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ABSTRACT: Hollow Au−Cu2O core−shell nanoparticles
were synthesized by using hollow gold nanoparticles
(HGNs) as the plasmon-tailorable cores to direct epitaxial
growth of Cu2O nanoshells. The effective geometry control of
hollow Au−Cu2O core−shell nanoparticles was achieved
through adjusting the HGN core sizes, Cu2O shell thicknesses,
and morphologies related to structure-directing agents. The
morphology-dependent plasmonic band red-shifts across the
visible and near-infrared spectral regions were observed from
experimental extinction spectra and theoretical simulation
based on the finite-difference time-domain method. Moreover,
the hollow Au−Cu2O core−shell nanoparticles with syner-
gistic optical properties exhibited higher photocatalytic performance in the photodegradation of methyl orange when compared
to pristine Cu2O and solid Au−Cu2O core−shell nanoparticles under visible-light irradiation due to the efficient photoinduced
charge separation, which could mainly be attributed to the Schottky barrier and plasmon-induced resonant energy transfer. Such
optical tunability achieved through the hollow cores and structure-directed shells is of benefit to the performance optimization of
metal−semiconductor nanoparticles for photonic, electronic, and photocatalytic applications.

1. INTRODUCTION

Metal−semiconductor core−shell nanoparticles, which may
possess the independent properties of each component as well
as new synergistic and tunable properties due to the metal−
semiconductor interactions,1−14 have been given great attention
due to a series of unique functionalities such as optical,15−22

electric,23,24 optoelectronic,10,25−27 and catalytic proper-
ties.28−40 By coating a semiconductor component on a metallic
nanostructure, the plasmonic features of the metal, especially
fascinating localized surface plasmon resonance (LSPR), can be
enhanced through plasmon−exciton coupling or local dielectric
environment alteration, resulting in a series of interesting
optical phenomena including the enhanced optical absorption
and scattering and reinforced plasmonic tunability over a broad
wavelength range.8,17,33,41,42 Furthermore, for plasmonic
metal−semiconductor photocatalysts, the photocatalytic activ-
ity over an extended wavelength range for the photoresponsive
semiconductor may be significantly improved due to the
increasing light-harvesting and charge-separating efficiency at
the metal−semiconductor interfaces either via the direct
electron transfer (DET) or via the plasmon-induced resonant
energy transfer (PIRET).29,33 Since the synergistic properties of
core−shell nanoparticles are sensitively dependent upon hybrid

component and morphology, many efforts are carried out to
precisely control both geometries and components of the
hybrids to achieve highly tunable properties.43−50 For example,
the solid Au−Cu2O core−shell nanoparticles not only combine
the unique optical, electronic, and photocatalytic properties of
Cu2O nanoshells and the geometry-dependent plasmonic
properties of gold nanocores (dominated by LSPR) but also
exhibit expanded plasmonic tunability as well due to the
coupling between gold and Cu2O.

41,43 Several important
geometrical parameters, such as size, morphology, and crystallic
structure of gold cores,17,24,45 thickness, morphology, crystallic
structure and porosity of Cu2O shells,4,46,47 and interior
structures of the shells,16,14,33 are systematically and selectively
adjusted, resulting in synergistic photovoltaic and photo-
catalytic behaviors over a broad spectral range across the
visible and near-infrared regions.
Compared with the solid gold nanoparticle (SGN), the

hollow gold nanoparticle (HGN) has stronger plasmon
resonance, wider plasmonic tuning range, and larger near-field
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enhancement.51,52 However, as far as we know, there is far less
explored research related to the optical and photocatalytic
tunability of HGN-based (Au−Cu2O) core−shell nanopar-
ticles. There is no investigation of rich structural variety of
shells produced by employing HGN cores. In this paper, we
report the synthesis of hollow Au−Cu2O core−shell nano-
particles by using HGNs as the plasmon-tailorable cores to
direct epitaxial growth of Cu2O nanoshells through simple and
robust wet chemistry approaches at room temperature. We
demonstrate that the hollow Au−Cu2O core−shell nano-
particles combine the SPR tunability of plasmonic HGN cores
in the visible and near-infrared ranges and the photoresponsive
performance of Cu2O shells in the visible range. By changing
the geometrical parameters such as the HGN core sizes and
Cu2O shell thicknesses, we can systematically adjust the optical
properties of hollow hybrids over a broad spectral range across
the visible and near-infrared regions. Moreover, when
substituting the structure-directing agent poly(ethylene glycol)
(PEG) used in the synthesis for polyvinylpyrrolidone (PVP),
the geometry of hollow Au−Cu2O core−shell nanoparticles
changes from textured protrusions to quasi-spheres, resulting in
the change of SPR peak. All these geometry-dependent optical
properties of hollow Au−Cu2O core−shell nanoparticles are
matched well with the calculated results obtained by the finite-
difference time-domain (FDTD) method. Additionally, the
predominant photocatalytic activities of these hollow core−
shell nanoparticles are confirmed by the degradation of methyl
orange (MO) under visible-light irradiation, when compared to
the pristine Cu2O nanoparticles and solid core−shell nano-
particles. Our result is helpful for understanding the effect of
core−shell interaction on the tunable plasmonic feature and
interesting optical and photocatalytic performances of hybrid
nanoparticles.

2. EXPERIMENTAL SECTION
2.1. Raw Materials. Chloroauric acid trihydrate (HAuCl4·3H2O,

99%), sodium borohydride (NaBH4), cobalt chloride hexahydrate
(CoCl2·6H2O), trihydrate sodium citrate (TCD, C6H5Na3O7·3H2O,
purity 99%), cupric acetate (Cu(Ac)2·H2O), ascorbic acid (AA),
sodium hydroxide (NaOH), PVP (K-30), and PEG (MW =10 000)
were supplied by Sigma, USA. All chemicals were of analytical grade
and used without further purification. The deionized water used in the
synthesis was obtained from Millipore Q purification system
(resistivity >18 MΩ·cm).
2.2. Synthesis of HGNs and SGNs Colloids. The HGNs with

tunable LSPR properties were synthesized by using a similar technique
developed by Zhang,53 as described in our previous report.54 In a
typical procedure, a mixture solution including 75 mL of deionized
water and a certain amount of TCD (0.1 mol/L) was deoxygenated
with argon gas, and then 100 μL of CoCl2 (0.4 mol/L) and a certain
amount of fresh NaBH4 (1 mol/L) were successively injected in the
above mixed solution with a prompt color change from colorless to
brown in the fast reaction process due to the reduction of Co2+ to
cobalt nanoparticles. In the case of slow reaction, 100 μL of CoCl2
solution was added by dropwise with the color of the mixed solution
changing to light brown when cobalt nanoparticles produced. After
that, the cobalt nanoparticle colloid was fast transferred to a stirring
HAuCl4 solution. The HGNs were collected by centrifugation at 8500
rpm for 15 min and finally dispersed in 5 mL of deionized water. By
controlling the reaction rate, the HGNs with adjustable sizes and shell
thicknesses were obtained. The SGNs used as a reference were
synthesized by the classic Frens’ method.54 Briefly, 1.5 mL of TCD
(the mass fraction of 1%) was added quickly into the boiling solution
of 100 mL of 0.25 mmol/L HAuCl4 with stirring to react for 15 min.
Then the solution was cooled down to the room temperature with

stirring, and the SGN colloids with adjustable sizes were obtained by
controlling the reaction time.

2.3. Synthesis of Hollow and Solid Au−Cu2O Core−Shell
Nanoparticles. For the synthesis of hollow Au−Cu2O core−shell
nanoparticles, 0.1 g of structure-directing agent (PEG or PVP) was
completely dissolved in 8.5 mL of deionized water, followed by the
addition of 0.5 mL of 0.02 mol/L Cu(Ac)2 solution in a glass vial, and
then 1.0 mL of concentrated HGNs colloids were injected into the
glass vial with vigorous stirring. After that, 0.01 mol/L AA and 0.15
mol/L NaOH mixed solutions were added into glass vial immediately
with stirring and left undisturbed for 1 h to complete the reaction. By
choosing the structure-directing agent (PEG or PVP), the
morphologies of hollow Au−Cu2O core−shell nanoparticles were
adjusted as well. The product was collected by centrifugation at 8000
rpm for 15 min and washed with the mixed solution of deionized water
and ethanol (1:1 volume ratio) for several times to clearly remove
PEG or PVP. All of the synthesis procedures were carried out at room
temperature. The thickness of Cu2O nanoshells could be tuned by
varying the volumes of concentrated HGNs colloids from 0.3 to 1.8
mL in the reaction (Table 1). The solid Au−Cu2O core−shell

nanoparticles were also prepared via a similar process by using SGN as
the cores. Pristine Cu2O nanoparticles were prepared using the above-
mentioned procedure without the addition of concentrated HGNs or
SGNs colloids.

2.4. Characterization. The morphologies and structures of
nanoparticles were observed by a Field emission scanning electron
microscope (FESEM, Hitachi S4800) and a transmission electron
microscopy (TEM, Hitachi H-7650) at an operating voltage of 200 kV.
High-resolution TEM (HRTEM) images, selected area electron
diffraction (SAED) patterns, and EDS mapping images were recorded
on a TEM (FEI Tecnai G2 F30 S-Twin, USA) working at 300 kV. The
crystalline structures of nanoparticles were obtained on a X-ray
diffractometer (Bruker AXS D8) using the Cu Kα radiation (λ =
0.154 18 nm) with the 2θ scan from 10° to 80° at a step of 0.02°. The
optical properties of nanoparticles were taken by a Hitachi U-3900
UV−vis spectrophotometer at room temperature.

For photocatalytic properties measurement, 4 mg of photocatalyst
was dispersed into 80 mL of 15 mg/L MO solution at room
temperature. Prior to irradiation, the suspension was magnetically
stirred for 1 h in dark to ensure reach an adsorption/desorption
equilibrium between the photocatalysts and MO. A 300 W xenon lamp
equipped with a UV cutoff filter (λ > 400 nm) was used as the light
source, which was placed 12 cm away from the solution. Then the
solution was exposed to light irradiation under magnetic stirring with
circular water-cooling system to guarantee the solution at room
temperature. At every 30 min of irradiation, 6 mL of sample solution
was drawn from the system and centrifuged to remove the
photocatalysts to analyze MO concentration using a Hitachi U-3900
UV−vis spectrophotometer. The characteristic absorption of MO at
464 nm was used to evaluate the photocatalytic activities of
photocatalysts. The degradation percentage was calculated by
measuring the absorption of MO solution at each irradiation time

Table 1. Average Overall Radii (R3) of Hollow Au−Cu2O
Core−Shell Nanoparticles Prepared with Various Volumes
of Concentrated HGNs Colloids in the Reactiona

volume of HGNs colloids
(mL)

outer radius R2
(nm)

overall radius R3
(nm)

1.8 17 ± 1.2 32 ± 1.5
1.0 17 ± 1.2 45 ± 2.0
0.6 17 ± 1.2 57 ± 2.2
0.4 17 ± 1.2 63 ± 2.5
0.3 17 ± 1.2 67 ± 2.8

aThe experimental data were obtained from TEM measurements and
analyzed statistically from large amounts of HGNs (at least 100
particles). The HGN575 is used as the core and the structure-directing
agent is PEG.
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interval (C) and the absorption of the initial concentration (C0) at
adsorption−desorption equilibrium.
2.5. Reactive Species Trapping Experiments. To investigate

the reactive species involved in the photocatalytic experiments and
clarify the contribution of different reactive species, 2 mmol/L
different scavengers, such as triethanolamine (TEOA) as h+ scavenger,
isopropanol (IPA) as ·OH scavenger and p-benzoquinone (PBQ) as ·
O2

− scavenger, were added into the MO solution, respectively, and the
changes of MO absorption spectra were measured after irradiation for
1 h.
2.6. Finite-Difference Time-Domain (FDTD) Calculation. The

extinction spectra of hollow Au−Cu2O core−shell nanoparticles were
calculated by the FDTD solution (Lumerical, Canada). The geometry
of the nanoparticles was assumed to be a concentric three-layered
sphere with the cross-sectional drawing shown in Figure 1A. The inner

layer with the inner radius (R1) was supposed to be water with the
refractive index of 1.33. The interlayer (radius R2) and the outer layer
(radius R3) were assumed to be gold and Cu2O layers, respectively.
The wavelength-dependent empirical dielectric functions of bulk gold
and Cu2O were extracted from Palik and Johnson Christy databases,
respectively.55,56 Calculations were done for isolated Au−Cu2O core−
shell nanoparticle in water (refractive index of 1.33) and excited by
linearly polarized light. The geometrical parameters were obtained
based on the statistical analysis from large amounts of Au−Cu2O
core−shell nanoparticles (at least 100 particles) on random ten TEM
images.

3. RESULTS AND DISCUSSION

3.1. Structural Characterization of Hollow Au−Cu2O
Core−Shell Nanoparticles. We recently reported geometry-
dependent plasmonic optical properties of HGNs.54 Here we
synthesize HGNs with four different sizes and SGNs with two
sizes. The extinction spectra and corresponding photographs of
nanoparticle colloids, TEM images, and size distribution
histograms of nanoparticles are shown in Figures S1 and S2.
We name the HGNs and SGNs samples with the position of
SPR peaks at the extinction spectra in the following discussion.
The TEM images of dispersed HGNs with different sizes in
Figure S1 show a strong contrast difference in all of the HGNs
with a bright interior cavity and a dark shell, which confirms
their hollow architectures.54 The average outer radius (R2) and
inner radius (R1) of HGNs which are measured and analyzed
statistically from a large amount of HGNs (at least 100
particles) are 9 ± 1.0 nm and 5 ± 0.8 nm for HGN545, 17 ±
1.2 nm and 9 ± 1.0 nm for HGN575, 22 ± 2.0 nm and 12 ±
1.5 nm for HGN596, and 33 ± 2.5 nm and 18 ± 2.0 nm for
HGN633, respectively. Therefore, all HGNs have a similar
aspect ratio (inner diameter/outer diameter) near 0.55. The
narrow single Gaussian distributions of HGN sizes indicate that
the samples are highly monodisperse with size distribution
within 9.5% standard deviation. Comparably, the sizes of
ellipsoidal SGN522 are 20 ± 1.5 nm in the major axis and 17 ±
1.5 nm in the minor axis, while SGN528 are 34 ± 2.0 nm in the
major axis and 28 ± 2.0 nm in the minor axis (Figure S2).
Additionally, the HGNs present wide plasmonic tuning range
with the SPR band position altered over a wavelength region
from 545 to 633 nm when the color of colloidal HGNs changes
from red to purple and to green. When consideration the
similar increase in size (16 nm from HGN545 to HGN575 and
14 nm from SGN522 to SGN528), the HGNs give a 30 nm
red-shift of SPR band position compared to just 6 nm one for
SGHs. This makes HGNs superior in optical tunability and
possible photocatalyst application.
When the metal core is coated by a semiconductor, the direct

epitaxial overgrowth of monocrystalline semiconductor nano-
shells on the surface of highly faceted or quasi-spherical metallic
nanoparticle cores has been reported even large lattice
mismatch existence.13,57,58 In our study, the epitaxial growth
of Cu2O on the HGNs surface is of possibility because of the
similar crystal symmetry of Cu2O to gold and good affinity to
gold surface. Figures 1A−D show typical TEM images of
hollow Au−Cu2O core−shell nanoparticles with increasing
shell thicknesses (HGN575 core, PEG as the structure-
directing agent). It apparently reveals that each individual
core−shell nanoparticle with obvious core−shell contrast has a
HGN in the center and dense Cu2O shell coated on the fringe
to form concentric nanostructure. The thickness of Cu2O shell
increases from 15 ± 1.2 to 50 ± 2.0 nm with the volume
decrease of concentrated HGNs colloids from 1.8 to 0.3 mL in
the reaction (Table 1). The shell becomes rougher with
nanoscaled protrusions when the thickness of Cu2O shell
progressively increases (also see Figure 2A). Figure 1E shows
the size distribution histograms (overall radius R3) of the
above-mentioned four Au−Cu2O core−shell nanoparticles by
statistical measurement and analysis from large amounts of
hollow Au−Cu2O core−shell nanoparticles. All particles have a
size distribution approaching to narrow single Gaussian peak,
and the corresponding average R3 determined from the mean
value of Gaussian distribution is 32 ± 1.5, 45 ± 2.0, 63 ± 2.5,

Figure 1. TEM images of hollow Au−Cu2O core−shell nanoparticles
with tunable thicknesses of Cu2O shells by adding different volumes of
HGNs colloids in the reaction: (A) 1.8, (B) 1.0, (C) 0.4, and (D) 0.3
mL. All of TEM images have the same scale bar of 50 nm. The scheme
of cross-sectional drawing of hollow Au−Cu2O core−shell nano-
particle is shown in (A). R1, R2, and R3 are the average inner radius and
outer radius of given HGNs and overall radius of given Au−Cu2O
core−shell nanoparticles, respectively. (E) Size distribution histograms
(R3) of the aforementioned Au−Cu2O core−shell nanoparticles with
different thicknesses of Cu2O shells. The HGN575 is used as the core,
and the structure-directing agent is PEG.
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and 67 ± 2.8 nm, which correspond to average Cu2O shell
thickness of 15 ± 1.2, 28 ± 1.2, 46 ± 1.5, and 50 ± 2.0 nm,
respectively. Figure 2B shows the elemental mapping images of
an individual core−shell nanoparticle, which clearly displays the
presence of Au, Cu, and O elements. The Au signals are strictly
confined in the central region of the particle where the gold
core is located, while the Cu and O elements are distributed
over the whole cross section of core−shell particle. Since no
pristine and single Cu2O particles are observed in all of TEM
images, we could speculate on the mechanism of heterogeneous
nucleation which controls the overgrowth of hollow Au−Cu2O
core−shell nanoparticles.
To clearly characterize the core−shell interfacial structures

and to interpret the growth mechanism, the HRTEM image of
individual Au−Cu2O core−shell nanoparticle with thin shell
(Figure 1A) is shown in Figure 2C. The lattice fringes of gold
on the interface present a Au−Au spacing of 0.237 nm, which
corresponds to the (111) planes of gold, while the lattice
fringes of Cu2O on the interface present a Cu−Cu spacing of
0.248 nm, corresponding to the (111) planes of Cu2O. This is
to say the (111) planes of Cu2O grow epitaxially on the {111}

facets of gold. The interfacial lattice mismatch is about 4.6%,
which is close to the reported 4.5% for solid Au−Cu2O core−
shell structures.4 The XRD pattern shown in Figure 2D clearly
indicates that both gold and Cu2O in as-fabricated core−shell
nanoparticles have diffraction peaks of (111), (200), (220), and
(311) planes, corresponding to pure cubic-phase gold (JCPDS,
5-667) and Cu2O (JCPDS, 65-3288). It is worth noting that the
nanoscaled protrusions are prominent for thick Cu2O shells. To
explore the formation mechanism of protrusions, we prepared
pristine Cu2O nanoparticles by similar procedures without
adding HGNs colloids. Typical SEM and TEM images in
Figure S3 reveal the pure Cu2O truncated nanocubes with
average size of 40 ± 5.0 nm by using PEG as structure-directing
agent. The XRD pattern in Figure S3C shows the as-prepared
production is pure face-centered cubic crystalline Cu2O
(JCPDS, 65-3288) without any impurities. Therefore, we
infer that the Cu2O nanoparticles are primitively heterogeneous
nucleated and deposited on the surface of HGNs by local
epitaxial growth. The protrusions actually results from the
multiple Cu2O cubes which are trying to form on the same
HGN core. Analogously, the morphology and microstructure of
solid Au−Cu2O core−shell nanoparticles (SGN528 core, PEG
as structure-directing agent) are confirmed by SEM, TEM, and
XRD analyses (Figure S4).
When substituting the structure-directing agent PEG with

PVP, we find that the surface morphologies of hollow Au−
Cu2O core−shell nanoparticles dramatically change, as shown
in Figure 3. The thickness of Cu2O shells can also be precisely
controlled from 20 to 50 nm just via simply adjustion of the
volume of concentrated HGN596 colloids from 1.8 to 0.3 mL
in the reaction (Figure 3B and Figure S5A). The HRTEM
image of interface between HGN core and Cu2O shell indicates
the (111) planes of Cu2O grow epitaxially on the {111} facets
of gold (Figure 3C) with the interfacial lattice mismatch about
4.7%. The monocrystalline domains with different orientations
for Cu2O nanoparticles indicate that the Cu2O shell has a
polycrystalline structure. The XRD pattern of the sample in
Figure S5B indicates that the core−shell nanoparticles are
composed of pure cubic-phase Au (JCPDS, 5-667) and Cu2O
(JCPDS, 65-3288). Notice that the hollow Au−Cu2O core−
shell nanoparticles prepared by using PVP structure-directing
agent keep quasi-spherical shape even the HGNs colloids are
very scarce in the reaction. The pristine Cu2O nanoparticles
prepared by similar procedures without adding HGNs colloids
are also quasi-spherical shape with broad distributions of
particle sizes due to the heterogeneous nucleation process
(Figure S6A). The diffraction rings from inside to outside in
SAED pattern (Figure S6B) correspond to the (111), (200),
(220), and (311) planes of pure face-centered cubic crystalline

Figure 2. (A) SEM image of hollow Au−Cu2O core−shell
nanoparticles in Figure 1D. (B) EDS mapping images of individual
Au−Cu2O core−shell nanoparticle in Figure 1B. (C) HRTEM image
of individual Au−Cu2O core−shell nanoparticle in Figure 1A. (D)
XRD pattern of hollow Au−Cu2O core−shell nanoparticles. Red lines
and blue lines present the standard diffraction data of face-centered
cubic crystalline Cu2O and gold, respectively. The HGN575 is used as
the core, and the structure-directing agent is PEG.

Figure 3. (A) SEM, (B) TEM, and (C) HRTEM images of hollow Au−Cu2O core−shell nanoparticles with tunable thicknesses of Cu2O shells by
adding different volumes of HGNs colloids in the reaction: (A, B) Cu2O shell thickness about 50 nm by adding 0.3 mL of HGN596 colloids in the
reaction; (C) Cu2O shell thickness about 20 nm by adding 1.8 mL of HGN596 colloids in the reaction. The structure-directing agent is PVP.
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Cu2O, respectively, which is consistent with the XRD pattern in
Figure S6C. It implies that the surfaces of HGN cores
composed of atomically well-defined crystalline facets can serve
as the locally flat substrates for the epitaxial growth of Cu2O
nanoparticles to form polycrystalline cubic-phase nanoshells by
using PVP as structure-directing agent. Wang et al. reported
that random-oriented Cu2O nanocrystallites could hierarchi-
cally self-assemble into a mesoscopic spherical particle on the
surface of gold core to form a polycrystalline Cu2O nanoshell in
the presence of PVP structure-directing agent.43

3.2. Geometry-Dependent Optical Properties of
Hollow Au−Cu2O Nanoparticles. The geometry-dependent
optical properties of hollow Au−Cu2O nanoparticles are
studied via the UV−vis absorption spectra through adjusting
the HGN core sizes, Cu2O shell thicknesses, and morphologies
related to structure-directing agents. Figure 4A displays the
experimental extinction spectra of as-prepared hollow Au−
Cu2O core−shell nanoparticles with fixed HGN575 core and
increasing shell thickness of Cu2O. The Au−Cu2O core−shell
nanoparticles exhibit highly tunable optical properties with the
broad SPR spectra spanning the visible and near-infrared
regions. Compared to the extinction spectra of pristine HGNs
colloids (Figure S1B) and Cu2O truncated nanocubes (Figure
S7A), the experimental extinction spectra of hollow Au−Cu2O
core−shell nanoparticles are more complicated. The extinction
at wavelength range below 560 nm is determined by the strong
excitation interband transition of Cu2O shell,43 which is in
accordance with extinction spectrum of pure Cu2O truncated
nanocubes (Figure S7A). With the increase of overall radius R3
of hollow core−shell nanoparticles, the multipeaked line shapes
and red-shift of peaks at wavelength range below 560 nm are
primarily arising from geometry-dependent optical properties
of Cu2O shell.43 The spectral features at the wavelength range
above 600 nm could be assigned to the plasmon resonances of
HGN cores, whose frequencies red-shift from 575 nm for bare
HGNs colloids (Figure S1B) to 718 nm due to the couple
between Cu2O and HGN (Figure 4A). The obvious red-shift of
SPR peak of HGN is primarily due to the high refractive index
of Cu2O (n ≈ 2.7) surrounding HGN core. Since the n is
related to permittivity ε via ε = n2,49 this plasmon resonance
frequency is sensitively dependent on the thickness of Cu2O

shells and progressively shifts to larger wavelengths (801 nm)
with the increasing of Cu2O shell thickness. It is apparent that
the extinction spectra of these core−shell nanoparticles are not
a simple linear combination of the optical features of HGNs
and Cu2O components but a synergistic effect with expanded
and red-shifted SPR peaks from visible into near-infrared range.
The Au−Cu2O interactions also result in the color change of
hybrid colloids from blue-green to yellow-green and to yellow
during the progressive increase of shell thickness (Figure 4A).
By contrast, we prepared solid Au−Cu2O core−shell nano-
particles with SGN528 as the core (SGN528 has a similar size
to HGN575). Though the plasmon resonance peak of the solid
nanoparticles reds shift with the increase of Cu2O thickness, the
expanded region is relative narrower than that of hollow ones
(Figure S8), indicating the inferior tunable optical properties of
solid system. The controllable shell thickness of Cu2O is also
achieved by using different sized HGN cores. Their
corresponding hollow Au−Cu2O core−shell nanoparticles
exhibit highly tunable optical properties with obvious red-shifts
for the interband transition peaks of Cu2O shells and SPR
peaks of HGN cores during the progressive increase of shell
thickness (Figure S9). Therefore, by controlling the sizes of
HGN cores and the thicknesses of Cu2O shells, the hollow Au−
Cu2O core−shell nanoparticles exhibit geometry-dependent
optical properties with the broad SPR spectra spanning the
visible and near-infrared regions.
To understand the optical features better, we adopted the

FDTD method to calculate the extinction spectra of the hollow
Au−Cu2O core−shell nanoparticles by using the model of
concentrically and spherically symmetric three-layered particle
with geometrical parameters and compositions matching the
experimentally fabricated nanoparticles. The dielectric medium
filling the hollow part and surrounding the outer surface of the
particles is water (n = 1.33). As shown in Figure 4B, the
calculated extinction spectra present multipeaked spectral
features in the visible and near-infrared range with progressive
red-shift as the thickness increase of Cu2O shells. The overall
line shapes in the calculated extinction spectra match the
experimental ones reasonably well, while the experimental
extinction spectra exhibit larger spectral shifts and broader
bandwidths than the calculated ones due to the structural

Figure 4. (A) Experimental extinction spectra of hollow Au−Cu2O core−shell nanoparticles and corresponding photographs of Au−Cu2O colloids
with increasing Cu2O thickness in the range from 15 to 50 nm (from top to bottom) by adding different volumes of HGNs colloids in the reaction.
The overall radius R3 of Au−Cu2O core−shell nanoparticles are 32 ± 1.5, 45 ± 2.0, 57 ± 2.2, 63 ± 2.5, and 67 ± 2.8 nm (from top to bottom).
HGN575 is used as the core and the structure-directing agent is PEG. (B) Calculated extinction spectra of hollow Au−Cu2O core−shell
nanoparticles with similar geometrical parameters as (A). The inner radius R1 and outer radius R2 of HGNs are fixed at 9.0 and 17.0 nm; the overall
radius R3 of Au−Cu2O core−shell nanoparticles are 32, 45, 57, 63, and 67 nm (from top to bottom). The filling medium in the hollow part and
surrounding medium outside the Au−Cu2O core−shell nanoparticles is H2O. (C) Experimentally measured and calculated plasmon resonance
wavelengths as a function of Cu2O shell thickness. The error bars for the experimental data points show the standard deviation determined by TEM
measurements over 100 particles for each sample.
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nonideality and polydispersity of both HGN cores and Cu2O
shells. The shell thickness-dependent evolution of peak position
can be interpreted in the context of the high refractive index of
Cu2O and geometry-dependent couple between Cu2O and
gold.43 This deviation between the experimental peak position
with that of calculated one increases with the increase of shell
thickness, which might be ascribed to the surface roughness of
shells with nanoscaled protrusions.
Furthermore, the morphology of Cu2O shells adjusted by the

structure-directing agents also affects the SPR band position of
hollow Au−Cu2O core−shell nanoparticles. As depicted in
Figure 5A, the hollow Au−Cu2O core−shell nanoparticles with

identical HGN596 cores and similar thicknesses of Cu2O shells
(∼50 nm) present discrepant extinction spectra just changing
the structure-directing agent from PEG to PVP. The red-shift of
SPR peak is more apparent for PEG system. It is suggested that
the relative intensity ratio of scattering spectra to absorption
spectra might be enhanced by the rougher Cu2O shell with
nanoscaled protrusions when the core−shell particle size
increases.4,17 Since the SPR peaks in scattering spectra are
closer to long wavelength region relative to the ones in

absorption spectra,17 the SPR peak position of hollow Au−
Cu2O core−shell nanoparticles prepared with PEG is of larger
wavenumber compared to that of Au−Cu2O core−shell
nanoparticles prepared with PVP. Moreover, the hollow Au−
Cu2O core−shell nanoparticles prepared by the PVP also
exhibit highly tunable optical properties with obvious red-shift
of SPR spectra toward higher wavelength ranges during the
progressive increase of shell thickness (Figure 5B), and the
FDTD method well simulates the dynamic process (Figure
5C). Compared with the results obtained by using the PEG, the
experimental spectra of hollow Au−Cu2O core−shell nano-
particles prepared by PVP are closer to the calculated results
due to the quasi-spherical surface of the nanoparticles, which is
approaching to the supposed calculation model. The extinction
spectrum of pure Cu2O nanospheres prepared by using the
PVP is shown in Figure S7B.

3.3. Geometry-Dependent Photocatalytic Properties
of Hollow Au−Cu2O Nanoparticles. The photocatalytic
activities of the hollow Au−Cu2O core−shell nanoparticles
were evaluated by the photogradation of MO under visible-light
irradiation. For the choice of core size and shell thickness for
photocatalysis, we should consider the following factors
according to Wu’s reports.29 First, the distribution of local
electromagnetic (EM) field of specific sized gold nanoparticles
influences the coupling of gold and Cu2O. Second, the spectral
overlap degree of the gold LSPR with the interband absorption
band of Cu2O affects the plasmon-mediated generation of
charge carriers in Cu2O. The increasing Cu2O shell thickness
leads to a red-shift of the gold LSPR peak, changing the
strength of the plasmonic energy transfer. Finally, the thickness
of Cu2O affects the lifetimes and recombination of LSPR-
induced charge carriers due to the various surface states. Wu et
al. analyzed the contributions of Ag LSPR and the Cu2O
interband absorption by deconvolving the UV−vis spectrum
and calculated the LSPR-induced local EM field enhancement,
suggesting an optimized shell thicknesses around 20−30 nm for
Ag@Cu2O core−shell photocatalysts. On the basis of this
inspiration and our data of UV−vis spectra (Figure 4A and
Figure S9), we speculate the hollow Au−Cu2O nanoparticles
(HGN575 core, Cu2O thickness about 28 nm) under the
current experimental conditions possess the superior photo-
catalytic activity. Our results of photocatalytic measurements
further confirm above conclusion. Prior to irradiation, the
suspension was magnetically stirred for 1 h in the dark to
ensure reach an adsorption/desorption equilibrium between
the photocatalysts and MO. Figure 6 shows the extinction
spectra of MO solution during photocatalytic degradation for
90 min by using hollow Au−Cu2O core−shell nanoparticles
with different core sizes and Cu2O thicknesses. There exists an
optimal core size (about 34 nm) and shell thickness (about 28
nm) for maximizing the overall visible-light photocatalytic
activity since the strength of plasmonic energy transfer and the
resulting photocatalysis enhancement depend on the shell
thickness, LSPR strength, the coupling of the near-field
interaction between gold and Cu2O, and the lifetimes of
charge carriers.29 Furthermore, under light irradiation, the
absorption peak of MO at 464 nm diminishes gradually as the
irradiation time increases (Figure S10). The photodegradation
effect of MO is more evident by using the hollow Au−Cu2O
core−shell nanoparticles (HGN575 core, Cu2O 28 nm),
especially the one prepared by PVP, with 96% MO
decolorization within 150 min (Figure 7). Since the nanoscaled
protrusions of the nanoparticles prepared by PEG make the

Figure 5. (A) Experimental extinction spectra of hollow Au−Cu2O
core−shell nanoparticles with similar geometrical parameters
(HGN596 core, Cu2O thickness of 50 nm) by using the structure-
directing agents of PEG and PVP. (B) Experimental extinction spectra
of hollow Au−Cu2O core−shell nanoparticles with increasing Cu2O
thickness in the range from 20 to 50 nm (from top to bottom) by
adding different volumes of HGNs colloids in the reaction. The overall
radius R3 of Au−Cu2O core−shell nanoparticles are 42 ± 2.0, 48 ±
2.2, and 72 ± 3.0 nm (from top to bottom). HGN596 is used as the
core and the structure-directing agent is PVP. (C) Calculated
extinction spectra of hollow Au−Cu2O core−shell nanoparticles with
similar geometrical parameters as (B). The inner radius R1 and outer
radius R2 of HGNs are fixed at 12 and 22 nm; the overall radius R3 of
Au−Cu2O core−shell nanoparticles are 42, 48, and 72 nm (from top
to bottom). The filling medium in the hollow part and surrounding
medium outside the Au−Cu2O core−shell nanoparticles is H2O. (D)
Experimentally measured and calculated plasmon resonance wave-
lengths as a function of Cu2O shell thickness. The error bars for the
experimental data points show the standard deviation determined by
TEM measurements over 100 particles for each sample.
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SPR peaks red-shift toward larger wavelength (Figure S11),
which might result in a relative low overlap area between the
LSPR dipole of HGNs and interband transition dipole of Cu2O
in extinction spectra and subsequent reduction in the plasmonic
energy transfer and photodegradation efficiency. The pure
HGNs photocatalyst does not give rise to thermochemical
degradation of MO (Figure 7) due to the possible inhibition of
LSPR-mediated local heating in our system.59 Therefore, our
results indicate that the incorporation of gold cores evidently
enhances the photocatalytic activity of Cu2O shells by the
efficient separation of photogenerated electrons and holes.
Since photocatalysis enhancement occurs within the position of
LSPR band, this indicates that the electron−hole pairs in the
semiconductor can be created via the DET and/or PIRET.33

For the DET mechanism which requires direct contact between
core and shell, hot electrons transfer occurs only when
plasmonic metals contact with an electron-donor solution or
a hole-transporting material for keeping the charge balance.10,28

Since no electron-donor solution or hole-transporting material
exists in our reaction system, the PIRET mechanism is
supposed to be dominant. Compared with solid Au−Cu2O
core−shell nanoparticles (Figure S10), the hollow Au−Cu2O
ones exhibit higher photoactivity in degradation of MO due to
HGNs with similar geomorphic parameters supplying stronger
plasmon resonance and near-field enhancement.52 The
corresponding normalized rate constant for the photo-
degradation of MO is 4.07 × 10−3, 3.28 × 10−3, 3.02 × 10−3,
2.83 × 10−3, 1.02 × 10−3, and 1.51 × 10−3 min−1 mg−1 in the
presence of HGN−Cu2O (PVP), HGN−Cu2O (PEG), SGN−
Cu2O (PVP), SGN−Cu2O (PEG), Cu2O (PVP), and Cu2O

(PEG). Besides, the stability of the HGN−Cu2O (PVP)
photocatalysts is significant and investigated by SEM, TEM,
and XRD characterizations after three-cycle photocatalysis test
(Figure 8). The morphology and microstructure have not

obvious change, indicating the photocatalysts possess high
stability and low photocorrosion during the photocatalytic
reaction. The reusability of the photocatalysts has been
confirmed by three cyclic utilization with slight decrease of
catalytic activity due to the possible loss of catalysts during
centrifugation.
Consideration the photodegradation of organic pollutants,

reactive species such as ·O2
−, h+, and ·OH play an important

role in the photocatalytic process. To investigate the photo-
catalytic mechanism and better understand the performance of
hollow Au−Cu2O core−shell phtocatalysts, the effect of

Figure 6. Variation in the extinction spectra of MO solution in the presence of different photocatalysts under visible-light irradiation for 90 min: (A)
hollow Au−Cu2O core−shell nanoparticles with different HGN cores and about 28 nm thickness Cu2O shells; (B) hollow Au−Cu2O core−shell
nanoparticles with HGN575 cores and various thicknesses of Cu2O shells. The structure-directing agent is PEG.

Figure 7. Photocatalytic degradation of MO as a function of
irradiation time in the presence of various photocatalysts under
visible-light irradiation. The HGN575 and SGN528 are used as the
cores, and the Cu2O shell thickness is about 28 nm.

Figure 8. (A) SEM image, (B) TEM image, and (C) XRD pattern of
hollow Au−Cu2O core−shell nanoparticles after three-cycle photo-
catalysis tests. (D) Recyclability of hollow Au−Cu2O core−shell
nanoparticles as photocatalysts for MO photodegradation under visible
light irradiation. The degradation rate C/C0 is calculated by measuring
the absorption of MO solution at each irradiation time interval (C)
and the absorption of the initial concentration (C0) at adsorption−
desorption equilibrium. The HGN575 is used as the core and the
thickness of Cu2O shell is about 28 nm. The structure-directing agent
is PVP.
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scavengers on the MO degradation is examined to clarify the
contribution of different reactive species during photocatalysis.
As displayed in Figure 9A (HGN575 core, Cu2O 28 nm, PVP
as structure-directing agent), the addition of TEOA inhibits the
MO degradation completely after irradiation for 1 h, which
implies that photogenerated holes h+ are the most important
reactive specie during MO degradation. In addition, the
presence of PBQ as ·O2

− scavengers significantly decreases
the MO photodegradation efficiency, and the addition of IPA as
·OH scavengers causes conspicuous photocatalytic decoloriza-
tion of MO. The results illustrate that h+ and ·O2

− are the main
reactive species for hollow Au−Cu2O core−shell nanoparticles
in the photocatalytic process. The drastic enhancement in
photocatalytic activity may be ascribed to the synergistic effects
of HGN cores and Cu2O shells induced by the Schottky barrier
and PIRET (Figure 9B). First, the Schottky barrier formed at
the Au−Cu2O interface which could act as an electron sink to
capture and transfer photoexcited electrons from the Cu2O
nanoshells to the HGNs, reduce the carrier recombination, and
increase the hole lifetime under solar light irradiation due to the
larger work function of gold compared to Cu2O.

35 Second, the
HGN cores may enhance the light absorption, trapping and
scattering through a local field enhancement effect under
visible-light irradiation. The near-field EM coupling between
the LSPR dipole of HGNs and the interband transition dipole
of Cu2O causes PIRET, resulting in obvious charge separation
in the Cu2O shell.28,29,34 The photoexcited electrons from
Cu2O are likely to move to the HGN cores, while holes migrate
to the Cu2O surface. The O2 molecules in the solution obtain
the photoexcited electrons on the gold surface and are reduced
to reactive species ·O2

−, which can degrade MO molecules via
the multiple-electron reduction reactions. Moreover, the
accumulated holes on the Cu2O surface favor oxidation
decomposition of MO molecules directly or by the formation
of intermediate ·OH species (Figure 9B). That is, the
accelerated separation of the photogenerated electron−hole
pairs could lead to the significant enhancement of the
photocatalytic activity of the hollow Au−Cu2O core−shell
structures. Therefore, our results suggest that hollow Au−Cu2O
core−shell nanoparticles are better visible-light plasmonic
photocatalyst than pristine Cu2O crystals and solid Au−Cu2O
ones for MO photogradation under the effects of Schottky
barrier and PIRET mechanisms.

4. CONCLUSION

In summary, a robust wet chemistry approach was employed to
room-temperature synthesize hollow Au−Cu2O core−shell
nanoparticles for controllable regulation and enhancement of
plasmonic properties of HGN cores via the dielectric Cu2O
nanoshells. The controllability over several important geo-
metrical parameters, such as HGN core sizes, Cu2O shell
thicknesses, and morphologies related to structure-directing
agents, allowed us to systematically and selectively fine-tune the
synergistic extinction properties of the particles over a broad
spectral range across the visible and near-infrared regions.
Furthermore, the FDTD method was performed to theoret-
ically interpret the geometry-dependent optical tunability of the
hollow Au−Cu2O core−shell nanoparticles. The simulated
extinction spectra agreed well with the experimental ones,
verifying the validity of our synthetic method in precise
regulation for geometry-dependent optical properties. The
hollow Au−Cu2O core−shell nanoparticles exhibited enhanced
photocatalytic activity for MO photodegradation under visible-
light irradiation when compared to the pristine HGNs, Cu2O,
and solid Au−Cu2O core−shell nanoparticles under the effects
of Schottky barrier and PIRET mechanisms, announcing the
great promise of the hollow core−shell nanoparticles with
optimized synergetic performances for photonic, electronic,
optoelectronic, and photocatalytic applications.
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Figure 9. (A) Trapping experiment of active species during the photodegradation of MO in the presence of hollow Au−Cu2O core−shell
photocatalysts and different scavengers, such as triethanolamine (TEOA) as h+ scavenger, isopropanol (IPA) as ·OH scavenger, and p-benzoquinone
(PBQ) as ·O2

− scavenger, under visible-light irradiation for 1 h. The degradation percentage (C0 − C)/C0 is calculated by measuring the absorption
of MO solution at each irradiation time interval (C) and the absorption of the initial concentration (C0) at adsorption−desorption equilibrium. The
HGN575 is used as the core, and the Cu2O-shell thickness is about 28 nm. The structure-directing agent is PVP. (B) Schematic illustration of the
generation and transfer of electron−hole pairs in the hollow Au−Cu2O core−shell nanoparticles under visible-light irradiation.
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