
objective) and an optical ber. The laser excitation wavelength
was 1064 nm. During SERS measurements, the laser light was
vertically projected onto the samples, and all SERS spectra were
recorded by focusing the laser on the surface of the samples
with a total accumulation time of 5 s. For each substrate, we
took three SERS spectra at different positions of the substrate
and then averaged them.
This journal is © The Royal Society of Chemistry 2014
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3. Results and discussion
3.1. Morphology and structure of the sample

Preparation of NSA microspheres involves three main steps:
Fabrication of magnetic NiCo particles as the core, coating silica
onto the NiCo particles, and Ag nanosheet-assembling around
the NiCo@SiO2microspheres. The typical SEM and TEM images
in Fig. 1A–C show that uniform and monodispersed spherical
particles with textured surface structure and a diameter of
about 1.3 mm can be obtained using this method. Fig. 1D–F
present the images of uniform NiCo@SiO2 microspheres with a
core–shell structure. The silica shell is clearly visible as shown
in Fig. 1F. Moreover, the shell thickness can be controlled by
varying the concentration of TEOS and the reaction time.28 The
silica shell thickness of about 60 nm is controllably synthesized
for the following assembling of the silver shell. In this work, the
silica shell on the NiCo core not only effectively provides
protection against oxidation and cytotoxicity, but also improves
the dispersibility of the magnetic microspheres. Fig. 1G–I show
images of Ag nanosheets assembled around NiCo@SiO2

microspheres obtained under sonication and mechanical stir-
ring conditions. They clearly reveal that large quantity and good
uniformity of NSA microspheres with a mean particle size of
about 1.7 mm are achieved using this approach (Fig. 1G), which
are much bigger than those of NiCo@SiO2 microspheres, and
the thickness of the Ag shell was estimated to be around
350 nm. It is also clear from Fig. 1H that as-obtained
Fig. 1 SEM images of (A) NiCo, (D) NiCo@SiO2, and (G) NSAmicrospheres
images (C, F, and I), respectively.

This journal is © The Royal Society of Chemistry 2014
microspheres have a hierarchical surface structure which is
assembled from many nanosheets with a thickness of about 20
nm. These nanosheets entangle with each other and form a
wedge-shaped surface architecture. Rough edges are also seen
around the composite microspheres in the TEM image in
Fig. 1I. Both the SEM and TEM images indicate that we have
succeeded in controllable synthesis of spherical NSA core–shell
micro/nanostructures.

A partial surface of a hierarchical NSA microsphere is shown
in Fig. 2A, which indicates that the nanosheets self-assembled
into a spherical structure. The TEM image of a single NSA
microsphere exhibits regions of varying contrast from the cores
to the edges (Fig. 2B). The thin nanosheets are observed clearly
at the edge of the microsphere. The HRTEM image (Fig. 2C)
shows that the nanosheets are single-crystalline protrusions
with an interplanar spacing of about 0.245 nm. The SAED
pattern (the inset in Fig. 2C) taken from this nanosheet reveals
the hexagonal spot arrays which can be assigned to the [�111]
orientation of the FCC structure. The X-ray diffraction (XRD)
patterns of the magnetic particles are displayed in Fig. 2D. The
pattern (Fig. 2D(a)) can be easily indexed to NiCo alloys. The
diffraction peaks (Fig. 2D(b)) of the NSA microspheres can be
assigned to the (111), (200), and (220) planes of silver, respec-
tively. The sharp and intense diffraction peaks of the NSA
microspheres indicate high crystallinity of the particles. All the
diffraction peaks of the products can be easily indexed to a
cubic phase [space group Fm�3m] of silver (PDF no. 04-0783).
, and their correspondingmagnified SEM images (B, E, and H), and TEM

Analyst
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Fig. 2 Representative SEM image of (A) partial surface of NSA microsphere; (B) TEM image of a single NSA microsphere; (C) HRTEM image of a
single Ag nanosheet and the SAED pattern (the inset) taken from thewhite square in (B); and (D) XRD patterns of the as-prepared (a) NiCo particles
and (b) NSA microsphere.
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Besides, no obvious sharp diffraction peak corresponding to the
SiO2 is present, indicating that the SiO2 coated around NiCo is
amorphous. The increasing intensity of sharp diffraction peaks
from the NSA microspheres shields the intensity of that from
the NiCo, which indirectly proves the gradual growth of a silver
shell around the NiCo@SiO2 microspheres.
Fig. 3 The SEM images of NSA microspheres synthesized with AgNO3

(2 mL) for different growing stages: (a) seeding, (b) 2 min, (c) 5 min and
(d) 15 min respectively.
3.2. The evolution of the morphology and surface structure
of the products

In the silver shell coating process, the silver seed modication
has proved to be an efficient method for increasing the degree
of surface coverage, since direct coating of a silver shell is rather
difficult.29 In order to introduce Ag seeds into the composites,
NiCo@SiO2 microspheres were rst immersed into a
[Ag(NH3)2]

+ solution for attraction and accumulation of some
silver ions on the silica surface. Subsequently, Ag seeds were
grown onto the surface of NiCo@SiO2 microspheres through
reduction of Ag ions by PVP in ethanol (Fig. 3A). These small
silver nanoparticles served as nuclei sites for the subsequent
growth of silver shells. The products synthesized at different
reaction intervals were sampled and observed by SEM. During
the silver shell growth, ascorbic acid (AA) was used as a reduc-
tant. Aer reaction for 2 min, the original spherical NSA parti-
cles were produced (Fig. 3B), revealing that the initial silver
seeds successfully played the role of growing nuclei. With
Analyst
further extension of the reaction time to 5 min, the products
grew bigger with the addition of AA andmany dense nanosheets
assembled on the surface of the products can be observed
This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Magnetic hysteresis loops of the NiCo microspheres and NSA
composite microspheres (the inset shows the magnified low field
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(Fig. 3C). On further increase in reaction time to 15 min, a
complete Ag shell with rough edges on the surface of
NiCo@SiO2 microspheres was formed (Fig. 3D). To obtain well-
dispersed NSA microspheres, we carried out the coating exper-
iments under the mechanical stirring and using the sonication
technique, together with the dropwise addition of a reducer.

Further experiments have revealed that the concentrations of
AgNO3 also affect the nal silver unit's morphology in our
experiments. Tuning the concentrations of AgNO3 from 4 mL to
0.5 mL resulted in different surface features of the products
while the general morphology of microspheres remained
almost unchanged. In these cases, the amount of citrate ions
which is one kind of a morphology controlling reagent was kept
constant. For example, when the amount of AgNO3 was
increased to 4 mL, NSA microspheres with thicker sheets
(�80 nm) were obtained (Fig. 4A and B). Decreasing the amount
of AgNO3 to 2 mL resulted in the formation of thin nanosheet
(20 nm) assembled NSA microspheres as displayed in Fig. 4C
and D. With the decrease of AgNO3 to 1 mL, the NiCo@SiO2

microspheres were covered by short Ag nanosheets (Fig. 4E and
F). However, with further decrease of AgNO3 to 0.5 mL, sparse
and shorter Ag nanosheet assembled NSA microspheres were
produced as shown in Fig. 4G and H. Because of the insufficient
amount of AgNO3, some parts of the NiCo@SiO2 surface were
exposed outside. It is reported that citrate ions not only serve as
a capping agent to selectively bind {111} facets, but also coor-
dinate with Ag+ ions to form a variety of complexes. The coor-
dination effect can signicantly reduce the concentration of free
Ag+ ions, thus slowing down the reduction and enabling a
kinetic control that favors nanoplate formation.30 In our
experiment, when a large amount of AgNO3 was adopted (for
example, 4 mL), although a half of the silver ions were proposed
to be complexed with citrate ions in solution, the concentration
of free Ag+ ions increased largely. Then, thermodynamic growth
began to work, and the citrate ions attached onto the {111}
facets of silver units could not strongly restrict the growth along
Fig. 4 The SEM images of NSA composite microspheres synthesized with
0.5 mL, and their corresponding magnified SEM images (B, D, F and H).

This journal is © The Royal Society of Chemistry 2014
the planar directions; thus the gradual growth along the vertical
directions led to the thicker nanosheets seen in Fig. 4B. When
the amount of AgNO3 was decreased from 2 mL to 0.5 mL,
citrate ions could completely stabilize the silver ions, favoring
the growth of nanosheets.
3.3. The magnetic response of the products

In the present work, the NSA composite microspheres could
simultaneously attain dual functions of both fast magnetic
response and local surface plasmon resonance. The magnetic
properties of the NiCo microspheres and NSA microspheres
were rst characterized by a SQUID magnetometer at room
temperature. As shown in Fig. 5, the saturation magnetization
(Ms) values of NiCo microspheres and NSA microspheres are
about 175 emu g�1 and 43 emu g�1, respectively. Such an
excellent magnetic property means that all of the prepared
different concentrations of AgNO3: (A) 4 mL, (C) 2 mL, (E) 1 mL and (G)

curves).
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samples have strong magnetic responsivity and hence can be
separated easily from solution with the help of an external
magnetic force and can be used for recyclable application. The
sharp decrease in magnetic saturation can be explained in
terms of the formation of the SiO2 and Ag shell surrounding the
NiCo microspheres.37 The magnied low eld curves also
demonstrate the minor magnetic hysteresis loops of the NiCo
microspheres and NSA microspheres (the inset in Fig. 5).
Moreover, the suspensions of both the NiCo microspheres and
NSA microspheres can be concentrated by an external magnet
within 30 s, leaving the aqueous solution transparent. When the
magnet was removed, the NSA microspheres were well
dispersed again in the aqueous solution by shaking, demon-
strating that the NSAmicrospheres have a good water-dispersive
ability. When these NSA microspheres are used as Raman
probes, analyte molecules can be easily captured, magnetically
concentrated, and analyzed by SERS. Compared with pure silver
microspheres, the obtained magnetic-based hierarchical silver
microspheres can be separated from the sample solution, which
shortens the detecting time. Moreover, the rapid magnetic
response ability allows for the tracking or separation of such
particles in a magnetic gradient, paving the way for their
sensitive and recyclable detection of probe molecules.
3.4. Reproducible SERS substrate for high sensitivity
detection

It is well known that SERS spectroscopy is a unique ultrasen-
sitive technique that allows identication of the analytes. The
presence of cross-linked nanosheets assembled around
NiCo@SiO2 microspheres is expected to signicantly promote
local eld enhancements on the surface of these particles that
might increase their SERS efficiency. Using a portable Raman
spectrometer, our SERS platform can identify p-ATP molecules.
Fig. 6A shows the SERS spectra of p-ATP adsorbed on NSA
microsphere substrates prepared at different reaction intervals.
The primary vibrations of p-ATP are conrmed according to our
previous work31 and the literature.32,33 Two sets of bands were
observed in the SERS spectra of p-ATP on the surface of NSA
microspheres. One set is located at 1073 and 1587 cm�1, which
Fig. 6 SERS spectra of p-ATP (10�5 M) adsorbed on NSA composite mic
min, (c) 5 min and (d) 15 min; (B) with different morphologies shown in

Analyst
is assigned to the a1 vibrational modes and the other set is
located at 1136 and 1440 cm�1, which is assigned to the b2
vibrational modes. Obviously, the SERS intensity of the NSA
seed microspheres is the lowest, since only some tiny silver
nanoparticles were decorated on the surface of the NiCo@SiO2

microspheres. The SERS intensity increases with the increase of
coating time and reaches a maximal value for 15 min. The
reason can be explained by the fact that the content of silver and
the number of silver nanosheets increase with prolonged
coating time which leads to formation of a large number of gaps
or voids, providing more active sites which afford potential high
density ‘hot spots’ to amplify the local electromagnetic elds as
well as the Raman signal. In addition, the SERS performance of
products with different morphologies shown in Fig. 4B–H was
also investigated. From Fig. 6B, it is observed that the rough-
ened NSA microspheres with cross-linked thin nanosheets
(Fig. 4D) showed the best SERS performance compared with the
other shapes. This result can be explained in two aspects.
Firstly, the NSAmicrospheres with cross-linked thin nanosheets
(Fig. 4D) showed the strongest plasmon peak at around 356 nm
compared with the other morphologies (shown in Fig. S2†).
When excited by the irradiation, it could give rise to the stron-
gest SERS performance. Secondly, the reason was proposed to
be the different morphologies of the shell. It is widely believed
that a large enhancement could occur when a SERS active
molecule is positioned within the gap between two closely
spaced metallic nanostructures.37 The nano-scale cracks
between two neighbouring nanosheets seen in Fig. 2A were also
proposed to contribute to the SERS enhancement. And it was
found the SERS signals weakened with decreasing density of
nanosheets in Fig. 4H, due to the lower density of nanogaps
providing fewer “hot spots” around the surface, thus resulting
in inferior SERS signals.

In this study, the sensitive properties of the NSA composite
microspheres with maximum enhancement efficiency were
selected as SERS substrates to detect representative SERS-active
analytes such as p-ATP and MBA to test their effects. Fig. 7a
demonstrates the results of SERS spectra of p-ATP with different
concentrations adsorbed on the substrate from 10�4 M to 10�7
rospheres (A) synthesized at different growing stages: (a) seeding, (b) 2
(a) Fig. 4B, (b) Fig. 4D, (c) Fig. 4F, and (d) Fig. 4H.

This journal is © The Royal Society of Chemistry 2014
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M. All the peaks observed in our SERS spectra can be attributed
to p-ATP. The spectral intensities and resolutions are decreased
by diluting the concentrations of the target molecules. It is
found that additional p-ATP peaks still appeared at about 1073
and 1587 cm�1 at a low concentration of 10�7 M, which indi-
cates that this SERS substrate is highly sensitive and promising
for the detection of other target molecules. Hence, we examined
the detection sensitivity of the as-obtained NSA composite
microspheres for the detection of MBA molecules. The SERS
spectra of MBA with different concentrations adsorbed on the
NSA composite microsphere substrate are shown in Fig. 7b. The
peaks from 800 to 1800 cm�1 are attributed to MBA signals; the
two strong SERS peaks appearing at 1073 and 1582 cm�1 are
assigned to v8a and v12 aromatic ring vibrations, respectively;
other weak bands around 1147 and 1181 cm�1 are attributed to
the C–H deformation modes.34 It is observed that two obvious
SERS bands can still be detected in concentration ranges down
to 10�7 M. This result indicated that a NSA composite micro-
sphere substrate also exhibited high detection sensitivity for
MBA. In order to observe the enhancement intuitively and
quantitatively, the SERS enhancement factor (EF)35 was calcu-
lated as follows:

EF ¼ ISERS=NSERS

Ibulk=Nbulk

where ISERS and Ibulk denote the Raman scattering intensities
from the p-ATP adsorbed on the surface of NSA composite
microspheres and the solid p-ATP, respectively. NSERS and Nbulk

represent the numbers of the corresponding surface and solid
molecules effectively excited by the laser beam, respectively.
Based on the Raman intensity of the a1 vibrational modes at
1073 cm�1 and b2 vibrational modes at 1175 cm�1 (Fig. S1,
ESI†), the EF for a1 and b2 vibrational modes were calculated to
be 3.0 � 105 and 4.8 � 105, respectively, also showing good
SERS activity of the NSA composite microsphere substrate. The
uniformity of the NSA substrate was evaluated by collecting
p-ATP (10�6 M) SERS spectra at 50 points that were randomly
chosen on the substrate, and the relative standard deviations
(RSD) of the intensities of the main vibrations were calculated,
as shown in Fig. 8, respectively. Above all, the main Raman
vibrations of p-ATP were obviously enhanced to a different
Fig. 7 SERS spectra obtained from different concentrations of (a) p-ATP

This journal is © The Royal Society of Chemistry 2014
extent at all spots of the NSA microsphere substrate, while the
values of the RSD for the vibrations at 1073, 1136 and 1587 cm�1

are 11.27, 9.50, and 12.09%, respectively, which are consistently
less than 13%, further indicating the uniformity of the
substrate.36,37

Based on the above analysis, it is clear that the Ag nanosheet-
assembled NSA composite microspheres achieve high
enhancement efficiency. Several factors are believed to simul-
taneously contribute to the Raman enhancement. The nano-
scale gaps between neighbouring nanosheets on the surface of
NSA provide high density hot spots, and the close approach of
two entangled Ag nanosheets led to interaction of their local-
ized surface plasmon resonances (LSPR), which is benecial for
SERS activity.38,39 When excited by the incident radiation, a
collective surface plasmon is trapped between the neighbouring
nanoscale gaps, thus creating a huge local electric eld at these
gaps. Also their rough surface possesses a high specic surface
area which favors the adsorption of probing molecules and the
formation of high density and uniform gaps is easy for NSA to
trap and capture probing molecules. Thus, it is not surprising
that the NSA as a SERS substrate performed with distinguished
sensitivity and uniformity.

Finally, the recyclability of the substrate was examined
through a series of experiments. A renewable substrate can be
obtained for further detection if the target molecules adsorbed
on the substrate can be fully cleaned by simple washing using
water or ethanol. Fig. 9 shows the reversible SERS behavior of
p-ATP and MBA adsorbed on the NSA microspheres over three
cycles. By a simple magnetic separation, the substrate could be
reused three times with no obvious decrease of the SERS
intensity. The main reason for losing SERS signals is that the
adsorbed target molecules on the substrate are washed away.
Obviously, it is very simple and easy to realize the cleaning goal
since the amount of target molecules adsorbing onto the
substrate is low. Aer the substrate becomes clean, it can be
repeatedly used several times. The SERS intensity does not show
any obvious loss aer three recycles for the detection of p-ATP or
MBA. It is well-known that magnetic separation renders the
recovery of material from a liquid reaction system much easier
than the traditional separation procedures, such as ltration
and centrifugation. The strong magnetic responsivity of NSA
and (b) MBA adsorbed on NSA composite microspheres.
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Fig. 8 A series of SERS spectra of p-ATP (10�6 M) molecules collected on 50 randomly selected spots of the NSA microspheres, and the
intensities of the main Raman vibrations of p-ATP for SERS line-scan spectra collected on the NSA microspheres.

Fig. 9 Reversible SERS behavior of (a) 10�6 M p-ATP and (b) 10�6 M MBA on the NSA microspheres over three cycles.
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microspheres (Fig. 5) is satised with the separation and
collection in this study. This will provide an easy and efficient
way to separate and recycle NSA microspheres from a suspen-
sion system with the help of an external magnetic force.
4. Conclusions

In summary, 3D hierarchically nanosheet-assembled
NiCo@SiO2@Ag composite microspheres have been success-
fully prepared by a layer-by-layer procedure at ambient
temperature. The different surface structure of the silver shell
can be obtained and controlled by adjusting the concentration
of AgNO3 and the reaction times. The gaps in or between cross-
linked nanosheets in the shell of themicrospheres are proposed
to provide sufficient “hot spots” when they are used as a SERS
Analyst
substrate. The SERS measurement results, which are performed
using a portable Raman instrument equipped with an optical
ber, show that NSA microspheres with nanosheet-assembled
shell structure exhibit the highest enhancement efficiency and
high SERS sensitivity to p-aminothiophenol (p-ATP) and
4-mercaptobenzoic acid (MBA) molecules. The resulting SERS
substrate showed a highest analytical enhancement factor of
�105, a detection limit �10�7 M and a relative standard devia-
tion of the Raman peak maximum of �13%. In addition, the
NSA microspheres with high saturation magnetization exhibit a
quick response to an external magnetic eld and show a good
recoverability and recyclability. This research has great practical
potential applications in rapid, on-site and reproducible trace
detection of chemical, biological and hazardous materials in
the eld.
This journal is © The Royal Society of Chemistry 2014
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