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dependent Ag@Cu2O core–shell nanoparticles†

Lei Chen,ab Huanhuan Sun,a Yue Zhao,a Yongjun Zhang,*a Yaxin Wang,a Yang Liu,a

Xiaolong Zhang,a Yuhong Jiang,a Zhong Hua*a and Jinghai Yanga

In this study, we designed shell-dependent Ag@Cu2O core–shell nanoparticles (NPs) for SERS study.

Compared to Cu2O NPs, Ag@Cu2O core–shell NPs exhibited high SERS activity because of the localized

surface plasmon resonance (LSPR) from Ag core. For electron–hole pairs in Cu2O, the plasmon-induced

resonant energy transfer from silver to Cu2O and the direct electron transfer can be simultaneously

observed from the SERS intensity and the red-shift of the extinction spectra. Therefore, charge

separation between silver and Cu2O will lead to high SERS activity. Moreover, the SERS activity of the

Ag@Cu2O core–shell NPs can be modulated by changing the shell thickness, and it was found that SERS

was optimal for the shell thickness of around 31 nm. The proposed enhancement mechanism can be

extended to any metal–semiconductor complex system, which is contributed from plasmonic-induced

SERS.
1. Introduction

Since its discovery on a rough silver electrode in 1974, surface-
enhanced Raman scattering (SERS) has received signicant
attention for its high sensitivity in single-molecule determina-
tion.1–3 Nowadays, SERS is being widely applied in many areas
because of its potential application in medical diagnosis, biolog-
ical determination, colloidal and surface chemistry, electrochem-
istry, and analytical chemistry.4–8 Generally, the enhancement
mechanisms of Raman signal from a SERS-active substrate can be
divided into two mechanisms: electromagnetic mechanism (EM)
and chemical mechanism (CM).9–11 EM enhancement mainly
stems from surface plasmon resonance on a metal substrate,12

whereas CM enhancement is mainly attributed to charge-transfer
(CT) between the substrate and probe molecule, which is a reso-
nance-like process.13–15

For most plasmonic-based SERS study, researchers focus on
metal materials, which are induced via localized surface plasmon
resonance (LSPR) by light irradiation and provide special optical
responsive component in SERS.16,17 By controlling the sizes,
morphologies, composition, and geometry of the particles, we can
easily tune the LSPR properties of these particles.18–21 Noble metal
cores@semiconductor shell nanocomposites have been
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recognized as a promising functional material with the unique
plasma oscillation mode. A number of corresponding architec-
tures including Au@Cu2O,22 Au@TiO2,23 Ag@Cu2O,24 Ag@Fe2O3,25

and so on have been synthesized in the past few years. The biggest
advantage of employing semiconductor@metal systems in
comparison to metals or semiconductors is that there are
numerous additional properties that may be easily controlled such
as phonon coupling strength, plasmon-induced resonant energy
transfer, LSPR, and surfacemorphology.26–28 The optical properties
of the semiconductor@metal system can be theoretically inter-
preted via the plasmon hybridization model in which the
geometrically tunable plasmon resonances of the core–shell
conformation originate because of the interactions between the
plasmons supported by the inner metallic core and the outer
semiconductor surfaces of the shell.22–25

Cu2O is a wide-band-gap p-type semiconductor (2.2 eV) that
exhibits potential applications in biochemical sensors, photo-
catalysis, ultraviolet-visible light emission devices, and so on.29

Previously, it has been reported that Cu2O is a type of SERS-active
semiconductor, for which, the extinction properties can be ne-
tuned across the visible and near-infrared spectral regions by
introducing a metal (silver or gold) into Cu2O.24 For SERS-based
study on the Cu2O material, Kudelski and co-workers30 rst
observed the SERS activity on both Cu2O colloidal and Cu2O-
coated copper electrodes. Another study reported that the SERS
signal of 4-Mpy can be signicantly enhanced on Cu2O/Ag nano-
composites.31 In addition, core–shell metal@semiconductor het-
erostructures have unique properties compared with the pure
metal or semiconductor. The core–shell framework is promising
for constructing a novel photoelectric system. Moreover,
RSC Adv., 2017, 7, 16553–16560 | 16553
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Cu@Cu2O and Cu2O hollow dendrites were found to be excellent
materials.32–34

SERS from the probe molecule adsorbed on semiconductor
materials is different from the probe molecule adsorbed on the
noble metal materials because the CT and resonance mechanism
contribute to the semiconductor-based enhancement. Recently,
many experiments and theoretical approaches have been carried
out to demonstrate the importance of the CM enhancement in
SERS-based studies.26 Metal–semiconductor complex represents
an important class of multicomponent heterojunction system,
which exhibits a combination of properties from the individual
components of metal and semiconductor. Moreover, the multi-
component heterojunction system will further enhance property
tenability and new synergistic properties from the interactions of
the disparatemetal and semiconductor components. Note that the
CTmechanism is frequently applied to explain the semiconductor-
based SERS enhancement, and a few investigations mention EM
enhancement. Actually, some semiconductors have the EM
contribution because of the resonant energy transfer frommetal to
semiconductor. The system constructed in this study combined
the long-range electromagnetic effect of Ag nanoparticles (NPs),
LSPR of Ag@Cu2O nanoshell, and the CT contribution together,
with which we obtained a more ideal SERS signal and more
evident variation in SERS signal derived from LSPR of the
Ag@Cu2O nanoshell.
2. Experiment
2.1. Materials

Silver nitrate (AgNO3), trisodium citrate dihydrate (C6H5-
Na3O7$2H2O), copper(II) nitrate trihydrate (Cu(NO3)2$3H2O),
polyvinylpyrrolidone ((C6H9NO)n, PVP K30), hydrazine
hydrate (H4N2$H2O, 85 wt%), and anhydrous ethanol (C2H6O)
were purchased from Sinopharm Chemical Reagent Co., Ltd.
4-Mercaptobenzoic acid (4-MBA) was purchased from Sigma-
Aldrich Chemical Co., Ltd. All the reagents were used as
received without further purication. Deionized water was
used throughout the present study.
2.2. Synthesis of Ag NPs and Ag@Cu2O core–shell NPs

2.2.1. Synthesis of Ag NPs. Ag colloid NPs (ESI_Fig. 1†) were
synthesized by a conventional synthetic route reported by Lee
and Meisel.35 In brief, 36 mg of AgNO3 was dissolved in 200 mL
of water and the solution was heated to 85 �C with rapid stirring
under reux. A 4 mL solution of 1% trisodium citrate dihydrate
was added to the abovementioned solution, and the mixed
solution was boiled for 40 min, during which, it turned black in
several minutes and nally became greenish-yellow.

2.2.2. Synthesis of Ag@Cu2O core–shell NPs. PVP (1.0 g)
was added to 50 mL of 0.01 M Cu(NO3)2 aqueous solution (pH¼
4.0) under constant magnetic stirring (300 rpm). Aer the
complete dissolution of the PVP powder, different volumes of
Ag colloid solution (2.00, 4.00, 8.00, and 12.00 mL) were added
followed by immediate introduction of 34 mL of H4N2$H2O (35
wt%) solution into the reaction mixture at room temperature.
The colloids typically changed color from that of the Ag colloids
16554 | RSC Adv., 2017, 7, 16553–16560
into various characteristic colors of the Ag@Cu2O core–shell
NPs within 10 s. The nal color of the colloids was found to be
dependent on the volume of the Ag colloid solution added. The
preparation of the Ag@Cu2O core–shell NPs is shown in
ESI_Fig. 2.† The reaction mixtures were stirred for 2 min, the
Ag@Cu2O core–shell NPs were then washed with water and
anhydrous ethanol, and nally redispersed in anhydrous
ethanol and stored in a refrigerator at 4 �C.

The Cu2O nanospheres (ESI_Fig. 3†) were obtained with no
addition of Ag colloid solution, and other procedures were the
same as the synthesis of Ag@Cu2O core–shell NPs.

2.3. Characterization

The morphologies and structures of the NPs were obtained by
transmission electron microscopy (TEM) measurements using
a Hitachi H-800 transmission electron microscope operated at
the accelerating voltage of 200 kV. More detailed morphological
and structural information of the NPs was obtained by scanning
electron microscopy (SEM) measurements using a JEOL 7800F
scanning electron microscope operated at the accelerating
voltage of 5 kV. The crystalline structures of the NPs samples
were characterized by X-ray diffraction (XRD) using a Rigaku D/
Max 3C X-ray diffractometer with Cu-Ka radiation (l¼ 1.5418 Å).
The elemental composition and chemical state of the NPs were
determined by X-ray photoelectron spectroscopy (XPS) using
a Thermo Scientic ESACLAB 250Xi A1440 system. The optical
properties of the NPs were studied viaUV-vis spectroscopy using
a Shimadzu 3600 spectrometer.

2.4. SERS measurements

For SERS experiments, 4-MBA was used as the probe molecule.
4-MBA solution was prepared with anhydrous ethanol and the
concentration was 10�3 M. The Ag@Cu2O core–shell NPs and Ag
NPs samples were incubated in the 10�3 M 4-MBA solution for
2 h, then centrifuged and washed with anhydrous ethanol to
remove the unadsorbed 4-MBA molecules, and nally drop-cast
onto glass slides to obtain the SERS spectra. The SERS spectra of
the NPs samples were studied by a Horiba-Jobin-Yvon LabRAM
ARAMIS spectrometer with a 633 nm He–Ne exciting laser with
an effective power of 3 mW reaching the samples. The laser was
focused on the surface of the samples through a 50� long
distance objective lens with a 1 mm spot size. Data acquisition
was the result of two 30 s accumulations using a holographic
grating of 1200 grooves per mm. The Raman band of the silicon
wafer at 520.7 cm�1 was used to calibrate the spectrometer.

3. Results and discussion
3.1. Preparation and characterization

The preparation of Ag@Cu2O core–shell NPs samples is illus-
trated as follows. The rst step is the synthesis of the Ag core.
The second step is the introduction of different volumes of the
Ag NPs into the reaction system, which contained a certain
amount of Cu2+ and PVP. Therefore, Ag@Cu2O core–shell NPs
with xed core size but varying outer shell dimensions could be
obtained. This step involves the assembly of Cu2O nanocrystals,
This journal is © The Royal Society of Chemistry 2017
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which were formed through the reduction of Cu2+ by hydrazine
hydrate, into a solid nanoshell wrapping around the Ag core in
the presence of PVP as the structure-directing agent.22,36 This
approach provides a unique way to nely control the thickness
of the Cu2O shell over a broad size range while well-maintaining
the symmetry and an overall spherical morphology of the NPs
even in the thick Cu2O shell regime.

Fig. 1 shows the TEM images of Ag@Cu2O core–shell NPs
samples with four different shell thickness obtained by
Fig. 1 TEM images of the Ag@Cu2O core–shell NPs samples with differen
Ag@Cu2O (31 nm), and (D) Ag@Cu2O (22 nm).

Fig. 2 SEM images of the Ag@Cu2O core–shell NPs samples with varying
Ag@Cu2O (31 nm), and (D) Ag@Cu2O (22 nm).

This journal is © The Royal Society of Chemistry 2017
introducing 2.00, 4.00, 8.00, and 12.00 mL of Ag colloid NPs
solution. The average particle sizes were 135, 117, 98, and
79 nm, which correspond to the average Cu2O shell thickness of
50, 40, 31, and 22 nm, respectively (ESI_Table S1†). The result-
ing samples were denoted as Ag@Cu2O (d nm), where d repre-
sents the shell thickness. The shell thickness was inversely
related to the addition volume of the Ag colloid NPs solution.
For all the obtained samples, each NP only contained one
individual Ag NP core, and almost no particles with multiple Ag
t Cu2O shell thickness. (A) Ag@Cu2O (50 nm), (B) Ag@Cu2O (40 nm), (C)

Cu2O shell thickness. (A) Ag@Cu2O (50 nm), (B) Ag@Cu2O (40 nm), (C)

RSC Adv., 2017, 7, 16553–16560 | 16555
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Fig. 3 XRD pattern of the Ag@Cu2O (31 nm) NPs sample.
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NPs cores were found. Moreover, as shown in the SEM images
(Fig. 2), the as-obtained core–shell NPs exhibited an overall
uniform quasi-spherical morphology, preserving well the quasi-
spherical shape of the Ag core.

Fig. 3 shows the XRD pattern of the Ag@Cu2O NPs sample.
The diffraction peaks located at 2q ¼ 29.4, 36.5, 42.2, 61.5, 73.7,
and 77.4� can be indexed to the {110}, {111}, {200}, {220}, {311},
and {222} lattices, respectively, of the pure cubic-phase Cu2O
nanocrystals (JCPDS: 05-0667, space group: Pn�3m, a ¼ 0.4270
nm).37,38 The other diffraction peaks located at 2q ¼ 38.0, 44.1,
64.4, and 77.4� can be indexed to the {111}, {200}, {220}, and
{311} planes, respectively, of the face-centered cubic structure of
the Ag nanocrystals (JCPDS: 04-0783, space group: Fm3m, a ¼
0.4086 nm).39 These results indicate that the structure is
composed of Cu2O and Ag.

XPS was used to determine the surface components of the
shell. The binding energies in the XPS spectra, as presented in
Fig. 4, are calibrated by contaminant carbon (C1s ¼ 284.8 eV).
The full XPS spectra of Cu2O nanospheres and Ag@Cu2O (31
Fig. 4 XPS spectra. (A) Survey spectra of Cu2O nanospheres and Ag@Cu2
core–shell NPs samples with various Cu2O shell thickness.

16556 | RSC Adv., 2017, 7, 16553–16560
nm) are shown in Fig. 4A, and the major peaks can be assigned
to Cu2p and O1s. The binding energies of Cu2p3/2 and O1s of
Cu2O nanospheres are 931.0 and 528.8 eV, respectively, and
those of Ag@Cu2O (31 nm) are 931.8 and 529.3 eV, respectively,
which are all consistent with the values of Cu2O.40 Fig. 4B shows
XPS spectral regions for Cu2p of the Cu2O nanospheres and
Ag@Cu2O core–shell NPs samples with varying Cu2O shell
thickness. The Cu2p3/2 binding energies of Ag@Cu2O core–shell
NPs samples [Ag@Cu2O (50 nm), Ag@Cu2O (40 nm), Ag@Cu2O
(31 nm), and Ag@Cu2O (22 nm)] all have slightly positive shis
(from 931.0 to 931.8 eV) compared to those of the Cu2O nano-
spheres. This suggests that the interfacial surface charge
distribution of Ag@Cu2O core–shell NPs has changed and
indicates the formation of a charge-transfer complex, which
suggests the strongest interaction between the metallic Ag and
Cu2O.

The inset in Fig. 5 is an image of the colloidal solutions of
Ag@Cu2O core–shell NPs samples (Fig. 1A–D). The color of the
colloidal solutions varied from pale yellow all the way to dark blue
as the thickness of the Cu2O shell decreased. The corresponding
extinction spectra, as shown in Fig. 5, represent the absorption
spectra of Au nanospheres covered with Cu2O material at four
different shell thicknesses. Ag@Cu2O nanoshell exhibited much
more complicated optical features in comparison to Cu2O nano-
spheres (ESI_Fig. 3D†) and Ag NPs (ESI_Fig. 1B†). The spectral
features on the blue side of 500 nm for all the samples were
attributed to the interband transitions in Cu2O and scattering
from the Cu2O nanoshells,39 and the peaks red-shied when the
shell thickness increased. The spectral feature on the red side of
500 nm was attributed to the LSPR for all the core–shell NPs
samples. Bare Ag NPs exhibited a LSPR at 429 nm (ESI_Fig. 1B†).
The local dielectric constant increased with the increasing Cu2O
thickness, leading to the red-shi of the peak. On changing the
Cu2O thickness, a red-shi of the plasmon peaks was observed,
where the plasmon wavelength of silver nanospheres was
controlled by altering the coating materials and their thickness.
The spectral features of the band at 600 nm shared similarities
with the optical characteristics of Cu2O nanoshells in terms of the
O (31 nm). (B) Cu2p peak regions of Cu2O nanospheres and Ag@Cu2O

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Extinction spectra of Ag@Cu2O core–shell NPs samples with
different Cu2O shell thickness. (a) Ag@Cu2O (50 nm), (b) Ag@Cu2O (40
nm), (c) Ag@Cu2O (31 nm), and (d) Ag@Cu2O (22 nm). The inset is an
image of the colloidal suspensions of Ag@Cu2O core–shell NPs
samples with varying Cu2O shell thickness. (a) Ag@Cu2O (50 nm), (b)
Ag@Cu2O (40 nm), (c) Ag@Cu2O (31 nm), and (d) Ag@Cu2O (22 nm).
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multi-peaked extinction line-shapes and the red-shi of the peaks
when the shell thickness increased. These features primarily
originated from geometry-dependent light absorption and scat-
tering from the mesoscopic Cu2O nanoshells.36
Fig. 6 (A) SERS spectra of 4-MBA (10�3 M) absorbed on Ag@Cu2O
core–shell NPs samples with various Cu2O shell thickness: (a)
Ag@Cu2O (50 nm), (b) Ag@Cu2O (40 nm), (c) Ag@Cu2O (31 nm), and (d)
Ag@Cu2O (22 nm), and on Ag NPs (e). (B) SERS intensities of Raman
band of 4-MBA (1582 cm�1) versus Cu2O shells (the Cu2O shell
thicknesses are 22, 31, 40, and 50 nm) of Ag@Cu2O NPs. Error bars
indicate the standard deviations from four independent
measurements.
3.2. SERS study

ESI_Fig. 4† shows the SERS spectrum of 4-MBA (10�3 M) adsor-
bed on Cu2O nanospheres. The spectrum shows three bands at
around 401, 534, and 618 cm�1 associated with Cu2O,37,38 and no
signicantly enhanced Raman bands for 4-MBA are observed,
which indicates the absence of the SERS effect on the Cu2O
nanospheres. Subsequently, the SERS spectra of 4-MBA (10�3 M)
adsorbed on Ag@Cu2O core–shell NPs samples with various
Cu2O shell thickness and Ag NPs are compared in Fig. 6A. With
Ag@Cu2O core–shell NPs samples, distinct 4-MBA SERS signals
at around 403, 714, 1012, 1074, 1138, 1184, 1365, 1478, and 1582
cm�1 are observed,41,42 and the bands at about 403, 521, and 585
cm�1 are Cu2O Raman signals.37,38 The assignments of the SERS
bands of the 4-MBAmolecule adsorbed on Ag and Ag@Cu2O NPs
are shown in Table 1.43 As is shown in Fig. 6A, their SERS bands
are signicantly different from those of 4-MBA adsorbed on Ag
and Ag@Cu2O because of the CT from the substrate to the probe
molecule. We found that the SERS intensity decreases with the
decreasing Cu2O shell thickness of the Ag@Cu2O NPs and rea-
ches amaximum value of SERS enhancement when the thickness
of the Cu2O shell is 31 nm. Further decrease of Cu2O shell
thickness of Ag@Cu2O NPs results in the decrease in the SERS
intensity. Fig. 6B shows SERS intensities of the Raman peak of 4-
MBA (1582 cm�1) versus Cu2O shell thickness (the Cu2O shell
thickness are 22, 31, 40, and 50 nm) of Ag@Cu2O NPs. Error bars
indicate the standard deviations from four independent
measurements.
This journal is © The Royal Society of Chemistry 2017
3.3. The possible enhancement mechanism of the proposed
system

Semiconductors with poor conductivity for fewer free electrons
generally show much weaker resonance effect. Therefore, their
SERS effects are much poorer than those of noble metals. More
interestingly, the SPR ofmost semiconductor materials is located
in the infrared region.26 Thus, when semiconductor materials are
applied as SERS substrates, the CT mechanism can be a domi-
nant contribution to the SERS signal on semiconductor
substrate, which provides an extensive space for studying the CT
mechanism. Previous studies are focused on the CT enhance-
ment mechanism of the semiconductor-SERS.44,45 Therefore, we
rst employed the degree of CT (rCT) to evaluate the contribution
of the chemical enhancement. In the present study, the degree of
CT (rCT) was employed for investigation of the CT contribution to
the present SERS intensity. As described in a previous article,
rCT(k) of a k-band can be represented as follows:46
RSC Adv., 2017, 7, 16553–16560 | 16557
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Table 1 SERS assignments of 4-MBA molecule adsorbed on Ag and
Ag@Cu2O NPs42,a

Wavenumber (cm�1)

Band assignmentsAg/4-MBA Ag@Cu2O/4-MBA

— 403 n(C–S) + Cu2O
419 — n(C–S)
— 521 Cu2O
— 585 Cu2O
693 — C–H out-of-plane deformation
718 714 g(CCC) out of plane
1000 — In-plane ring breathing, b2
— 1012 In-plane ring breathing, b2
1022 — In-plane ring breathing, b2
1081 1074 In-plane ring breathing + n(C–S), a1
1182 1184 n(CH), a1
1139 1138 n(CH), b2
1427 1363 COO� stretching
1485 1478 n(CC) + g(CH)
1585 1582 Totally symmetric n(CC), a1
a n, stretching; g, bending. For ring vibrations, the corresponding
vibrational modes of benzene and the symmetry species under C2v
symmetry are indicated.

Fig. 7 Concentration-dependent (10�3, 10�4, 10�5, 10�6, 10�7 M, and
blank sample) SERS spectra of 4-MBA adsorbed on the Ag@Cu2O
core–shell NPs samples with the Cu2O shell thickness of 31 nm.
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rCT(k) ¼ Ik(CT) � Ik(SPR)/Ik(CT) + I0(SPR) (1)

herein, k is an index used to identify individual molecular bands
in the Raman spectrum. Ik(CT) is the intensity of a band in
which the CT resonance contributes to the SERS intensity. Two
reference bands were selected in the spectrum. One totally
symmetric band intensity, which is only contributed by SPR, is
denoted as I0(SPR). Therefore, for this band, Ik(SPR) ¼ I0(SPR).
Another band is non-totally symmetric; the contribution to the
intensity originates from the CT. At this moment, Ik(SPR) is
usually quite small and we can assume it to be zero in many
cases. rCT is greater than or equal to zero and less than or equal
to one. Note that there is no CT contribution to the SERS
intensity when rCT is zero. Moreover, it is CT contributions that
dominate the spectra when the value approaches 1. When rCT ¼
1/2, the CT and SPR contributions are equal.

According to the CT mechanism, non-totally symmetric
modes such as b2 modes are usually selectively enhanced by the
Herzberg–Teller contribution via CT, and a1 modes are not
affected by the contribution via CT. In the proposed Ag@Cu2O–
4-MBA system, two candidate bands (1184 and 1138 cm�1) were
selected for the analysis of the degree of CT (rCT). One band at
1184 cm�1, which was selected to calculate rCT, is the C–H
stretching a1 mode. The other band is the C–H stretching b2
mode of 4-MBA at 1138 cm�1, which is strongly affected by the
charge-transfer (CT) process caused by adsorption and SERS
effects.

As is known, the value of rCT is proportional to the contri-
bution from CM enhancement. In this way, the change of CT
process caused by various CM effects can be qualitatively eval-
uated by the degree of CT (rCT). As the shell thicknesses of
Ag@Cu2O are 50, 40, 31, 22, and 0 nm, their rCT values are
0.182, 0.195, 0.253, 0.219, and, 0.368, respectively, which are all
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below 0.5. Therefore, the main contribution of the proposed
system is from SPR.

For the contribution from the EM, it is mainly contributed
from the Ag@Cu2O nanoshell. The SERS activity of the shell-
dependent Ag@Cu2O (Fig. 6) and the pure Cu2O NPs
(ESI_Fig. 4†) were evaluated by employing 4-MBA as the probe
molecule with 633 nm laser irradiation. As is shown in Fig. 6,
the Ag@Cu2O core–shell NPs showed much higher SERS
enhancement compared to the pure Cu2O NPs, which can be
attributed to the presence of the LSPR of Ag@Cu2O based on the
633 nm laser excitation. Moreover, we found that SERS activity
of the Ag@Cu2O NPs was highly dependent on the thickness of
the Cu2O shell. Since the increase of the Cu2O shell thickness
led to the red-shi of the LSPR, the strength of the plasmonic
energy transfer depended on the shell thickness. The SERS
activity of the Ag@Cu2O NPs was enhanced with an increase in
the shell thickness from 22 to 31 nm. However, on further
increasing the shell thickness from 40 to 50 nm, their SERS
activity was diminished. Three possible factors compete to
dene the optimal thickness for SERS. First, since increasing
the Cu2O shell thickness leads to a red-shi of the LSPR peak,
the strength of the plasmonic energy transfer depends on the
shell thickness. Second, although the local EM eld was
extended into the Cu2O shell for all shell thicknesses, the
intensity of the plasmonic enhancement was different. The
possible largest plasmonic enhancement was with about 31 nm
thick shells and decreased for thinner or thicker shells. Third,
change in the shell thickness affects the recombination of the
LSPR-induced electron and holes. The thinner Cu2O shell
thickness will inuence the lifetimes of charge carriers due to
an increase in the surface states as compared to bulk states,
possibly reducing the SERS efficiency. As the shell thickness
increases, the carrier recombination dynamics become closer to
that of bulk Cu2O. All these factors contribute to the depen-
dency of SERS enhancement on thickness. The strength of the
plasmonic energy transfer and the resulting SERS enhancement
are proportional to the strength of the LSPR and the coupling of
This journal is © The Royal Society of Chemistry 2017
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the near-eld EM interaction as well as the carrier lifetime,
suggesting why the SERS is optimal for shell thicknesses of
around 31 nm, for which, the EF could be estimated to be 3.21
� 105, (see ESI†). The most critical aspect in performing a SERS
experiment is the choice of an ideal substrate. Herein,
Ag@Cu2O NPs with the perfect shell thickness of 31 nm, which
provided higher SERS enhancement, were employed to quan-
titation determination of 4-MBA. Fig. 7 shows SERS spectra of 4-
MBA at different concentrations (from 10�3 to 10�7 M) adsorbed
on Ag@Cu2O NPs with the shell thickness of 31 nm. Even at
10�7 M, the SERS spectrum of 4-MBA shows two obvious peaks
at 1582 and 1074 cm�1.
4. Conclusions

In summary, the proposed method offers a colloidal chemistry
approach to improving SERS for 4-MBA adsorbed on particles,
which is independent of the shell thickness. The LSPR band of
Ag@Cu2O core–shell NPs shows a red-shi with an increase in
the Cu2O shell thickness. For variation of the shell, these
exhibited different plasmonic energy transfer and the recombi-
nation of the LSPR-induced electron and holes, suggesting an
optimal SERS for a shell thicknesses of around 31 nm. The plas-
monic energy transfer mechanisms introduced in the proposed
research can be extended to other metal–semiconductor complex
systems, outlining the design strategies for plasmonic enhance-
ment of SERS.
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