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FezO4—Ag Janus composites were synthesized using a two-step solvothermal method. The optimal growth
process was determined by investigating the relationship between the particle morphologies and reaction
time. Magnetic and Raman spectroscopic measurements showed that the as-synthesized Janus
composites have both good magnetic response and significant surface-enhanced Raman scattering
(SERS) effects, as well as reproducibility. The calculated Raman enhancement factor reached an
unprecedented magnitude of 10° compared with the values of other FesO4—Ag compounds.
Furthermore, the SERS effect was exhibited even at a concentration of probe molecules as low as
107** M. This demonstrates that the as-synthesized FesO4—Ag Janus composite particles have promise
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Introduction

Binary or even multicomponent composite materials, especially
particles, have always been attractive for scientists because of
their versatile structures and unique physical and chemical
properties. It is noteworthy that Janus particles,* as a good
example of a binary structure, has drawn the attention of
researchers to a large degree.”® Janus particles are new kinds of
nano or micrometer particles that consist of two semispheres of
different chemical groups. Nowadays, the concept of Janus has
been developed to produce particles comprising at least two
components with different chemistry, functionality, or
polarity.” Through more in-depth studies on Janus particles,
a variety of shapes have been developed, such as dumbbell-like,
snowman-like, and mushroom-like particle, among others,"
which can be metal-metal, metal-oxide, metal-organic, or
organic-organic. Owing to the interesting features of Janus
particles, such as a tunable and controllable structure, they can
be used in a wide range of applications, such as magnetics,
optics, catalysis, and biomedicine." Plenty of methods have
been explored to synthesize Janus particles. Song et al. used
a chemical method to synthesize Fe;0,-Au nanoparticles and
successfully realized self-assembly to form two-layered
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for application as separable, highly sensitive SERS substrates.

plasmonic-magnetic vesicles, which are able to provide rich
information on tumours and also guide cancer therapy.” Jin
et al. also synthesized Fe;O,-Au Janus nanoparticles tuned in
the range of 3-12 nm by use of a seed-mediated growth method,
which exhibited greatly enhanced catalytic and magnetic
properties.”®* Delogu used mechanochemical decomposition to
obtain Ag-Ni Janus nanoparticles under specific conditions,
which provided an interesting synthetic opportunity for
nanometer-sized systems.'* Walther et al assembled an
amphiphilic polybutadiene Janus nanoparticle core with two
distinctive chains, each of poly(methyl methacrylate/
methacrylic acid) and polystyrene, protruding out of it, which
allowed adsorption and lateral ordering at the interface.”
Zhang et al. prepared dumbbell-like Fe;O0,~-Ag composite
microspheres in a gel system and showed SERS (surface-
enhanced Raman scattering) enhancement, which exhibited
good detection performance and high selectivity for thiram, and
could be applied for the detection of thiram in aqueous
samples.*

Among all of these excellent studies, Fe;O,~Ag Janus
composites have attracted great interest from researchers and
a solvothermal method is suggested to be a simple way to form
a Fe;0,-Ag Janus composite.’® On the one hand, a Fe;0,-Ag
Janus composite has a strong SERS effect owing to considerable
electromagnetic enhancement,'’~>* but on the other hand, it can
be easily magnetized because of the ferromagnetism of the
Fe;0, particles. That is to say, it serves as an efficient SERS
substrate that can be effectively separated, and collected from
solution using an external magnetic field, suggesting that it is
able to be fully cleaned and recycled in applications.”®>*
Furthermore, the cost is greatly reduced due to quite a lot of the
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noble metal Ag component being substituted by Fe;O,. There-
fore, such Fe;0,-Ag Janus composites are available as separable
substrates for SERS to detect residual pesticides in crops and
fruits, analyze adsorbed molecules on surfaces, and mark
biomolecules such as genes, DNA and proteins.*** There is no
denying that considerable research efforts have been devoted to
Fe;0,-Ag composite materials and SERS activity to detected
molecules, using a diverse range of concentrations or kinds of
materials, in order to obtain strong SERS signals. However, how
to realize high sensitivity effectively in Fe;0,-Ag Janus
composites, as well as evaluate their SERS effect accurately, is
still a challenge and there are relatively few studies devoted to
the determination of the SERS enhancement effect of Fe;0,-Ag
Janus composites. Herein, we used a two-step solvothermal
method to synthesize Fe;0,-Ag Janus composite particles and
obtained the optimal growth process by investigating the rela-
tionship between the particle morphologies and reaction time.
Subsequently, the SERS effect of the Fe;0,-Ag Janus substrates
was determined via the recording of the Raman spectra and
detailed calculation of the Raman enhancement factor (EF).*>*
Additionally, a series of various concentrations of probe mole-
cules were prepared in order to certify their sensitivity. More-
over, a few cyclic measurements of the SERS effect were also
conducted to show their reproducibility. Consequently, it was
validated that such Fe;O,-Ag Janus composites are quite
effective, reproducible and highly sensitive for use as SERS
substrates.

Experimental
Materials

Hexahydrated ferric chloride (FeCls;-6H,0), sodium acetate
(CH3COONa), ethylene glycol (EG), sodium polyacrylate (PAAS),
oleic acid (OA), sodium oleate (NaOA), silver nitrate (AgNOj3),
ethanol, and crystal violet (CV) were purchased from Aladdin.
All chemicals were directly used as received without further
purification.

Methods

Fe;0, particles. Fe;O, particles were synthesized via a sol-
vothermal method.'® In a typical synthesis procedure: FeCl;-
-6H,0 (1.3 g), CH;COONa (3.6 g) and PAAS (0.12 g) were mixed
in EG (20 ml). After magnetic stirring for four hours, the above
solution mixture was transferred to a Teflon-lined stainless-
steel autoclave (50 ml) and then heated at 220 °C for 6 h. The
black product was centrifuged and washed several times with
ethanol and water, then Fe;O, particles were obtained after
drying and were stored in ethanol.

Fe;0,-Ag Janus composite particles. Were also synthesized
via a solvothermal method.*® Firstly, NaOA (0.45 g) and OA (0.6
ml) were dissolved in ethanol (5 ml), and then an aqueous
solution of AgNOj; (0.01 g ml™~ ") was dropped in under magnetic
stirring. Then, the as-obtained Fe;O, particles (50 mg, 10 ml
ethanol) were then added into the above solution under ultra-
sonic dispersion for 30 minutes. Finally, the mixture was
transferred into a Teflon-lined stainless-steel autoclaves (50 ml)
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and heated at 200 °C for 1 h, 6 h, 10 h, and 20 h. The products
were centrifuged and washed several times with ethanol and
water, then Fe;0,—Ag Janus composite particles were obtained
after drying.

Characterization

The morphologies of the as-prepared products were character-
ized by field-emission scanning electron microscopy (FESEM,
JEOL JSM-7000F, Japan) at an acceleration voltage of 15.0 kv
and transmission electron microscopy (TEM, JEOL JEM-2100,
Japan) at 200 kV. The elemental composition was determined
by energy dispersive spectrometer (EDS, JEOL JSM-7000F,
Japan). The phases and the crystalline structures were investi-
gated by X-ray diffraction (XRD, XRD-7000, Shimadzu, Japan;
CuKa, A = 0.15418 nm). The X-ray patterns were recorded in the

26 range from 15° to 80° at a speed of 5° min~".

Magnetic hysteresis loops

Magnetic properties were measured using a vibrating sample
magnetometer (VSM 7403, Lakeshore, USA) at room tempera-
ture with an external field of 9 kOe.

SERS measurements

During the SERS tests, samples with the same concentrations
(0.01 g ml™") were firstly dispersed into CV solution in water.
Herein, the CV molecules were used as probes for detecting
Raman signals and 5 pL of solution was dropped onto a glass
slide, forming an area 20 mm in diameter and was dried for use.
A substrate sample of pure CV aqueous solution was also
prepared as a control. The tests were accomplished using
a confocal microscopy Raman Spectrometer (Lab RAM, HR800,
France) with a laser beam at an excitation wavelength of
532 nm. The acquisition time was 10 s for each sample in the
range of 200 to 1800 cm™'. A scheme showing how to prepare
the samples for the SERS tests is shown in Fig. S1 in the ESL{

Results and discussion
Analysis of the morphology and structure

The X-ray diffraction pattern of the Fe;O, particles is shown in
Fig. 1. All of the diffraction peaks, including (111), (220), (311),
(222), (400), (333), (422) and (440), can be fully indexed to
a magnetite phase (PDF#79-0418). The sharp and strong
diffraction peaks confirmed the complete crystallization of the
Fe;0, particles. The average crystallite size, calculated using the
Scherrer formula, was 25.7 nm.*

The morphology and size of the as-prepared Fe;O, particles
were investigated by SEM and TEM analysis, as shown in Fig. 2.
It can be seen that the Fe;0, particles have a spherical shape
and are monodispersed and uniform on a large scale. The
average particle size is about 450 nm in diameter. The granular
and uneven surface morphology indicates that the particles
have a typical hierarchical structure, in which the primary
smaller nanocrystals (20-30 nm) assemble together to form
secondary Fe;O, particles. The inset in Fig. 2d shows the
selected area electron diffraction (SAED) pattern. The

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 XRD patterns of FezOg,.

diffraction spots reveal the single-crystalline nature of the Fe;0,
particles. The composition of the product was determined using
energy-dispersive X-ray spectroscopy (EDX, Fig. S2t), which
indicated that the Fe : O concentration is very close to the initial
stoichiometric 3 : 4 ratio of these two elements.

The as-prepared Fe;O, particles were used as seeds for the
subsequent growth of the silver nanoparticles. Fig. 3 shows the
SEM images of the Fe;O,-Ag Janus composite particles
prepared at different reaction times. As shown in Fig. 3a; and
a,, the Ag nanoparticles (shown in white with the smaller
particle size in the SEM images) could be ambiguously observed
on the surface of the Fe;0, (shown in grey with the bigger
particle size in the SEM images) when the reaction time was
only one hour. However, the size of the Ag nanoparticles was not
uniform and a typical Janus structure was hardly obtained.
Upon increasing the reaction time to 6 h, as seen in Fig. 3b; and

200nm
Fig. 2
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b,, the size of the Ag particles became uniform and a typical
Janus structure began to appear. The more clear-cut Fe;O,-Ag
Janus structure can be seen in Fig. S3.7 When the reaction time
was increased to 10 h, a typical Janus structure was formed to
a great extent, in which only one Ag particle attached onto each
Fe;0, particle (Fig. 3c; and ¢,). Further increasing the reaction
time to 20 h, the particles agglomerated and the Janus structure
became inhomogeneous, in which multiple silver nanoparticles
were simultaneously attached to the surface of one iron oxide
particle, as seen in Fig. 3d; and d,.

Herein, there are mainly two reasons for forming a Fe;0,-Ag
Janus structure. On the one hand, magnetic Fe;0, particles are
homodispersed in the Ag precursor solution by ultrasonic
treatment. Fe;O, particles are thus immobilized in the interior
gel system,'® which provides target locations for the formation
of Ag nanoparticles and also plays an obvious role in limiting
the growth of a single Ag particle on the surface of a single Fe;0,
particle during the reaction process. On the other hand, a lattice
match is a critical factor for the formation of Janus structures.
There is a large lattice mismatch between the Fe;0, (fcc, a =
8.40 A) and Ag (fcc, a = 4.08 A),* thus the metal interface is
a high-energy interface and a large energy is urgently needed to
be overcome for bonding between the two substances. In other
words, it is minimization of the total system energy that works,
so that it tends to form an asymmetric Janus structure instead
of a core/shell structure, which leads to a decrease in the
interface energy between Fe;O, and Ag, thereby reducing the
total system energy. Besides this, one Ag nanoparticle grows
bigger with the continual Ag reduction in the reaction system.

Fig. 4 shows the XRD image of the Fe;0,-Ag Janus composite
particles. Two kinds of diffraction peaks can be observed. The
peaks at 18.29°, 30.09°, 35.44°, 43.07°, 56.96°, 62.55° can be
indexed to the (111), (200), (311), (400), (511), (440) planes of
spinel Fe;O, (PDF#85-1436) and the peaks at 38.11°, 44.29°,

(a) and (b) SEM, (c) and (d) TEM and (inset d) SAED images of the FezQO,4 particles.
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Fig. 4 XRD patterns of the FesO4—Ag Janus composite.

64.44°, 77.39°, corresponding to the (111), (200), (220), (311)
planes are characteristic of face-centered cubic Ag (PDF#99-
0094). From the XRD patterns, it can also be seen that the
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Fig.3 SEMimages of the Fez04—Ag Janus composite particles prepared at different reaction times: (a; and a,) 1 h. (b and b,) 6 h. (c; and ¢;) 10 h.
(d; and dy) 20 h.

proportion and crystallinity of the silver in the composite
particles increases upon an increase in the reaction time. The
peak intensity of Fe;O, is rather low compared with that of Ag,
which can probably be attributed to the large lattice stress from
the interface of Fe;0,-Ag and the low crystallinity.*”

Fig. 5a and b show typical TEM images of the Fe;0,-Ag Janus
composite particles prepared in a reaction time of 10 h. A typical
snowman-like Janus asymmetrical structure can be observed, in
which Fe;O, is around 450 nm and Ag is 150 nm. High-
resolution transmission electron microscopy (HRTEM) was
used to characterize the microstructure of the Janus particles, as
shown in Fig. 5c. As marked in the image, the lattice fringe
spacing of Fe;O, was measured to be 0.493 nm (blue line),
matching the d values of the (111) plane of a spinel magnetite
phase. The lattice fringe spacing of Ag was measured to be
0.247 nm (red line), matching the d values of the (111) plane of
a fcc Ag phase. From the image, it can also be seen that the Ag
nanoparticles are closely attached on the surface of the Fe;0O,
particles. The composition was also confirmed using EDX
(Fig. S47), and the data demonstrate that the Janus composite
particles are composed of Ag, Fe and O elements with a desired
atomic Ag/Fe/O ratio of about 1.2 : 3 : 4, which is close to the
expected ratio for these three elements.

Fig. 5 TEM image of snowman-like FesO4—Ag Janus composite particles after a reaction time of 10 h. (a) Low-magnification TEM image. (b) A
single FesO4—Ag Janus particle. (c) High-resolution transmission electron microscope image.
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Magnetic properties

Fig. 6 shows the typical room temperature magnetization loops
of the Fe;0, and Fe;0,-Ag Janus composite particles. The Fe;0,
and Fe;0,-Ag aqueous solutions present a few differences in
color, as shown in the insets in the top left of Fig. 6. Further-
more, the saturation magnetization (M;) of Fe;0,4 is 52 emu g™ *,
while the M, for Fe;0,-Ag is 37 emu g '. Obviously, the
decrease in M is due to the attachment of nonmagnetic Ag
nanoparticles. It can be estimated from the difference in the
saturation magnetization that the proportion of Ag in the
Fe;0,-Ag composite particles is about 30 wt%. The Fe;0,-Ag
suspension in water shows fast movement with the applied
magnetic field and re-disperses quickly with a slight shake once
the magnetic field is removed (see the insets in the bottom right
of Fig. 6), suggesting that the Fe;O,-Ag particles possess
excellent magnetic responsivity and redispersibility. That is to
say, that we can conduct magnetic collection, magnetic sepa-
ration, and magnetic tracer target analysis easily using an
external magnetic field.

Analysis of the SERS effect

The SERS activity was characterized and analyzed via the Raman
spectra. Herein, CV molecules were applied for detecting
Raman signals by using well-defined Fe;O,-Ag Janus composite
particles as substrates. The Cl atoms attached to the N atoms at
the end of the CV molecules can be easily detached, allowing the
CV molecules to become positively charged (Fig. S51), which
makes it more likely for them to bond to negatively charged Ag
nanoparticles modified by oleate. It is suggested that CV
molecules present great discrimination, which contributes to
the absorption of CV molecules by the Janus substrate. Besides
this, as the distance between the CV molecules and substrate
reduces, it promotes an electromagnetic effect on the SERS

Fe O,

Fe;0,-Ag

M(emu/g)

before

T ) T
-4000 0 4000 8000

H(Oe)

T
-8000

Fig.6 M — H curves of the FesO4 and FezO4—Ag Janus 10 h particles.
The insets in the top left are photographs of the samples in solution,
FezQO4 (left) and FesO4—Ag Janus (right). The insets in the bottom right
are photographs of the FesO4—Ag Janus 10 h taken before and after
magnetic attraction by an applied magnet.
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detection. The results of the SERS measurements are shown in
Fig. 7 and S67 (each single SERS spectrum for CV, Fe;0,, Fe;0,-
Ag Janus 1 h, Fe;0,-Ag Janus 6 h, Fe;0,-Ag Janus 10 h, Fe;0,4-
Ag Janus 20 h, respectively). Furthermore, the Raman shift and
attribution of the main characteristic vibration peaks obtained
are listed in Table S1 in the ESIL.{ As shown in Fig. 7, there are
hardly any SERS signals for the pure Fe;0, sample because
there is no Ag component in it. However, a series of peaks for CV
appeared at 420 cm ', 440 cm ', 810 cm ', 914 cm
1179 em™ ', 1375 cm™ ', 1589 cm™ ', 1622 cm ™ ', etc., after adding
an Ag source to form Fe;0,-Ag Janus particles. It was confirmed
that the Fe;04,-Ag Janus 10 h presented the most remarkable
Raman signals. Herein, it is worth mentioning that local elec-
tromagnetic field enhancement induced by surface plasmon
resonance (SPR) is considered to be the most important
contribution. Surface plasmon resonance from Ag NPs defi-
nitely amplifies the electromagnetic effect, which occurs exactly
when the frequency of incident light and natural oscillation
frequency of free electrons on the surface are equal. Besides
this, the more hot spots that are present for lasering, created
from Ag NPs exposed on the surface of Fe;O, particles, greatly
promotes the electromagnetic effect of the metals.*® Therefore,
CV molecules near the surface of the Janus substrate are sub-
jected to a greatly amplified electromagnetic field. As a result,
the Raman scattering signals are enhanced.

To further confirm the SERS effect, the EF value was calcu-
lated using the following formula:

ISERS /NSERS

EF =
Isol/Nsol

where Igggs is the intensity of the ring breathing band of CV in
the SERS; Iy, is the intensity of the ring breathing band of CV in
the normal Raman spectrum of the solution in water; Ngggs is
the number of the corresponding CV in the SERS; Ny, is the
number of the corresponding CV in the normal solution in
water.

——ovxi00 —Janus6h —CV Janus 6h
14000 7 wmet—reocm e — Fes0, Janus 10h
5 80 —Janus 1h Janus 20h
12000 ~ § 6000 N
2z 8
— 2 4000 T
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S 8000 - 1550 1580 1600 1620 1640
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Fig. 7 SERS spectra of CV adsorbed on the FesO4—Ag Janus
composite for different reaction times. The concentration of CV was
107% M.
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Fig. 8 A scheme showing the electromagnetic effect of SERS for the
FesO4—Ag Janus substrate.

Taking into consideration that the volumes of the SERS
solution and the normal solution of CV are identical,*® then the
EF can be expressed as:

Isgrs/co
I sol / Cm

where c, is the concentration of CV in the solution, 10™° M; ¢, is
the common density of CV, 1.19 g cm >,

Herein, we chose an intensity value in wavenumbers of
1622 cm ™! as the Igprs OF Iy, value (see the inset in Fig. 7 and
S67). The detailed values and calculated EF values are given in
Table S2 in the ESIL.{ According to the theoretical evaluation of
the SERS, the EF of Janus 10 h amounts to an unprecedented
value of 1.57 x 10°, three orders of magnitude higher than the
value of the pure Fe;0, sample, as well as one or more orders of
magnitude more than the reported results for other Fe;O0,-Ag
composites (Table S3 in the ESI}). It is generally accepted that
such a large EF value can be principally attributed to the elec-
tromagnetic effect in the Fe;0,-Ag Janus structure, which has
an enormous influence on the SERS activity. Moreover, the

EF =
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Paper

electromagnetic effect in the as-prepared Fe;O,-Ag Janus
composite is primarily derived from the SPR of the Ag NPs
causing considerable hot spots (see the scheme in Fig. 8). As
shown in Fig. 7, there was no Raman enhancement in the Fe;O,
particles because of few electromagnetic effects and hot spots
on the substrate. Afterwards, as the Ag NPs formed and grew
with reaction time, which contributed to the electromagnetic
effect, more hot spots were provided for CV molecule to absorb
upon and react on the substrate. Besides this, it was suggested
that Janus 10 h exhibited the maximum electromagnetic effect,
as can be seen from the Raman intensity. However, the elec-
tromagnetic effect was somewhat weakened upon an increase in
the reaction time to 20 h owing to the agglomeration of Ag
nanocrystals, which resulted in a lowering of the electromag-
netic effect and not enough exposed hot spots, which is sup-
ported by the SEM observations shown in Fig. 3d1 and d2.
Furthermore, we also examined the reproducible application
of the Fe;0,-Ag Janus substrate.* First, the as-prepared Janus
10 h was dispersed in an aqueous solution containing CV and
was then characterized by SERS measurements. Second, the
Janus substrate was cleaned with deionized water several times
under ultrasonic treatment and separated using an external
magnet field to remove any residual molecules and ions and
was then dried at 50 °C. Next, a renewable substrate was ob-
tained for further SERS detection. Several cycles were conducted
repeatedly following the steps above. The results of the SERS
detection using the Janus substrate for different cycles are
shown in Fig. 9. As can be observed from the SERS results, the
main peaks in the Raman spectra are extremely similar,
although the intensity decreases a little after each round of
recycling on account that a few CV molecules adsorbed on the
substrate were washed away during cleaning.** However, it still
retains high SERS sensitivity and realizes the aim of efficient

— One cycle
— Two cycles
— Three cycles

Intensity (counts)

T T T T T
200 400 600 800 1000 1200

Raman shift (cm™)

T T 1
1400 1600 1800

Fig. 9 SERS spectra of the reproducible measurements for the FesO4—Ag Janus 10 h substrate. The concentration of CV was 1076 M.
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Fig. 10 SERS spectra of CV adsorbed on the FesO4—Ag Janus
composite at different concentrations, 107 M, 1072 M, 107 M,
10713 M, respectively.

SERS detection, which confirms that the as-obtained Fe;O0,-Ag
Janus composite can be used as a reproducible SERS substrate.

A series of substrates were prepared and measured for
further detecting the activity and sensitivity of the Fe;0,-Ag
Janus structure. As can be seen from Fig. 10, the SERS spectra
were obtained for different CV concentrations of 107, 10 °,
107", and 10 ** M, respectively. The results indicated that CV
can be well detected in the SERS substrate of the Fe;O,-Ag
Janus 10 h at a concentration of as low as 10~ M, which
demonstrates that the detection limit is much lower than
10" M. In comparison with other Fe;0,~Ag Janus particles or
Fe;0,-Ag composites reported in previous studies, our as-
prepared Fe;O,-Ag Janus composite possesses vast superiority
not only in terms of EF values, but also in concentration limit
(Table S3 in the ESIf). It was confirmed that such a Janus
composite (mainly referring to Janus 10 h) has the expected
morphology, an extremely enhanced SERS effect, and highly
sensitive detection. As a result, it holds promise for use in
a number of fields, such as sensors and detectors for organic
molecules, pesticides, drugs, and so on.

Conclusions

A two-step solvothermal method was performed to prepare
Fe;0,-Ag Janus composite particles. The as-prepared Fe;O,-Ag
Janus 10 h composite demonstrated not only magnetic
responsive ability but also an enhanced SERS effect. Its EF value
reached a magnitude of 10° and Raman enhancement signals
could be well detected at a CV concentration of as low as
10~ "* M, giving the substrate the desired sensitivity for the SERS
effect. Moreover, the as-obtained Janus substrate also exhibits
reproducibility and recyclability. Therefore, it is expected to be
applied as a separable, highly sensitive SERS substrate, as
a sensor for the detection of biological molecules and organic
pollutants.

This journal is © The Royal Society of Chemistry 2019
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