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monitoring of plasmon-assisted catalytic
reactions†
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and Huijun Zhao*ac

One-dimensional (1D) assembled magnetoplasmonic nanochains (MPNCs) were fabricated using

Fe3O4@Au core–shell nanoparticles (NPs) via a magnetic field induced assembly. With the help of a silver

growth solution, the 3D Fe3O4@Au@Ag nanoflowers assembled magnetoplasmonic chains

(Fe3O4@Au@Ag NAMPCs) were prepared via an in situ reduction method. A heterogeneous epitaxial

growth mechanism was proposed to explain the growth process of the Fe3O4@Au@Ag NAMPCs. The

Fe3O4@Au@Ag NAMPCs possessed large numbers of hot spots within the highly ordered structure and

were used as a SERS substrate to enhance the sensitivity, uniformity and reproducibility of Raman signals.

Subsequently, the Fe3O4@Au@Ag NAMPCs, integrating a heterogeneous catalysis and in situ SERS

detection, was assessed to monitor the catalytic reduction of 4-nitrothiophenol (4-NTP) to p,p0-
dimercaptoazobenzene (DMAB).
1. Introduction

Owning to its non-destructive nature, surface-enhanced Raman
spectroscopy (SERS) has been widely recognized as an effective
monitoring tool for studying reaction processes in situ.1–5 In
comparison to other sensing techniques, an ability to carry out
near real-time monitoring of a reaction process in situ without
destructing the innate reaction process is a distinctive advan-
tage of the SERS technique.6,7 As such, the nature of the tran-
sient reaction intermediates and mechanistic pathways
involved in heterogeneously catalyzed chemical reactions can
be obtained using the SERS technique.8 The SERS technique is
capable of providing useful information for mechanistic studies
and reaction system optimization. Thus, characterization of the
binding and/or reaction of adsorbates at the surfaces of metals
using the SERS technique is of great importance for under-
standing and improving catalytic reactions.9 Nevertheless,
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insufficient sensitivity and reproducibility resulting from the
poor SERS substrate quality has greatly limited the applicability
of SERS as an in situ monitoring technique for a wide variety of
reaction systems. An extensive research effort has therefore
been diverted to develop a SERS substrate with enhanced
sensing signal.10–13 In this regard, functional metallic and
plasmonic arrays-based SERS substrates have been demon-
strated to be effective for SERS performance enhancement.
Recently, one-dimensional (1D) nanostructured metallic SERS
substrates have drawn a lot of attention because of their
absorption shi associated with longitudinal resonances
extended into the infrared region and the benets offered by the
coupling effect of the 1D plasmonic metallic array to enhance
the sensitivity of the SERS signals.14,15 Interestingly, SERS
substrates made of multi-metallic components can serve dual
functions as a SERS signal generator and catalyst, which is
advantageous for in situ studies of a catalytic reaction process.

It has been conrmed that assembling metallic nano-
particles (NPs) into highly ordered structures on suitable
surfaces can be used to signicantly enhance the sensitivity and
reproducibility of SERS signals.16,17 Lee and co-workers reported
that a facile method based on capillarity-assisted assembly was
used to fabricate high-performance SERS substrates employing
clean Au NPs.18,19 Cai and co-workers have fabricated highly
sensitive and reproducible SERS substrates using the periodic
arrays method via a sputtering deposition method based on
a colloidal monolayer template.20,21 In the assembly process,
a high temperature calcination or organic solvent self-assembly
This journal is © The Royal Society of Chemistry 2016
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process was carried out, which would reduce the sensitivity of
SERS. However, the speedy and moderate conditions for the in
situ fabrication of highly sensitive and reproducible SERS
substrates are required in their practical applications.

We have recently reported a series of investigations on the
new properties and assembly behavior of magnetoplasmonic
nanomaterials.22 We demonstrated that magneto-plasmonic
Fe3O4@Au core–shell NPs can be assembled in a highly
ordered form of 1D magnetoplasmonic nanochains (MPNCs)
under the inuence of an applied external static magnetic
eld.23,24 However, when used as a SERS substrate, the resul-
tant MPNCs exhibited unsatisfactory SERS sensitivity, poor
uniform signal intensity distribution and low SERS perfor-
mance reproducibility between the substrates obtained from
different batches, which was mainly due to the uneven distri-
bution and large inter-spaces of the assembled NPs.25,26 The
hierarchical nanostructure arrays possess a high surface area
with rich surface chemistry, which is benecial to capturing
the analyte and an increase in the number of hot spots in
a large volume will enhance the SERS-activity. Therefore, 3D
Fe3O4@Au@Ag nanoowers assembled magnetoplasmonic
chains (Fe3O4@Au@Ag NAMPCs) with high-density 3D “hot
spots” are expected to have highly sensitive and reproducible
SERS signals.

Plasmon-assisted heterogeneous catalysis has been recently
investigated using SERS in which the localized surface plasmon
resonance (LSPR) in the metal nanostructures of the SERS
substrate facilitates the charge-transfer photochemistry via
enhancement of the local electromagnetic eld intensity. For
example, Tang et al.27 have used a silver microower single
structure to monitor the plasmon-assisted reduction of 4-
nitrothiophenol (4-NTP) to p,p0-dimercaptoazobenzene (DMAB)
in situ. Kang et al.28–30 have used single particle surface
enhanced Raman spectroscopy to monitor power-dependent
plasmon-driven chemical reactions. Zhang et al.31,32 found that
the electric eld gradient leads to a strong enhancement of the
infrared (IR)-active modes of DMAB. Tian et al.33,34 conrmed
the chemical transformation of 4-NTP to DMAB through
Scheme 1 Schematic of SERS monitoring in the catalytic reaction of 4-n
the Fe3O4@Au@Ag NAMPCs.

This journal is © The Royal Society of Chemistry 2016
experiments and theoretical calculations. However, the low
reproducibility of these complicated syntheses is a serious
obstacle to the understanding of the surface catalysis coupling
reaction process. Even though some important results have
been achieved, previous studies have ignored the signicant
relationship between the reaction speed, the laser exposure and
laser power. In the context of understanding plasmon-
enhanced coupling, the oxidative dimerisation of 4-NTP to
DMAB on Fe3O4@Au@Ag NAMPCs was selected as a model
reaction for the demonstration of in situ SERS monitoring with
uniform signal intensity distribution and high reproducibility.

In this study, the Fe3O4@Au@Ag NAMPCs were successfully
fabricated as a SERS-active substrate and was constructed from
3D nanoower shaped silver nanoplates coated on MPNCs via
a magnetic eld induced assembly. The hierarchical nano-
structure arrays possess highly ordered structures, Au/Ag
interface, vast surface area and nanoscale roughness, which are
benecial for enhancing the sensitivity, uniformity and repro-
ducibility of the Raman signal. Moreover, the Fe3O4@Au@Ag
NAMPCs, integrating a heterogeneous catalysis and in situ SERS
detection, were evaluated as a dual-function SERS substrate for
in situ SERS monitoring of a catalytic reaction process in kinetic
studies by varying the duration of laser exposure and laser
power (Scheme 1).
2. Experimental
2.1 Materials

HAuCl4$3H2O (99.9%), Na3C6H5O7, FeCl3$6H2O, AgNO3,
4-nitrothiophenol, C6H6O2, rhodamine (R6G) and crystal violet
(CV) were obtained from Sigma Aldrich Ltd. Ammonia solution
(28% w/v) was procured from Shanghai Chemical Reagent
Company (Shanghai, China). Silicon wafer was procured from
Kejing Materials Technology Company Ltd (Hefei, China).
Deionized water (>18.2 mU cm�1) was puried using a Millipore
Milli-Q gradient system and was used throughout the experi-
ments. All chemicals were of analytical grade and used as
received.
itrobenzenethiol dimerization to form p,p0-dimercaptoazobenzene on

J. Mater. Chem. A, 2016, 4, 8866–8874 | 8867
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2.2 Fabrication of the Fe3O4@Au@Ag NAMPCs

The 1D MPNCs were assembled on a silicon wafer via an
external magnetic force according to our previous reports.23,35

The silver nanoplates were grown on the MPNCs to form Fe3-
O4@Au@Ag NAMPCs using a silver growth solution. First,
a citrate buffer solution (pH ¼ 3.6) of hydroquinone was
prepared by dissolving 0.10 M citric acid, 0.10 M trisodium
citrate dehydrate and 0.10 M hydroquinone in deionized water.
The silver growth solution was made by mixing 1.70 mL of the
citrate buffer solution of hydroquinone with 0.30 mL of a silver
ion solution (0.10 M AgNO3). The as-prepared MPNCs were
incubated with the silver growth solution for the different times
under dark conditions. The sample was then washed with
deionized water and dried under nitrogen gas. The irregular
Fe3O4@Au@Ag NPs were prepared as a reference on the
Fe3O4@Au NPs via the same method but without an external
magnetic eld. All the samples were prepared on a silicon wafer
and can be used as the SERS substrate aer being washed with
deionized water.
2.3 Surface-enhanced Raman spectroscopy (SERS)
measurements

The Fe3O4@Au MPNCs, irregular Fe3O4@Au@Ag NPs and Fe3-
O4@Au@Ag NAMPCs as SERS substrates were functionalized
with the analyte solution (R6G or CV) at concentrations in the
range of 10�7 to 10�11 M for 30min by chemisorption. Then, the
SERS substrate was rinsed with deionized water to remove the
unabsorbed molecules. Finally, the substrates were dried using
a ow of nitrogen prior to the SERS measurement. The Raman
spectra were obtained using a confocal microscopy Raman
spectrometer coupled with microscope using a 100� objective.
The laser power at the sample position was 0.5 mW, the laser
beam was focused on the sample in a size of about 1.5 mm and
the typical accumulation time used for the study was 2 s.
2.4 In situ SERS monitoring of the catalytic reaction

The reduction of 4-NTP to DMAB by the Fe3O4@Au@Ag
NAMPCs was carried out to examine the catalytic activity under
different excitation power. The Fe3O4@Au@Ag NAMPCs
substrate was immersed in the 4-NTP (10�4 M) solution for 1 h.
Then, the Fe3O4@Au@Ag NAMPCs were rinsed repeatedly with
deionized water to remove the residual 4-NTP. Aer being dried
at room temperature, lasers with different excitation powers
were used as changeable conditions to get the different reaction
rates.
Fig. 1 The SEM image of (A) theMPNCs and (B) themagnified image of
the MPNCs. The SEM image of (C) the Fe3O4@Au@Ag NAMPCs and (D)
the magnified image of the Fe3O4@Au@Ag NAMPCs.
2.5 Characterization

The morphologies of the MPNCs and Fe3O4@Au@Ag NAMPCs
were characterized by FE-SEM (S-4700, Hitachi, Japan). Trans-
mission electron microscopy (TEM) images were recorded using
a high resolution TEM (JEOL, JEM 2010, Japan), equipped with
X-ray energy dispersive spectroscopy (EDS) capabilities, oper-
ated at an acceleration voltage of 200 kV. Raman spectra were
carried out on a confocal microscope Raman system (LabRAM
HR800, Horiba Jobin Yvon, Japan) using an Ar ion laser
8868 | J. Mater. Chem. A, 2016, 4, 8866–8874
operating at 632.8 nm. The laser power was selected according
to the experimental conditions. The magnetic properties of the
nanomaterials were measured using a superconducting
quantum interference device (SQUID) magnetometer (MPMS
XL-7, Quantum Design, USA).
3. Results and discussion
3.1 Fabrication of the Fe3O4@Au@Ag NAMPCs on a silicon
wafer substrate

The Fe3O4@Au NPs were used as building blocks to fabricate 1D
MPNCs via a magnetic eld induced assembly. The SEM images
of the MPNCs are shown in Fig. 1A and B. On the microscale,
the Fe3O4@Au NPs are aligned along the magnetic ux of the
external magnetic eld, owing to their superparamagnetism.
The MPNCs exhibited lengths of over 100 mm and widths of
about 500 nm (Fig. 1A). On the nanoscale, the randomly
aggregated Fe3O4@Au NPs are clearly observed as building
blocks to the formed MPNCs (Fig. 1B). The assembly mecha-
nism of the MPNCs was described in our previous report.35

Fig. S1 (see ESI†) shows the UV-Vis absorption, hysteresis loop
and TEM images of the Fe3O4@Au NPs. The TEM image showed
that the average size of the Fe3O4@Au NPs was about 20 nm and
the UV-Vis absorption peak of the Fe3O4@Au NPs was around
541 nm, owing to the Au shell completely coating the surface of
the Fe3O4 NPs. The saturation magnetization value of the
Fe3O4@Au NPs was 16.15 emu g�1. The Fe3O4@Au NPs were
also characterized by HRTEM (Fig. S2F, see ESI†), which showed
the presence of Au (fringe spacing ¼ 0.236 nm) out of the Fe3O4

NPs.
To produce high performance SERS substrate using the 1D

assembled nanostructure, the as-prepared MPNCs were treated
with a silver growth solution. Silver nanoplates were grown onto
the gold surface of the MPNCs. The gold surface acts as
a nucleation site and catalyst and signicantly accelerates the
silver growth process. The morphology of the Fe3O4@Au@Ag
NAMPCs is shown in Fig. 1C and D. It can be observed that
This journal is © The Royal Society of Chemistry 2016
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consecutive silver nanoplates are grown on the surface of the
MPNCs. The diameter of the Fe3O4@Au@Ag NAMPCs was about
1.5 mm and the thickness of one nanoplate was 15 nm. Inter-
penetrating silver nanoplates stand on the surface of the
MPNCs with sharp edges, resulting in an overall nanoplate
shape with an enlarged surface. It can be noted that the Fe3-
O4@Au@Ag NAMPCs provided extra surface areas at the Au/Ag
interface, which signicantly increases its SERS-active proper-
ties. Multilayer Au/Ag interface arrays on the Fe3O4@Au@Ag
NAMPCs can induce localized surface plasmon resonance
(LSPR) effects owing to the interface gap effect and the avail-
ability of multiple edges and small curvature.36 It has been
indicated that the repeated layer of the Au/Ag nanostructure is
most likely responsible for the formation of a large EM eld in
the vicinity of the interface.37

Understanding the growth mechanism is crucial for opti-
mizing the synthetic conditions and designing other uncon-
ventional structures by adopting this approach. We also
investigated the growth process of the Fe3O4@Au@Ag NAMPCs
with different growth times using SEM. The time evolution of
Fe3O4@Au@Ag NAMPCs is illustrated in Fig. 2. At the primary
stage, the Ag nanoplates were formed on the MPNCs at 5 min
growth time (Fig. 2A). The Ag nanoplates both perpendicular to
and lying on the substrate could be observed, and the sizes in
each direction were nearly same. However, the distribution
density of the Ag nanoplates was relatively low and a certain
amount of the Fe3O4@Au NPs were still uncoated. With the
growth time prolonged to 10 min (Fig. 2B), both the size and the
distribution density of the Ag nanoplates were increased.
Moreover, the Ag nanoplates show a preferential growth direc-
tion that was perpendicular to the Fe3O4@Au NPs. By
comparing Fig. 2A and B, the Ag nanoplates showed an outward
growth. Growing to an extent (Fig. 2C), the adjoining nanoplates
connect with each other and then the contact site becomes
a nucleation site for further growth. When the growth time was
as long as 20 min (Fig. 2D), the Fe3O4@Au NPs were all coated
with Ag nanoplates. The crossed Ag nanoplates became dense,
but still remain a layered structure.
Fig. 2 SEM images of the Fe3O4@Au@Ag NAMPCs with different
growth times: (A) 5 min, (B) 10 min, (C) 15 min and (D) 20 min. All other
conditions remained unchanged.

This journal is © The Royal Society of Chemistry 2016
The morphology evolution of the 3D Ag nanoower was also
checked using TEM over time during the reaction (Fig. 3). The
3D Ag nanoower has a hierarchical structure and every nano-
petal was deposited with the small nanoplates. Initially the
nucleation growth of the Ag nanoplates was generated on the
Fe3O4@Au NPs (Fig. 3A). The Ag nanoplates were only grown out
from the Fe3O4@Au NPs and the lattice fringes with a lattice
spacing of about 0.25 nm corresponds to the (111) plane of the
Ag crystal and the nanoplates were the single crystal structure.38

Aer 5 min of growth, the Ag nanoplates developed into the
petals structure and coated the Fe3O4@Au NPs (Fig. 3B). With
continuous growth, the Fe3O4@Au NPs could not act as the
nucleation site again, due to the whole surface being covered by
the Ag nanoplates. When the reaction time reached 20 min, the
small Ag nanoplates were assembled into a continuous Fe3-
O4@Au@Ag NAMPCs structural unit. Fig. 3C shows the TEM
images of the Fe3O4@Au@Ag NAMPCs, which show that the
Fe3O4@Au NPs were in an ordered arrangement and the
Fe3O4@Au NPs were surrounded by the Ag nanoplates. Fig. 3D
are the magnied TEM images, which show that the nanoplates
in the Fe3O4@Au@Ag NAMPCs have a lamellar structure and
that the boundaries between the nanoplates are clearly
observed. This structure suggested a self-assembly procedure by
the oriented growth and that one petal of the Fe3O4@Au@Ag
NAMPCs was also the nanoplate structure. The small Ag nano-
plates showed orientated growth on the Fe3O4@Au NPs in the
growth solution. Upon increasing the reaction time, the small
Ag nanoplates become nucleation sites for further growth.
Therefore, the heterogeneous epitaxial growth of the Fe3O4@
Au@Ag NAMPCs was proposed due to the Fe3O4@Au NPs of the
1DMPNCs providing the nucleation sites for growth of small Ag
nanoplates and the small Ag nanoplates subsequently produced
act as building blocks to assemble the Ag nanopetals. Finally,
the contact sites of the Ag nanoplates transform into the
nucleation sites for the assembly of 3D nanoowers.

Moreover, the typical XRD patterns of the Fe3O4@Au NPs
and Fe3O4@Au@Ag NAMPCs were measured, as shown in
Fig. S1D (see ESI†). The XRD peaks of the Fe3O4@Au NPs tted
well to the Au bulk phases (JCPDS no. 04-0784) and Fe3O4 bulk
Fig. 3 TEM images of the Fe3O4@Au@Ag NAMPCs obtained with
various growing times: (A) 1 min, (B) 5 min and (C) 20 min. (D) The
magnified TEM images of (C).

J. Mater. Chem. A, 2016, 4, 8866–8874 | 8869
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phases (JCPDS card no. 75-1609). No additional peaks appeared
aer coating the Ag nanoplates because the same XRD peak
positions were observed for the Au bulk phases and the Ag
phases (JCPDS 87-0720). The EDAX spectrum of the Fe3O4@
Au@Ag NAMPCs (Fig. S1G, see ESI†) conrmed the presence of
Ag, Au, Fe and O elements.

3.2 SERS performance

In this study, we selected 10�7 M R6G as the probe molecule
used to investigate the SERS performance of the MPNCs,
irregular Fe3O4@Au@Ag NPs and the 3D Fe3O4@Au@Ag
NAMPCs. The SEM images of the SERS substrates are shown in
Fig. S2 (see ESI†). The 1D MPNCs exhibited a low density of
nanoparticles and the big gap between the nanoparticles is
shown in Fig. S2A.† Thus, the 1D MPNCs as a SERS substrate
have low SERS activity. The Fe3O4@Au@Ag NAMPCs were
synthesized on the 1D MPNCs using the silver growth solution;
the silver nanoplates were grown onto the gold surface of the
MPNCs and assembled to three-dimensional (3D) nanoowers.
The irregular Fe3O4@Au@Ag NPs were prepared on the
Fe3O4@Au NPs via the same method but without an external
magnetic eld. 3D SERS-active substrates with considerable
extension from 2D to 3D brings a larger overall surface area,
enabling more target molecules to be adsorbed and increases
the number and utility of SERS hotspots in all three dimen-
sions.39 Therefore, the Fe3O4@Au@Ag NAMPCs with 3D nano-
ower structure could produce hotspots between the adjacent
nanoplates in 3D space. Because of the 3D hotspot matrix and
the high density of the nanoparticles, the Fe3O4@Au@Ag
NAMPCs exhibited a higher SERS enhancement than the
MPNCs and irregular Fe3O4@Au@Ag nanoparticles, as shown
in Fig. 4. The high surface area of the Fe3O4@Au@Ag NAMPCs
for probe adsorption was also benecial for trapping and
capturing the probe molecules to improve the SERS
performance.

The SERS signals originates from the localized surface
plasmons, which is dependent on the size, shape, composition,
Fig. 4 The SERS spectra of 10�7 R6G obtained from the assembled
MPNCs (curve a), irregular Fe3O4@Au–Ag nanoparticles (curve b) and
assembled Fe3O4@Au@Ag NAMPCs (curve c). Curve (b) and (c) were
vertically shifted.

8870 | J. Mater. Chem. A, 2016, 4, 8866–8874
and dielectric character of the nanoparticles.40–43 The well-
ordered nanoparticles, assembled under magnetic force, exhibit
a remarkable SPR property, giving a strong local electromag-
netic eld, which can bring forth contributions to the vibra-
tional modes with Raman activity. The optical response of the
Fe3O4@Au@Ag NAMPCs is dominated by the plasmon mode
associated with the core of Fe3O4@Au and the shell of Ag
nanoplates and can be rationalized in terms of plasmon
hybridization. This hybridization results in a complex, multi-
peaked optical spectrum, which induced a red-shi in the
collective plasmon modes when compared with the Fe3O4@Au
NPs. From the UV-Vis absorption spectra of the Fe3O4@Au@Ag
NAMPCs (Fig. S1C, see ESI†), we can clearly observe that the
Fe3O4@Au@Ag NAMPCs display two distinct plasmonic
features: two shoulders located at ca. 540 and 650 nm. Near IR
light (632.8 nm) could be largely absorbed and trapped by the
Fe3O4@Au@Ag NAMPCs due to their strong absorbance in the
near IR region. Therefore, the Fe3O4@Au@Ag NAMPCs have
high SERS activity using the 632.8 nm laser as an excitation
source.

The limit of detection is an important criterion for the SERS
sensitivity of the Fe3O4@Au@Ag NAMPCs. Thus, detection of
R6G using the SERS spectra with the Fe3O4@Au@Ag NAMPCs
substrates was carried out. Fig. S3A (see ESI†) shows the results
of the SERS spectra with different concentrations of R6G from
10�7 to 10�11 M on the substrate. Fig. S3B (see ESI†) illustrates
the corresponding plot of ISERS versus �log[R6G], in which ISERS
is the SERS intensity of the recorded R6G bands at 1370 cm�1. It
demonstrates that a good linear response was achieved within
the range of 10�7 M to 10�11 M R6G and concentrations as low
as 10�11 M can be accurately detected using the described SERS
assay.

Therefore, the assembled Fe3O4@Au@Ag NAMPCs with the
strongest Raman enhancement were chosen to carry out the
following experiments. The SERS enhancement factor (EF) is
one of the major parameter for characterizing the SERS effect.
The EF strongly depends on the exact SERS conditions:
substrate, analyte, excitation wavelength and so on. Notably, the
characterization of EF was carried out under identical experi-
mental conditions (laser wavelength, laser power, microscope
objective or lenses, spectrometer) and the same preparation
conditions. We selected one of the important and representa-
tive denitions to calculate the EF. The denition of the SERS
EF is shown in the following equation:44

EF ¼ ISERSN0

I0NSERS

ISERS and I0 are the peaks intensity of the SERS measurement
and the regular Raman measurement, respectively. NSERS and
N0 represent the numbers of the corresponding surface and
solid molecules effectively excited by the laser beam, respec-
tively. We used the 10�10 M concentration for an estimate of the
ensemble EF. The number of R6G contributing to the Raman
signal NRaman was about 4.25 � 1011. On the basis of the
intensity of the N-phenyl stretching mode at 1370 cm�1 (Fig. S4,
see ESI†), the average EF was calculated to be 2.2 � 109. The
enhancement factor obtained here was compared favourably
This journal is © The Royal Society of Chemistry 2016
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with some of the high ensemble EF values in previous reports
(Table S1†). The comparison shown in Table S1† should only
serve as an indicator of the SERS substrate performance. By
comparing with other SERS substrates, the Fe3O4@Au@Ag
NAMPCs have a medium level of enhancement factor.
Combining with other features (e.g. uniform signal intensity
distribution and high reproducibility), however, the Fe3O4@
Au@Ag NAMPCs are the better SERS substrate.

To investigate the reproducibility and stability of the SERS
signal, the assembled Fe3O4@Au@Ag NAMPCs were immersed
in 10�6 M of CV solution for 1 h. Then, the Fe3O4@Au@Ag
NAMPCs were rinsed repeatedly with deionized water to remove
the CV residuals. The intensity of the main vibration of CV from
30 spots of SERS on the Fe3O4@Au@Ag NAMPCs are shown in
Fig. 5. Fig. 5A shows the 2D color coded intensity of the
spatiotemporal SERS mapping of CV on the Fe3O4@Au@Ag
NAMPCs. The main Raman vibrations of CV were obviously
enhanced at all spots, indicating excellent SERS activity and
reproducibility. To get a statistically meaningful result, the
relative standard deviation (RSD)45 of the Raman intensity of the
carbon skeleton stretching modes was calculated. Fig. 5 shows
the RSD of the Raman vibrations at 914 cm�1, 1171 cm�1 and
1370 cm�1 were 0.0877, 0.0596 and 0.0814, respectively. It
clearly reveals the high stability of the SERS signal. The strong
SERS signals of the Fe3O4@Au@Ag NAMPCs suggest that the
presence of a high density of the so-called “hot spots” over the
assembly results in the high stability of the SERS signal. In
order to test the reproducibility between the different batches of
Fe3O4@Au@Ag NAMPCs, we added the same content of CV
(10�6 M) onto 20 pieces of SERS substrates. Fig. S5 (see ESI†)
shows that the RSD of the Raman vibration were all below 15%
and proved that the different batches of Fe3O4@Au@Ag
NAMPCs as SERS substrates still have good reproducibility.
3.3 Catalysis

Determining the catalytic activity and the reaction kinetics are
key issues when new catalysts are developed, characterized, and
Fig. 5 The 2D color coded intensity of spatiotemporal SERS mapping
and the intensities of the main Raman vibrations of CV on the Fe3-
O4@Au@Ag NAMPCs.

This journal is © The Royal Society of Chemistry 2016
introduced. In situ SERS monitoring of the plasmon-driven
surface catalyzed reactions have attracted more and more
attention because they open up a new pathway for monitoring
and controlling catalyzed reactions on metallic catalysts. In this
experiment, control of the plasmon-driven chemical reaction
for the transformation of 4-NTP to DMAB by Fe3O4@Au@Ag
NAMPCs was monitored via in situ SERS (Scheme 1). This
reaction can be dramatically inuenced by varying the duration
of laser exposure and the laser power. The experimental results
show a couple of 4-NTP molecules get ‘hot’ electrons arising
from LSPR and the two 4-NTPmolecules transform into a DMAB
molecule.46,47

Fig. 6A shows the principle used to monitor the reaction on
the Fe3O4@Au@Ag NAMPCs using the SERS technique. Aer
adding the 4-NTP, the time-dependent in situ SERS spectra of
the Fe3O4@Au@Ag NAMPCs were recorded. The Raman peak at
1099 cm�1 in Fig. 6A represents the S–C stretching vibration of
4-NTP. The Raman peaks at 1339 and 1574 cm�1 represent the
ns (–NO2) (n-stretching, s-symmetric) and the C–C stretching
vibrations of the benzene ring, respectively. The characteristic
Raman peak of DMAB is at 1432 cm�1, which corresponds to the
vibrational modes of N]N. Aer continuous laser excitation,
the ns (–NO2) peak at 1339 cm�1 of 4-NTP decreases and the
peaks at 1432 cm�1 increase, suggesting the gradual conversion
of 4-NTP into DMAB, as shown in Fig. 6.28,48 The reaction can be
dramatically inuenced by the laser power. In the current
experiment, we further investigated the effect of laser power for
the reaction rate of catalysis reaction. As shown in Fig. 6A–C, the
reaction rate was decreased with reduction of the laser power.
Fig. 6D–F is the color coded intensity of spatiotemporal SERS
mapping under continuous 632.8 nm laser excitation. In
general, the stronger the laser power, the stronger plasmon
obtained. Thus, the chemical reaction is more easily triggered
bymore ‘hot’ electrons. To quantify the relative reaction rate, we
used the peak at 1339 cm�1 of 4-NTP and at 1432 cm�1 of DMBA
as the relative band. As no other agent was used, under
continuous illumination and laser excitation, this reaction
follows pseudo-second-order kinetics according to the chemical
equation. The reaction rate r can be determined by the following
equation:27

r4�NTP ¼ � 1

2
� dc4�NTP

dt
¼ kc4�NTP

2

The reaction rate constant k can be determined using the
following equation:27

kt ¼ 1

c4�NTP
t
� 1

c04�NTP

¼ 1

c04�NTP

� 2cDMAB
t

c4�NTP
t

cDMAB
t

c4�NTP
t
f

IDMAB
t

I4�NTP
t

kt ¼ 2� 104 � IDMAB
t

I4�NTP
t ¼ 2� 104 � I1432

I1339
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Fig. 6 The SERS spectra of the Fe3O4@Au@Ag NAMPCs substrate functionalized with 4-NTP at different time intervals after different intensity
excitation power: 1 mW (A), 0.5 mW (B) and 0.2 mW (C). The color coded intensity 2D SERS mapping of 4-NTP dimerization into DMAB at an
excitation power of 1 mW (D), 0.5 mW (E) and 0.2 mW (F). Determination of the rate constants for the reaction of 4-NTP into DMAB at an
excitation power of 1 mW (G), 0.5 mW (H) and 0.2 mW (I).
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where c4-NTP and cDMAB is the concentration of 4-NTP and
DMAB, respectively. I1339 and I1432 are the intensities of the
bands at 1339 cm�1 and 1432 cm�1, respectively.

Fig. 6G–I show the corresponding plot of I1432/I1339 versus
reaction time t, using an excitation power of 1 mW, 0.5 mW and
0.2 mW. Because the relative concentrations of 4-NTP are the
same in all the experiments, the apparent rate constants of the
reactions catalyzed at 0.2 mW and 0.5 mW are smaller than at
1 mW excitation power giving k1¼ 2.09� 10�3 s�1, k0.5¼ 2.02�
10�4 s�1 and k0.2 ¼ 4.62 � 10�5 s�1, respectively. In this
dimerization process, the Fe3O4@Au@Ag NAMPCs adsorbed
the 4-NTP molecule through the thiol group and then the
molecule receive the hot electrons arising from LSPR of the
Fe3O4@Au@Ag NAMPCs. Finally, the 4-NTP molecules trans-
form into DMAB. Furthermore, the Fe3O4@Au@Ag NAMPCs
and laser power are the two important factors for the plasmon-
Fig. 7 (A) The Raman spectra obtained at intervals of different times
for 4-NTP covered Fe3O4@Au@Ag NAMPCs under dark conditions. (B)
The time-dependent Raman spectra of 4-NTP in the absence of
Fe3O4@Au@Ag NAMPCs under a laser power of 0.5 mW with contin-
uous 632.8 nm laser excitation.

8872 | J. Mater. Chem. A, 2016, 4, 8866–8874
assisted catalytic process. Fig. 7A shows the SERS spectra of the
4-NTP immersed on the Fe3O4@Au@Ag NAMPCs under dark
conditions. We found that the main SERS signals obtained on
the Fe3O4@Au@Ag NAMPCs aer 32 h under dark conditions is
similar to the beginning SERS signals of 4-NTP. To investigate
the function of the Fe3O4@Au@Ag NAMPCs in the catalysis of
4-NTP, the 4-NTP was dropped on the silicon wafer without any
SERS substrate and exposed to the 632.8 nm laser. However, the
Raman signal of the bulk 4-NTP is very low to detect without the
SERS substrate. Thus, we added the Fe3O4@Au NPs into the
4-NTP solution on the silicon wafer and immediately measured
the SERS spectra of 4-NTP. Note that the Fe3O4@Au NPs were
used as the SERS substrate, not as plasmonic catalysts in the
current experiment. Fig. 7B shows the SERS spectra of the
4-NTP, which is exposed to the 632.8 nm laser without the
Fe3O4@Au@Ag NAMPCs. The main Raman bands of the 4-NTP
aer 50 min laser irradiation is similar to the beginning SERS
signals of 4-NTP. These results demonstrated that the Fe3-
O4@Au@Ag NAMPCs and laser are the two essential conditions
for the catalysis of 4-NTP.
4. Conclusions

In summary, we have described the development of 3D assem-
bled Fe3O4@Au@Ag NAMPCs as a SERS-active substrate, which
was constructed from 3D nanoower shaped silver nanoplates
coated on MPNCs via a magnetic eld induced assembly. The
heterogeneous epitaxial growth mechanism was proposed to
explain the growth process of the Fe3O4@Au@Ag NAMPCs.
When compared with Fe3O4@Au MPNCs, the Fe3O4@Au@Ag
This journal is © The Royal Society of Chemistry 2016
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NAMPCs signicantly enhanced the Raman signal with a SERS
enhancement factor of 2.2 � 109. The relative standard devia-
tion (RSD) of the Raman vibration from 30 spots on the Fe3-
O4@Au@Ag NAMPCs and 20 pieces of SERS substrates were all
below 15% and revealed the high stability and reproducibility of
the SERS signal on the Fe3O4@Au@Ag NAMPCs. The Fe3O4@
Au@Ag NAMPCs have a highly sensitive and reproducible SERS
signals because of their Au/Ag interface, vast surface area and
3D hotspot matrix. Moreover, the Fe3O4@Au@Ag NAMPCs have
double roles as an optical enhancer for SERS detection and as
a catalytic substrate for the catalytic reduction of 4-NTP to
DMAB. In this experiment, we found that the reaction can be
dramatically inuenced by varying the duration of laser expo-
sure and the laser power. In this sense, the combined catalytic
reactor with built-in non-destructive detection will nd broad
applications over many reactions in future chemical research.
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