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ABSTRACT

Octahedral Cu;0-Au composite microstructures (CMSs) were synthesized with a facile in situ method
and were attempted as surface-enhanced Raman scattering (SERS) substrates. The density of the Au
nanoparticles (NPs) on the surface of the octahedral Cu,O microcrystals can be controlled by tuning
the concentration of the gold precursor, which can further influence the SERS activity of the Cu,0-Au
CMSs system. The CMSs system exhibited a charge transfer from Au to Cu,0. Furthermore, metallic
NPs deposited on the semiconductor material formed a local electromagnetic field, which altered the
interfacial charge distribution. The SERS signal enhancement from the Cu, O-Au CMSs system is attributed
to a combination of electromagnetic and chemical enhancement mechanisms occurring simultaneously
at the semiconductor-metal interface. Overall, the proposed CMSs system will provide a new model for
SERS study and application.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Surface-enhanced Raman scattering (SERS) has been proven to
be a versatile and powerful tool for serving frontier science such
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Scheme 1. Schematic illustration of the growth process of the Au NPs on the octahedral Cu, O microcrystals.

as surface science, analytical chemistry, electrochemistry, and bio-
logical systems [1-6]. SERS has recently received much attention
because of its considerable potential in the highly sensitive and
selective detection of molecules, including single-molecule detec-
tion [3,4]. The enhancement of the Raman signal from a SERS-active
substrate is generally attributed to two different factors: electro-
magnetic (EM) and chemical enhancements [7-9], which involve
the localized surface plasmon resonance (LSPR) and the charge-
transfer (CT) effect, respectively.

Generally, the capabilities of SERS depend on the performance
characteristics of the SERS-active substrate. Metal nanoparticles
(NPs, gold, silver, or copper) with distinctive LSPR were widely
used as SERS substrates due to their extremely strong enhancement
[10-12]. LSPR, which was used to measure the collective electron
charge oscillations in metallic NPs excited by laser, has been impor-
tant in the analytical application of SERS. LSPR depends primarily
on the size, shape, composition, and medium of the NPs. Though
the semiconductor materials have also been studied and applied as
SERS substrates, their SERS enhancement is much lower than the
metal NPs [13-15]. However, multicomponent nanostructures can
incorporate multiple functions into one system for specific applica-
tions and fascinating new properties induced by heterointerfaces
[16-20]. Therefore, to improve the SERS activity of semiconductors
and optimize the LSPR property of the metal NPs, semiconductor-
metal composites are synthesized to study their improved SERS
enhancements. After the metal NPs are deposited on the surface
of the semiconductor, charge transfer occurs until the two sys-
tems are equilibrated, which induces a higher charge density region
located adjacent to the junction, and therefore the semiconductor-
metal composites will exhibit enhanced SERS due to their special
structures [16,18,19].

In addition, semiconductor-metal composites exhibited dif-
ferent SERS enhancements for the CT effect. Recently, most
semiconductor-metal compositions were introduced as SERS-
active substrates. In the Ag/CuO nanocomposite system [16],
electrons transferred from Ag to CuO until the two systems
achieved equilibration. This charge redistribution resulted in the
junction of a positively charged Ag and a negatively charged CuO,
where the highest charge density excited a more intense LSPR. An
extraordinary SERS enhancement phenomenon was also observed
in the urchin-like Ag NPs/ZnO hollow nanosphere arrays [ 18]. When
the Ag NPs came into contact with ZnO, the charge transferred
from Ag to ZnO until the two systems attained equilibration. In
this manner, under the irradiation with visible light, the local elec-
tromagnetic field at the interface between Ag and ZnO can be
strongly improved by the charge transfer-induced polarization,
thus undoubtedly enhancing the SERS intensity. Furthermore, the
enhancement of the Raman signals of ZnO/Ag nanocomposites was
studied [19]. Compared to pure ZnO, the ZnO/Ag nanocomposites
showed SERS due to the formation of a local electric field at the
interface between ZnO and Ag.

Cu,0 is broadly applied in many fields such as catalysts, sen-
sors, and solar energy conversion [20-25]. However, few studies
using Cu, 0 as SERS substrates were reported, due to its weak SERS
activity [26,27]. To improve the SERS activity of Cuy0, metal NPs
are employed to synthesize Cu;O-metal heterostructures [28,29].

Herein, Au NPs were chosen to deposit on the surface of
the octahedral Cu,O microcrystals to form CuyO-Au composite
microstructures (CMSs) for the SERS study. Cu,0 canreduce AuCly~
at the room temperature. The Au NP products were coated on the
surface of the octahedral Cu,O microcrystals to reduce the sur-
face energy in the system. By tuning the added volume of the
gold precursor, the density of the Au NPs can be controlled, which
can further tune the SERS activity of the Cu,0-Au CMSs system.
The SERS properties of 4-MBA adsorbed on the Cu,0-Au CMSs
were investigated. When the additional volume of gold precursor
reached 3.00 mL, the synthesized CMSs exhibited the highest SERS
property.

2. Experiment
2.1. Materials

Copper sulfate pentahydrate (CuSO4-5H,0), polyvinylpyrroli-
done (PVP, K30), sodium citrate (NazCgHs507-2H,0), sodium
carbonate (Na,COs3), and absolute ethanol (C;HgO) were pur-
chased from Sinopham Chemical Reagent Co., Ltd. Chloroauric acid
(HAuCly-4H,0, 99.9%) was purchased from Shanghai Civi Chem-
ical Technology Co., Ltd. Glucose (CgH1,04-H20) was purchased
from Beijing Chemical Reagent Co., Ltd. 4-Mercaptobenzoic acid (4-
MBA) was purchased from Sigma-Aldrich Chemical Co., Ltd. All the
chemicals were used as received and without further purification.
Deionized water was used throughout the present study.

2.2. Synthesis of octahedral Cuymicrocrystals and Cu;0-Au CMSs

2.2.1. Octahedral Cuymicrocrystals

Octahedral Cu,0 microcrystals were synthesized according to
the previous report by Sui [30]. That is, 0.68 g of copper sulfate
pentahydrate was dispersed in 76 mL of deionized water. Then,
4.0mL of a solution of 0.74M sodium citrate and 1.2M sodium
carbonate was added dropwise into the mixture. A dark blue solu-
tion soon appeared, whereas no precipitate was observed. After
the mixture was stirred for 10 min, 6.0 g of PVP was introduced.
After the complete dissolution of the powder of PVP, 4.0 mLof 1.4 M
glucose solution was slowly injected into the mixture. Thereafter,
the mixture was kept in a water bath at a temperature of 80°C for
15 min, then cooled down to the room temperature. The brick red
precipitate (Fig. S1a, Supplementary information (SI)) was filtered
off, then washed with deionized water and absolute ethanol, and
finally dried in a vacuum at 60 °C for 6 h.
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2.2.2. Cuy0-Au CMSs

In the case of the synthesis of Cu,0-Au CMSs, the dried octa-
hedral Cu,0 microcrystals were firstly dissolved in 100 mL of the
deionized water. Thereafter, 1% HAuCl4-4H;0O solution was added
dropwise into the mixture under vigorous stirring. The mixture was
stirred at the room temperature for 2 min. There was an immedi-
ate color change from brick red to black (Fig. S1, SI), suggesting that
the formation of uniform Cu, 0-Au CMSs. The products were filtered
off, then washed with deionized water and absolute ethanol, and
finally dried in a vacuum at 60 °C for 6 h. To manipulate the mor-
phologies of the CMSs, 1% HAuCl4-4H,0 with different volumes,
such as 1.00, 3.00, and 5.00 mL, were injected into the Cu,0 colloid
solutions under the same condition, respectively.

The bare Au NPs were obtained by removing portions of Cu,O
in Cuy0-Au CMSs under acidic conditions.

2.3. Characterization

X-ray powder diffraction (XRD) analysis was characterized
using a Rigaku D/MAX 3C X-ray diffractometer with Cu Ka radia-
tion (A = 1.5418 A). X-ray photoelectron spectra (XPS) analysis was
conducted using a Thermo Scientific ESACLAB 250Xi A1440 sys-
tem. UV-vis-NIR absorption spectra were studied using a Shimadzu
3600 spectrometer. Scanning electron microscopic (SEM) images
and energy dispersive spectroscopy (EDS)-mappings were obtained
using a JEOL 7800F scanning electron microscope operated at an
accelerating voltage of 5.0kV. Transmission electron microscopic
(TEM) images were performed using a Hitachi H-800 transmission
electron microscope operated at an accelerating voltage of 200 kV.

2.4. SERS measurement

For SERS experiments, 4-MBA was used as the probe molecule.
4-MBA solution was prepared with the absolute ethanol, and the
concentration was 10~3 M. The Cu,0-Au CMSs substrate was incu-
bated in the 4-MBA solution for 4h. After the precipitate was
centrifuged and dried, the SERS spectrum of the sample drop-casted
onto the glass slide was recorded in a Horiba-Jobin-Yvon LabRAM
ARAMIS spectrometer equipped with a 633 nm He-Ne exciting laser
with an effective power of 0.75 mW reaching the sample. The laser
was focused on the surface of the sample through a 50 x long-
distance objective lens with a 1 wm spot size. SERS spectra were
obtained with the acquisition time of 30 s and collecting number of
twice using a holographic grating of 1200 grooves/mm. The Raman
band of the silicon wafer at 520.7 cm~! was employed to calibrate
the spectrometer.

3. Results and discussion
3.1. Preparation and characterization of Cu;0-Au CMSs

In the preparation of the octahedral Cu,O microcrystals, the
prepared dark blue solution was copper citrate, well known as
Benedict’s solution, which can be reduced by reducing saccharides,
such as glucose, thus reducing Cu?* to Cu* to form the Cu, O crystals.
Meanwhile, in the proposed reaction system, we added the modi-
fier PVP, which was acted as both a stabilizer and a shape-controller
to assist in the formation of the Cu,0 octahedrons [30].

After HAuCl4-4H,0 was added into the Cu,0 colloid solution,
AuCl,~ wasreduced by Cu, 0. The driving force for the in situ reduc-
tion of AuCl,~ to Au NPs on the surface of the Cu,O0 microcrystals
is attributed to the normal electrode potential difference between
AuCls~/Au (0.99V versus normal hydrogen electrode (NHE)) and
Cu2*/Cu;0 (0.203 V versus NHE) [31]. The reduced production (Au
NPs) was homogeneously deposited on the surface of the Cu,O
microcrystals to lower the surface energy in the system. With the
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Fig. 1. XRD patterns of the octahedral Cu,0 microcrystals after injecting different
volumes of the HAuCls-4H, 0 solutions: (a) 0.00, (b) 1.00, (c) 3.00, and (d) 5.00 mL.
The diffraction peaks of Cu,O are labeled with #, and the diffraction peaks of Au are
marked with *.

increase in the added volume of the HAuCly-4H, O solution, the den-
sity of the Au NPs on the surface of the Cu;0 microcrystals was
enhanced firstly in the production of Cu,O-Au CMSs, after which
the perfect Cu,0-Au core-shell heterostructure was obtained, as
shown in Scheme 1.

Once the materials were synthesized, they were characterized
by a variety of techniques. Firstly, they were analyzed using XRD.
The XRD patterns of the as-prepared octahedral Cu, O microcrystals
displayed diffraction peaks at 26 =29.6, 36.5, 42.4, 61.6, 73.8, and
77.7°, corresponding to the {110}, {111}, {200}, {220}, {311}, and
{222} lattices in Cu, 0 (JCPDS: 05-0667) [29], respectively (Fig. 1a).
As is shown in Fig. 1, the diffraction peaks of Cu, 0 become weaker,
and the new emerging diffraction peaks become stronger with
increases in the added volume of the HAuCl4-4H;O solution. The
new diffraction peaks are attributed to the production of Au NPs,
located at 38.2, 44.4, 64.6, and 77.7°, which can be indexed to the
{111}, {200}, {220}, and {311} planes of crystalline Au (JCPDS:
65-2870) [32], respectively (Fig. 1b-d). These results indicate that
Au NPs were coated on the surface of the octahedral Cu, O micro-
crystals, but Cu,0 was still the most dominant component in the
composites.

Further characterization of the materials was done by employ-
ing SEM, EDS-mapping, and TEM analysis. The well-defined
octahedral Cu,O microcrystals with a diameter of about 1.4 um
(Fig. 2e) were synthesized according to the above procedure, and
the surface was smooth (Figs. 2 a, e, i, and S2). With the addition
of the HAuCl4-4H, O solution, quasi-spherical Au NPs with a size of
10-50 nm were coated on the surface of Cu, O (Fig. 3d-f). When the
added volume of the HAuCl,-4H, O solution was 1.00 mL, the diam-
eter of the Cu;0-Au CMSs was about 1.3 wm (Fig. 2f); Au NPs were
uniformly coated on the surface of Cu,0, and there was some Cu,0
surface exposed (Fig. 3d). In addition, we can clearly identify the
nanoholes on the surface of Cu, 0O (Fig. 2j), which can further prove
that Cu,0 was reduced by AuCly~ during the preparation process.
With the increase in the volume of the HAuCl,-4H,0 solution to
3.00mL, due to further CuyO etching, the diameter of the Cu,0-
Au CMSs decreased to 1.2 wm (Fig. 2g). The interparticle spacing
between the Au NPs became close (Fig. 3e). Further increase in the
volume of the HAuCl4-4H,0 solution to 5.00 mL resulted in perfect
Cu,0-Au core-shell heterostructures; a thick Au NPs shell (about
156 nm)was wrapped around the octahedral Cu, O core (Fig. 3f) and
the diameter of the Cu,;0-Au core-shell heterostructure increased
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Fig.2. SEM images with different magnifications of (a, e, i) the octahedral Cu20 microcrystals, and Cu20-Au CMSs with the addition of different amounts of the gold precursor:
(b, f,j) 1.00, (c, g, k) 3.00, and (d, h, ) 5.00 mL. The nanoholes induced by Cu20 etching were marked with circles (j). The diameters of the octahedral Cu20 microcrystals and
Cu20-Au CMSs were about 1.4, 1.3, 1.2, and 1.6 pm, respectively, marked with lines (e-h).

400 nm ‘

Fig. 3. TEM images with different magnifications of Cu,0-Au CMSs with the addition of different volumes of the HAuCly4-4H, 0 solutions: (a, d) 1.00, (b, e) 3.00, and (c, f)

5.00 mL.

to 1.6 wm (Fig. 2h). The EDS-mapping analysis clearly shows that
the Au NPs homogeneously covered the surface of the octahedral
Cu, 0 microcrystal (Fig. 4).

The UV-vis-NIR spectra of the octahedral Cu,0 microcrystals
and Cu;0-Au CMSs with different amounts of Au NPs are shown in
Fig. 5. The spectrum of the octahedral Cu,;O microcrystals shows
absorption bands at 532, 639, and 920 nm, which are all strong
(Fig. 5a). According to the band energy of Cu,0 [33,34], the absorp-
tion band at 532 nm is attributed to the interband transitions in
Cu,0. We presume that the NIR absorbance at 920 nm arises from
the excitations of the free carriers in Cu,0, potentially with plas-

monic contributions [33,35]. We can observe the formation of the
Au aggregates on the surface of Cu,0 (Fig. 3d-f), but due to the
strong absorption peaks of the Cu,O microcrystals, the plasmon
resonance peak of the Au aggregates coupled with the absorption
peaks of Cu,0 (Fig. 5b-d). A distinct plasmon resonance peak for
the Au aggregates is not observed (Fig. 5b-d). Compared with octa-
hedral Cu,0 microcrystals, the spectra of Cu,0-Au CMSs with an
increasing number of Au NPs are firstly shown blue-shifted (Fig. 5b,
c), and finally resolved in the red shift (Fig. 5d). The octahedral Cu, O
microcrystals and Cu;O-Au CMSs exhibited color changing from
brick red to black with increasing amounts of Au NPs (Fig. S1, SI),
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C

Fig. 4. EDS mappings of (a—c) the octahedral Cu; 0 microcrystal and Cu;0-Au CMS (5.00 mL HAuCl,-4H, 0 solution used) (d-g). (a, d) SEM images, (b, e) Cu maps, (c, f) O maps
of the Cu,0 microcrystal and Cu; O-Au CMS, respectively, and (g) Au map of Cu,0-Au CMS.
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Fig. 5. UV-vis-NIR spectra of (a) the octahedral Cu,0 microcrystals, and Cu,0-Au

CMSs with the addition of different amounts of gold precursor: (b) 1.00, (c) 3.00,
and (d) 5.00 mL.

Scheme 2. Fermi level equilibration in a Cu;0-Au CMSs system.

and this dramatic change can be related to the Cu,0-Au interac-
tion. As illustrated in Scheme 2, the Fermi level values of Au and

Cu,0 are +0.45V versus NHE and +0.47 V versus NHE, respectively
[36,37]. Electrons could transfer from Au to Cu,0, resulting in a
positively charged Au and a negatively charged Cu,0, and a strong
interaction is produced between the Au NPs and Cu,0 microcrys-
tals. Furthermore, this was evidenced by the XPS analysis (Fig. S3,
SI), wherein the surface plasmon absorption of Au shifted slightly
towards an upward binding energy than that of the bulk Au®, which
was reported to be 84.0 eV [38-40] and was attributed to the charge
transfer from Au to Cuy0. When lower amounts of the Au NPs
coated on the surface of the octahedral Cu,O microcrystals, the
absorption peaks of Cu, O-Au CMSs blue-shifted, which may be pri-
marily caused by the electronegativity increase of the Cu, 0 surface
induced by the charge redistribution (Fig. 5b, c). Further increasing
the volume of the HAuCl,-4H, 0 solution, the Au NPs shell wrapped
around the octahedral Cu;0 core was produced (Fig. 3f), and the
plasmon resonance of the Au aggregates strengthened. Then, the
whole structure (Cu;0-Au CMSs) red-shifted to the near-infrared
region (Fig. 5d).

3.2. SERS study of Cuy0-Au CMSs

Fig. 6 shows the Raman spectra of the octahedral Cu,O micro-
crystals and 4-MBA (10-3 M) adsorbed on the octahedral Cu,0
microcrystals. It is found that the two spectra are similar. Both spec-
tra show that four bands are associated with Cu,0 at around 214,
420, 509, and 597 cm~! [29,41], and no Raman bands for 4-MBA
are observed, which indicates the absence of the SERS effect on the
octahedral Cu, O microcrystals. Subsequently, the SERS spectra of 4-
MBA (103 M) adsorbed on Cu,0-Au CMSs with different amounts
of Au NPs are compared in Fig. 7A. The distinct 4-MBA SERS signals
are observed on Cu,;0-Au CMSs [Fig. 7A (a—c)]; the bands are around
846,1013,1075,1143,1180,and 1584 cm~! [42,43]. The SERS peak
intensity of Cu,O-Au CMSs initially increased [Fig. 7A (a, b)], and
then decreased [Fig. 7A (c)]. Furthermore, the SERS peak intensity
of Cuy0-Au CMSs [3.00 mL HAuCl4-4H, 0 solution used, Fig. 7A (b)]
is also stronger than that of the bare Au NPs [Fig. 7A (d)].

In the Cu,0-Au CMSs system, the charge transferred from the
Au NPs to the Cu,0 microcrystals until the two systems attained
equilibration; the redistribution resulted in a positively charged
Au and a negatively charged Cu,0 (Scheme 2). When the visible
light is incident on the metal surface, the free electron condition
leads to a dielectric constant of the metal composed of a large neg-
ative real component and a small imaginary component. For the
SERS intensity, it is the electromagnetic field at or near the particle
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Fig. 6. Raman spectra of (a) the octahedral Cu;O microcrystals, and (b) 4-MBA
(103 M) adsorbed on the octahedral Cu,0 microcrystals.
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Fig.7. (A) SERS spectra of 4-MBA (10-3 M) adsorbed on Cu, 0-Au CMSs with the dif-
ferent added volumes of the gold precursor: (a) 1.00, (b) 3.00, and (¢) 5.00 mL, and (d)
the bare Au NPs. (B) SERS intensities with increasing volumes of the gold precursor.
Error bars indicate the standard deviations from five independent measurements.

surface that determines the measured intensity. Thus, if E(w) is the
local field for frequency w, then the SERS intensity is determined
by <E(w)|?|E(wi)|2>, where wf is the Stokes-shifted frequency and
brackets are used to denote an average over the particle surface.
When the Cu,;0 microcrystals were coupled with the Au NPs, the
interaction between Cu,0 and Au was determined by the polariza-
tion induced in each particle due to the fields (E) arising from the
charge separation [19]. Compared with the bare Au NPs, the Au NPs
coated on the surface of the octahedral Cu, O microcrystals would
excite a more intense LSPR under the irradiation of a suitable laser
due to the charge redistribution. In addition, the SERS peak inten-
sity of Cuy0-Au CMSs was first increased (from 1.00 to 3.00 mL),
and then decreased (from 3.00 to 5.00mL) (Fig. 7B). We suspect
the overloading of Au NPs on the surface of the Cu, 0 microcrystals
would effectively cover the most interfacial Cu,O-Au SERS active
sites and reduce the enhancement [16].

In the proposed study, the main contributions of SERS are the
aggregation of the Au NPs and the charge redistribution between
the Au NPs and Cu,0 microcrystals, which induces an intense elec-
tromagnetic field. We estimate the SERS EF by using the following
relationship:

EF = (Isgrs/INR)(NNR/Nskrs) (1)

Where Isggs and Ing are the SERS intensities of 4-MBA on the Cu,0-
Au CMSs and normal Raman scattering intensity of the solid sample
of 4-MBA (Fig. S4, SI), respectively. Nyg and Nsggs are the numbers
of the 4-MBA molecule adsorbed on the Cu;0-Au CMSs and bulk
molecule illuminated by the 633 nm laser excitation to obtain the
corresponding SERS and normal Raman spectra, respectively. In our
experiment, the laser spot is 1 wm in diameter and the penetra-
tion depth is 17 wm of the focused laser beam used; the density of
4-MBA is 1.345 g/cm3, thus the number of the 4-MBA molecule
illuminated by the laser light is calculated to be 7.01 x 1010, Ngggs
is the number of surface-adsorbed molecules within the laser spot
that can be obtained according to the method proposed by Oren-
dorff et al. [43].

Nsers = NgAjaserAN/ O (2)

Where Ny is the density of the Au NPs, Aj,s, is the area of the focal
spot of the laser, Ay is the Au NP’s footprint area, and o is the surface
area occupied by an adsorbed molecule. Generally, Ny and Ay are
obtained from SEM images. Aj,se; can be obtained from the diameter
of the laser spot (1 wm) and o can be adopted as 0.20 nm? /molecule
[44]. Full coverage limit of the 4-MBA molecules on the Cu;0-Au
CMSs surface results in the EF at the Cu; O-Au CMSs substrate for the
band located at 1584 cm~! to have a minimum value of 7.2 x 10°.

4. Conclusions

In summary, we have designed a Cu,0-Au CMSs system that
induced CT from Au NPs to Cu,0 microcrystals for the SERS study.
This system employed AuCl,~ as the precursor, which can be
reduced by Cu,0 at the room temperature according to the dif-
ference in normal electrode potential between AuCly~/Au and
Cu?*/Cu,0.The production of AuNPs deposited on the surface of the
octahedral Cu,O microcrystals reduced the surface energy in the
system. The density of the Au NPs on the surface of the octahedral
Cu, 0 microcrystals can be controlled by tuning the concentration
of the gold precursor, which can further influence the SERS activity
of the Cu;0-Au CMSs system. In addition, 4-MBA was employed
as the probe molecule to evaluate the SERS enhancement from
the proposed Cu;0-Au CMSs heterostructures, which helped us
understand the enhancement of the proposed system. The SERS
properties of 4-MBA adsorbed on Cu,0-Au CMSs with different
amounts of Au NPs were investigated. Due to the charge transfer
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from the Au NPs to the Cu,0 microcrystals, a stronger enhanced
electromagnetic field was produced between the interface of the
metal and the semiconductor.
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