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ABSTRACT: Metal-semiconductor hybrid heteronanostructures may exhibit not
only a combination of properties from the disparate components but also further
enhanced property tunability and new synergistic properties that arise from the
interactions between the metal and semiconductor components. Here we demon-
strate that the Au—Cu,O hybrid core—shell nanoparticles not only combine the
optical signatures of Cu,O nanoshells and the plasmonic properties of Au nano-
particles but exhibit further enhanced and expanded plasmonic tunability as well due
to the dielectric properties of the Cu,O shells surrounding the Au cores. We have
developed a robust wet chemistry approach through which we can fine-control
several important geometrical parameters of the Au—Cu,O core—shell nanoparti-
cles, such as Cu,O shell thickness, size of the Au core, and the spacing between the
core and shell, to systematically and selectively fine-tune the synergistic light
absorption and scattering properties of the particles over a broad spectral range

across the visible and near-infrared regions. We have further performed Mie scattering theory calculations to theoretically interpret
the correlation between the geometrical parameters and optical characteristics of the Au—Cu,O hybrid nanoparticles. Such optical
tunability achieved through the fine-control over core and shell geometries is believed to be important to the optimization of the
overall performance of hybrid heteronanostructure-based materials and/or devices for photonic, electronic, and optoelectronic

applications.
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B INTRODUCTION

The past two decades have witnessed rapid advances in the
colloidal synthesis of single-component metal and semiconduc-
tor nanoparticles,' * which allow for the precise assembly of
atoms into particles with well-controlled geometrical parameters.
The capability to precisely maneuver both the particle dimen-
sions and morphologies on the nanometer length-scale makes it
possible to achieve a myriad of highly tunable physical and chemical
properties by judiciously tailoring the nanoparticle geometry with-
out changing the material composition. Such tunability may be
further enhanced and/or expanded by expanding the materials
systems from single-component nanoparticles to hybrid multi-
component heteronanostructures, which integrate discrete do-
mains of different compositions within one hybrid nanostructured
entity.”~” Metal-semiconductor hybrid nanoparticles represent
an important class of multicomponent heterostructured nano-
systems that may exhibit not only a combination of properties
from the individual components but also, more interestingly,
further enhanced property tunability and even new synergistic
properties that arise essentially from the nanoscale interactions
between the disparate metal and semiconductor components.®

Recent developments in colloidal nanoparticle synthesis
allowed controllable preparation of a variety of hybrid
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metal-semiconductor nanostructures, such as metal-decorated
anisotropic semiconductor nanoparticles,g_15 nanoparticle het-
erodimers and dumbbell-like trimers,"*™"° and core—shell het-
erostructured nanoparticles,”® >* with various compositional
combinations and arrangements. A series of intriguing phenom-
ena arising from the interactions between the nanoscale-spaced
metal and semiconductor components have been observed in
these hybrid heteronanostructures. It has been reported that
the presence of metallic ingredients may significantly increase
the photocatalytic and light-harvesting efficiencies by improving the
charge separation at the semiductor-metal interfaces'>"*'* and/or
by enhancing the light absorption.*® In addition, metallic compo-
nents can alter the photoluminescence behaviors”>"***” and
modify the nonlinear optical responses of the semiconductor
components.'>*** Furthermore, the presence of a semiconductor
component in close proximity to a metallic nanostructure can also
introduce interesting modifications to plasmonic features of the
hybrid nanoparticle through plasmon-exciton coupling or alteration
of the local dielectric environments.””** Understanding how the
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nanoscale metal-semiconductor interactions give rise to the
tunable synergistic properties of hybrid heteronanostructures
is directly related to our capabilities to selectively implement
desired properties into hybrid nanomaterial systems for photo-
nic, electronic, and optoelectronic applications.

Here we investigate, both experimentally and theoretically, the
geometrically tunable optical properties of Au—Cu,O hybrid
core—shell nanoparticles. Au and Cu,O represent an interesting
combination of metal and semiconductor components for hybrid
heteronanostructure construction. Au nanostructures possess
geometry-dependent optical properties dominated by localized
surface plasmon resonances, and such geometry-dependence of
plasmon resonances has been demonstrated in a variety of
nanoparticle geometries, such as nanorods,30’31 nanoplates,32
nanocages,> and nanoshells.**** In addition to working directly
with the nanoparticle geometries, the plasmonic features of a Au
nanoparticle can also be systematically tuned through modifica-
tion of the dielectric properties of its local environment.***”
Cu,0O, an important 44p-type semiconductor with interesting
excitonic features,*® ** possesses a set of unique optical and
electronic properties ap;)ealing for photovoltaic* ~** and photo-
catalytic applications.*”*® Cu,O nanostructures also exhibit
geometrically tunable properties, which is one of the major reasons
for the growing interest in a rapidly expanding array of Cu,O
nanoparticle geometries, such as nanospheres, 1753 hanowires,™*
nanocubes,*>* nanopolyhedra,””*® and nanoshells.*” In this
paper, we demonstrate that the Au—Cu,O hybrid core—shell
nanoparticles combine the optical signatures of Cu,O nano-
shells in the visible and the tunable plasmon resonances of the
Au nanoparticle cores in the near-infrared, both of which are
sensitively dependent on the core and shell geometries. We
have developed a robust wet chemistry approach, which in-
volves the controllable growth of a polycrystalline Cu,O nano-
shell surrounding a Au nanoparticle core and the subsequent
hollowing of the Cu,O shell, to fine-control several important
geometrical parameters of the Au—Cu,O hybrid core—shell
nanoparticles, such as Cu, O shell thickness, size of the Au core,
and the spacing between the core and shell. By adjusting these
geometrical parameters, we can systematically fine-tune the
synergistic optical properties of the Au—Cu,O hybrid nano-
particles over a broad spectral range across the visible and near-
infrared regions.

B EXPERIMENTAL SECTION

All materials were used as received without further purification and
ultrapure water (18.2 MQ resistivity, Barnstead EasyPure II 7138)
was used.

Synthesis of Au Nanoparticles. Au nanoparticles with two
different sizes were synthesized and used as the core materials for
Au—Cu,O core—shell particle fabrication. Reducing chloroauric acid
with formaldehyde at room temperature led to the formation of quasi-
spherical Au nanoparticles with average radius of ~63 nm. In a typical
procedure, S0 mg of K,COj; (J.T. Baker) was dissolved in 200 mL of
water, followed by the addition of 3 mL of 25 mM HAuCl, (J.T. Baker).
The mixture solution was aged in the dark for at least 12 h. Then
1.334 mL of formaldehyde solution (37 wt %, Sigma-Aldrich) was added
into the mixture under vigorous magnetic stir (300 rpm). A brick-red
colloidal suspension began to form after ~15 min. The colloidal sus-
pension was kept stirring for 30 min. Then Au nanoparticles were
separated from the solution by centrifugation (2000 rcf), washed with
polyvinylpyrrolidone (PVP, average M.W. 58000, Alfa Aesar) aqueous
solution (20 g/L) and ethanol (Fisher Scientific) in sequence, and finally

redispersed in 10 mL of water (final concentration of ~6 x 10"
particles/mL). Smaller Au nanoparticles with an average radius of
~15 nm were synthesized following the previously reported citrate reduc-
tion protocol®® Briefly, 7.5 mL of 0.1 M sodium citrate (Fisher
Scientific) solution was mixed with 150 mL of 0.25 mM HAuCl, in a
100 °C water bath under magnetic stir (300 rpm). The reaction mixture
began to change color after ~10 min and finally turned into a burgundy
color after ~15 min. The solution was kept stirring for 30 min, and then
Au colloids were collected by centrifugation (8000 rcf), washed with
water and ethanol, and finally redispersed in 7 mL of water (final con-
centration of ~4 x 10" particles/ mL).

Synthesis of Ag Nanoparticles. Silver colloid nanoparticles were
synthesized by reducing the [Ag(NH;),]* complex with glucose.®*
Briefly, 0.5 mL of 0.1 M AgNO; (Alfa Aesar) and 5 mL of 0.1 M
ammonium solution (Fisher Scientific) were added into 43.5 mL of
water under magnetic stir (300 rpm). 5.0 M NaOH (Fisher Scientific)
solution was then added dropwise to adjust the pH to ~13 followed by
the introduction of 1 mL of 5 M glucose (Sigma-Aldrich) to initiate the
formation of Ag nanoparticles, and the reaction mixture was kept stirring
for 5 min. The Ag nanoparticles were centrifuged, washed with 20 g/L
PVP solution and ethanol, and finally redispersed in 6 mL of water (final
concentration of ~7 x 10" particles/mL).

Synthesis of Au—Cu,0 Core—Shell Nanoparticles. 1.0 g of
PVP was added to 50 mL of 0.01 M Cu(NO3), (Alfa Aesar) aqueous
solution under constant magnetic stir (300 rpm). The solution was kept
stirring for another 10 min to ensure that the PVP powders were
completely dissolved. Then a certain amount of Au colloid solution was
added, followed by immediate introduction of 17 uL of N,H,-H,0
solution (35 wt %, Sigma-Aldrich) into the reaction mixture. The
colloids changed colors from that of Au colloids into various character-
istic colors of Au—Cu,O core—shell nanoparticles typically within 10's,
and the final color of the colloids was found to be dependent on the
volume of the Au colloid solution added. The reaction mixtures were
stirred for 2 min, and then the Au—Cu,O core—shell nanoparticles were
washed with water and anhydrous ethanol and finally redispersed in
ethanol and stored in refrigerator at 4 °C.

Synthesis of Rattle-like Au—Cu,O Yolk-Shell Nanoparti-
cles. The Cu,O shells surrounding the Au cores were observed to
undergo a symmetric hollowing process through which a cavity formed
inside the Cu,O shells, giving rise to the formation of rattle-like
Au—Cu,O yolk-shell nanoparticles. In a typical procedure, a colloidal
solution of Au—Cu,O core—shell nanoparticles was kept in the reaction
mixture under magnetic stir at room temperature. The color of the
colloid suspension was observed to change gradually over a time period
of 1-2 h, indicating structural changes of the Au—Cu,O hybrid
nanoparticles. During the hollowing processes, we typically withdrew
aliquots of colloidal solutions at certain reaction times from the reaction
mixture, then immediately centrifuged the particles, washed them three
times with water and ethanol, and finally redispersed them in ethanol.
The samples were stored at 4 °C in refrigerator.

Synthesis of Ag—Cu,0 Hybrid Nanoparticles. The process of
Ag—Cu,O core—shell nanoparticle synthesis was similar to that of
Au—Cu,O core—shell nanoparticles. The fabrication procedures were
basically the same, except that 2 mL of Ag colloid solution was added
instead of the Au colloid solution. The hollowing of the Cu,O shells
surrounding the Ag core would also give rise to the formation of rattle-
like Ag—Cu,O yolk-shell nanostructures with controllable cavity sizes.
The final products of Ag—Cu,O core—shell nanoparticles and yolk-shell
nanoparticles were also dispersed in ethanol and stored at 4 °C in
refrigerator.

Characterizations. The crystalline structures of the nanoparticle
samples were characterized by Powder X-ray Diffraction (PXRD) mea-
surements which were performed at room temperature using a Rigaku
D/Max 2100 Powder X-ray Diffractometer (Cu Ka1 radiation) with a
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Figure 1. Structural characterizations of Au—Cu, O core—shell nanoparticles. (A) PXRD patterns of Au—Cu,O core—shell nanoparticles together with
the standard diffraction patterns for cubic-phase Au and Cu,O. (B) Bright-field TEM image of an individual Au—Cu,O nanoparticle. (C) SAED pattern
obtained from the Cu,O shell region indicated as a circle in panel B. (D) HAADF-STEM image of Au—Cu,O nanoparticles. (E) High-magnification
HAADF-STEM image of two Au—Cu,O nanoparticles and (inset) an integrated EDX spectrum obtained through line-scan along the green-line as
indicated. (F) Spatial elemental distribution obtained from the EDX line-scan measurements based on Au La, Cu Ka, and O Ka lines.

diffracted beam graphite monochromator. The morphologies and
structures of the nanoparticles were characterized by bright-field Trans-
mission Electron Microscopy (TEM) and Selected Area Electron Diffr-
action (SAED) measurements using a Hitachi H-8000 transmission
electron microscope operated at an accelerating voltage of 200 kV. For
TEM and SAED measurements, all samples were dispersed in ethanol
and drop-dried on 200 mesh Formvar/carbon coated Cu grids.

More detailed structural information was obtained by performing
Scanning Transmission Electron Microscopy (STEM) and Energy
Dispersed X-ray Spectroscopy (EDX) measurements using a JEOL
2100F 200 kV FEG-STEM/TEM equipped with a CEOS C, corrector
on the illumination system. The nanoparticles suspended in ethanol
were placed dropwise and dried on a 200 mesh Cu TEM grid with a thin

4589

amorphous holey carbon support film. In STEM measurements, the
geometrical aberrations were measured and controlled to provide less
than a 71/4 phase shift of the incoming electron wave over the probe-
defining aperture of 15.5 mrad which at 200 kV provides a nominal
probe size of 0.1 nm. High-Angle Annular Dark-Field Scanning Trans-
mission Electron Microscopy (HAADF-STEM) images were acquired
on a Fischione Model 3000 HAADF detector with a camera length such
that the detector spanned 50—284 mrad. The scanning acquisition was
synchronized to the 60 Hz AC electrical power to minimize 60 Hz noise
in the images, and a pixel dwell time of 16 us was chosen. Spatially
resolved line-scans across the nanoparticles were acquired with a high
current probe of 500 pA and nominal probe size of 0.5 nm with a probe
angle of 25 mrad. A solid-state Si(Li) X-ray detector from Oxford
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Figure 2. Au—Cu,O core—shell nanoparticles with tunable Cu,O shell thicknesses. Bright-field TEM images of (A) Au nanoparticles and Au—Cu,O
core—shell nanoparticles with various shell thicknesses obtained by adding different volumes of Au colloids: (B) 6 mL; (C) 4 mL; (D) 2 mL; (E) 1 mL;
and (F) 0.5 mL. (G) Size distribution histograms of Au nanoparticles and Au—Cu,O core—shell nanoparticles with various shell thicknesses. All TEM

images share the same scale-bar in panel A.

Instruments was used to collect the EDX data. The probe was stepped
across the sample with a spacing of 2 nm and a dwell time at each pixel of
0.5 s. A full EDX spectrum was acquired at each probe position. An
energy window appropriate for the element of interest was defined, and
line-scans were extracted from the EDX data.

The optical properties of the nanoparticles were studied by perform-
ing UV—visible-near-infrared extinction spectroscopy measurements on
aqueous colloidal suspensions in a 1 cm-path length quartz cuvette using
a Beckman coulter Du 640 spectrophotometer at room temperature.

B RESULTS AND DISCUSSION

We recently reported that Cu,O nanocrystallites would self-
assemble into a mesoscopic spherical particle in the presence of
polyvinylpyrrolidone (PVP) as a structural directing agent.>
Here we found that Au nanoparticles could serve as the seeds
to mediate the hierarchical assembly of Cu,O nanocrystallites,
which gave rise to the formation of a polycrystalline Cu,O
nanoshell wrapping around the Au core. Our approach is
drastically different from the epitaxial growth approach which is
currently the most extensively used method for the fabrication of
multicomponent heteronanostructures. For metal and semicon-
ductor pairs with large lattice mismatches, the direct epitaxial
overgrowth of monocrystalline semiconductor nanoshells sur-
rounding metallic nanoparticle cores remains challenging, and
alternative novel nonepitaxial approaches need to be developed
to overcome the obstacle of lattice-matching constraint.”® Never-
theless, there are recent, successful attempts to epitaxially grow
compact, single-crystalline Cu,O shells on the surface of highly

faceted or quasi-spherical Au nanoparticles due to the relatively
small lattice mismatch between Au and Cu,O (4.5%), and the
shape and crystalline facets of the Au core were found to be well
preserved in the resulting Cu,O shells with faceted outer
surfaces.*>®° In contrast to those single-crystalline Cu,O shells,
the Cu,O shells surrounding the Au cores obtained using our
method were apparently polycrystalline in nature, composed of a
large number of randomly orientated, small Cu,O nanocrystallites.

Structural Characterizations of Au—Cu,O Core—Shell
Nanoparticles. Figure 1A shows the PXRD pattern of a Au—
Cu,O core—shell nanoparticle sample obtained by introducing
2 mL of 63 nm-radius Au colloids as the seeds for the growth of
Cu,O shells. The PXRD pattern of this sample clearly indicates
that the as-fabricated core—shell nanoparticles were composed
of pure cubic-phase Au (PDF # 98—000—0230) and Cu,O
(PDF # 03—065—3288) with lattice constants of 4.08 and 4.25 A,
respectively. The PXRD peaks from Cu,O were significantly
broadened largely due to the small size of the primary Cu,O
nanocrystallites in the shells. Figure 1B shows a bright-field TEM
image of an individual nanoparticle with different contrast
between the core and shell based on which its core radius and
shell thickness were determined to be ~63 nm in ~67 nm,
respectively. The SAED pattern (Figure 1C) recorded on the
Cu,O shell region as indicated by the blue circle in Figure 1B
further verified that the Cu,O nanoshell was polycrystalline in
nature and consisted of cubic-phase Cu,O nanocrystallites
randomly oriented in the shell. The concentric diffraction
rings from inside to outside in Figure 1C were indexed to be
corresponding to the (111), (200), (220), and (311) planes of
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Figure 3. Optical properties of Au—Cu,O core—shell nanoparticles. (A) Photograph of colloidal suspensions of Au—Cu,O core—shell nanoparticles
with varying average Cu,O shell thicknesses of 35 nm, 47 nm, 67 nm, 97 nm, and 120 nm (from top to bottom). (B) Experimentally measured extinction
spectra of the five colloidal samples shown in panel A. (C) Calculated extinction spectra of a Au—Cu, O core—shell nanoparticle with varying Cu, O shell
thickness. The radius of Au core is fixed at 63 nm, and the outer radius of Au—Cu,O core—shell particle is 98 nm, 110 nm, 130 nm, 160 nm, and 183 nm
(from top to bottom). A 1 nm-gap between the Au core and Cu,O shell is included and is filled with H,O to better mimic the real geometry of the
experimentally fabricated particles. The surrounding medium outside the Au—Cu,O core—shell nanoparticles is H,O. (D) Calculated extinction spectra
of a Au nanoparticle encapsulated by a dielectric shell (& = 7.2) with the same geometrical parameters as the Au—Cu,O particle shown in panel C except

that the Cu,O shell is replaced by a dielectric shell.

pure cubic phase of Cu,O respectively, which was in agreement
with the PXRD results. No SAED feature corresponding to
metallic Cu or cupric oxide (CuO) was observed.

The core—shell dimensions and interfacial structures can be
resolved in greater detail by HAADF-STEM imaging (Figure 1D),
which provided clearer contrast between the core and shell than
bright-field TEM. It was apparent that each core—shell nano-
particle only contained one individual Au nanoparticle core, and
almost no particles with multiple Au cores or without a Au core
were found in this sample. The as-obtained core—shell nano-
particles exhibited uniform spherical overall morphology, well-
preserving the quasi-spherical shape of the Au cores. In the high-
magnification HAADF-STEM image shown in Figure 1E, a
roughly 1 nm-gap between the Au core and Cu,O shell could
be clearly seen, possibly due to the presence of a thin layer of PVP
adsorbed on the outer surface of the Au core nanoparticles. We
have further performed line-scanned element analysis on indivi-
dual core—shell nanoparticles using EDX spectroscopy. The
inset of Figure 1E shows an integrated EDX spectrum along the
green-line across an individual core—shell particle, which clearly
shows the presence of Au, Cu, and O. The EDX line-scanning
results (Figure 1F) revealed that Au was strictly confined in the
central core area, while Cu and O, on the contrary, were dis-
tributed over the whole cross-section of core—shell particle. It is
noteworthy that the Cu line-scans were a combination of the
directly excited Cu X-rays from the sample and indirectly excited
X-rays from the Cu grid bars (25 ym thick), and the proportion
of Cu X-rays from the sample and the grid was variable across the
line-scans and could not be separated. The significant increase in
the amount of Cu in the Au core region was largely due to the
contribution from the signals of the Cu grid underneath the
particle, which was significantly enhanced when strong elec-
tron scattering from the Au core occurred during the line-scan
process.
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Tuning Optical Properties by Adjusting Cu,0 Shell Thick-
ness. Our approach provides a unique way to fine-control the
thickness of Cu,O shells over a broad size range while well-
maintaining the symmetry and spherical overall morphology of
the particles even in the thick Cu,O shell regime. In a typical
procedure, varying volumes of Au colloidal solution were intro-
duced into the reaction mixtures containing fixed initial concen-
trations of Cu”* and PVP such that Au—Cu,O core—shell
nanoparticles with fixed core size but varying outer shell dimen-
sions could be obtained. Figure 2A-F shows the bright-field TEM
images of the quasi-spherical Au core nanoparticles (average radius
of 63 nm) and Au—Cu,O core—shell nanoparticle samples with
five different average shell thicknesses obtained by introducing 6,
4,2, 1, and 0.5 mL of Au seed solution, respectively. Relatively
narrow single Gaussian peaks were displayed in the particle size
distribution histograms shown in Figure 2G. The average particle
radii were determined from the mean value of Gaussian distribu-
tions to be 98 nm, 110 nm, 130 nm, 160 nm, and 183 nm, which
corresponded to average Cu,O shell thickness of 35 nm, 47 nm,
67 nm, 97 nm, and 120 nm, respectively.

The outer radii of the core—shell particles were observed to
progressively increase as the volume of colloidal Au seeds
decreased. In principle, one should be able to approach the
extreme thick shell regime by further decreasing the volume of
Au seed solution. However, the coexistence of single-component
Cu, O particles at low Au to Cu,O ratios set the limit of the shell
thickness tuning range to be within roughly 120 nm using the
present approach. It was observed that when the volume of Au
colloids decreased to 0.5 mL, in addition to Au—Cu,O core—
shell nanoparticles (accounts for ~85%), a new subpopulation
(accounts for ~15%) corresponding to smaller Cu,O particles
without any Au cores also began to develop, as shown in
Figure 2F and the bottom panel in Figure 2G. Further decrease
in the volume of Au seed particles would give rise to further
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increased fraction of single-component Cu,O particles without
Au cores primarily due to the fact that there were not enough Au
seed particles to mediate the formation of Cu,O shells, thereby
leading to the self-aggregation of Cu,O nanocrystallites without
encapsulating the Au cores.

The as-fabricated Au—Cu,O core—shell nanoparticles exhib-
ited highly tunable optical properties in the visible and near-
infrared regions, which were sensitively dependent on the Cu,O
shell thickness. Figure 3A shows a photograph of colloidal
solutions of core—shell nanoparticles (see TEM images of these
samples in Figure 2B—F). The color of colloidal solutions varied
from yellow all the way to dark green as the thickness of Cu,O
shells decreased. The corresponding experimental extinction
(absorption + scattering) spectra shown in Figure 3B exhibited
much more complicated optical features in comparison to either
Cu,0 nanoshells or Au nanoparticles. The spectral features on
the blue side of 600 nm shared similarities with the optical
characteristics of Cu,O nanoshells in terms of the multipeaked
extinction line-shapes and red-shift of peaks when the shell
thickness increased. These features were primarily arising from
geometry-dependent light absorption and scattering from the
mesoscopic Cu,O nanoshells.” The spectral features on the red
side of 600 nm could be most reasonably assigned to the plasmon
resonances of Au cores whose frequencies red-shifted from
~600 nm for the bare Au nanoparticles (see Figure SI in the
Supporting Information) all the way into near-infrared at wave-
lengths beyond ~1000 nm when the Au cores were wrapped
inside the Cu,O shells. The plasmon resonance frequencies were
observed to be sensitively dependent on the thickness of Cu,O
shells, progressively shifting to longer wavelengths as the Cu,O
shells became thicker.

The nanoparticle plasmon resonances progressively red-shift
as the refractive index of the surrounding medium increases.>” It
has been previously reported that coating the Au or Ag nano-
particle surfaces with a SiO, dielectric nanoshell led to the red-
shift of the nanoparticle plasmon resonances over several tens of
nanometers in wavelength simply due to the increased refractive
index of SiO, (1.43) in comparison to that of H,O (1.33).0~%
Here the surprisingly large red-shift of plasmon resonances of Au
over several hundred nanometers in wavelength was primarily
due to the high refractive index of Cu,O (~2.7 at wavelengths
above 600 nm).”® As shown in Figure S2 in the Supporting
Information, bulk Cu,O is a semiconducting material with
interesting dielectric functions that are dramatically different
from those of metals, such as Au and Ag.71 At wavelength range
below ~700 nm, both the real part and imaginary part of Cu,O’s
dielectric functions change dramatically as wavelength varies
largely due to the excitonic interband transitions of Cu,O.
As previously demonstrated in great detail, the unique dielectric
functions of Cu,O in this spectral range, together with the
nanoshell geometry, determine the geometry-dependent light
absorption and scattering signatures of Cu,O nanoshells in the
visible region.>” At wavelengths longer than ~700 nm, the real
part of dielectric function reaches a plateau around a positive
constant of ~7, while the imaginary part of dielectric function
becomes very close to 0. Therefore, Cu,O is optically more like a
dielectric material in the near-infrared with high refractive index,
which is responsible for the large red-shift of Au plasmon
resonances observed in these Au—Cu,O hybrid core—shell
nanoparticles. Although the core and shell may not be in direct
contact, the ~1 nm-gap between the core and shell is very small
in comparison to the decay length of the local field enhancements
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Figure 4. Calculated absorption, scattering, and extinction spectra of
(A) a spherical Au nanoparticle (63 nm in radius), (B) a Cu,O nanoshell
with inner and outer radii of 64 and 130 nm respectively, and (C) a
Au—Cu,O core—shell particle with a core radius of 63 nm and an outer
radius of 130 nm. A 1 nm-gap between the Au core and Cu,O shell is
included. The dielectric medium in interior cavities and surrounding the
outer surface of the particles is assumed to be H,O. The calculated
absorption, scattering, and extinction include dipole, quadrupole, and
octupole resonances. Calculated dipolar, qudrupolar, octupolar, and
sum extinction spectra of (D) a spherical Au nanoparticle (63 nm in
radius), (E) a Cu,O nanoshell with inner and outer radii of 64 and
130 nm respectively, and (F) a Au—Cu,O core—shell particle with a
core radius of 63 nm and an outer radius of 130 nm.

associated with the plasmonic excitation of the Au core. There-
fore, the plasmon resonances of the Au cores are still significantly
red-shifted due to the high refractive index of the Cu,O shells in
spite of the presence of the gap.

Mie Scattering Theory Calculations. To gain further
insights into the spectral complexity and optical tunability of the
Au—Cu,O hybrid core—shell nanoparticles, we theoretically
calculated scattering, absorption, and extinction spectra of the
nanoparticles using Mie scattering theory.”” In these calcula-
tions, we assumed spherically symmetric core—shell geometry
with geometrical parameters and compositions matching the
experimentally fabricated nanoparticles. The wavelength-depen-
dent empirical dielectric functions of bulk Cu,0,”° Au,”" and
Ag”" shown in Figure S2 in the Supporting Information were
used, and the dielectric medium surrounding the outer surface of
the particles was water (refractive index of 1.33). In order to better
mimic the exact geometry of the experimentally fabricated parti-
cles, a 1 nm-gap was added between the Au core and Cu,O shell,
which was also filled with water. The calculated absorption,
scattering, and extinction were expressed as optical efficiencies,
which were the ratio of the energy scattered or absorbed by the
particle to the energy incident on its physical cross section.

Figure 3C shows the calculated extinction spectra of Au—
Cu,O core—shell nanoparticles with a fixed core radius of 63 nm
and a varying outer radius of 98 nm, 110 nm, 130 nm, 160 nm,
and 183 nm. The calculated extinction spectra exhibit multi-
peaked spectral features in the visible and near-infrared which all
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Figure 5. Optical properties of Au—Cu,O core—shell nanoparticles within quasi-static limit. Bright-field TEM images of Au—Cu,O core—shell
nanoparticles obtained by adding (A) 2 mL and (B) 4 mL of citrate Au colloids (average diameter of 30 nm). (C) Experimental extinction spectra of (a)
citrate-Au colloids, (b) Au—Cu,O core—shell nanoparticles shown in panel B, and (c) Au—Cu,O core—shell nanoparticles shown in panel A. The inset
is a photograph of the colloidal samples. (D) Calculated extinction spectra of (a) a Au sphere, 15 nm in radius, (b) a Au—Cu,O core—shell nanoparticle
with 15 nm core radius and 27 nm outer radius, and (c) a Au—Cu,O core—shell nanoparticle with 15 nm core radius and 40 nm outer radius.

A 1 nm-gap between the Au core and Cu,O shell is included.

progressively red-shift as the thickness of the Cu,O shell in-
creases. The overall line-shape and peak positions in the calculated
extinction spectra match the experimental spectra reasonably well.
The red-shift of Au plasmon resonances is primarily due to
Cu,O’s high refractive index in the near-infrared. To further
verify this, we have calculated extinction spectra of a Au
nanoparticle surrounded by a dielectric shell (¢ = 7.2) with
exactly the same set of geometrical parameters as the Au—Cu,O
core—shell particles shown in Figure 3C. As shown in Figure 3D,
the extinction features of the Au-dielectric core—shell nanopar-
ticles exhibit very similar characteristics as Au—Cu,O core—shell
nanoparticles at wavelengths longer than 700 nm, strongly
indicating that the near-infrared extinction features are arising
from the plasmon resonances of the Au core and the large red-
shift of Au plasmons observed in the hybrid core—shell nano-
particles is indeed due to the high refractive index of the Cu,O
shell. In the visible region, however, the extinction line-shapes of
this Au-dielectric core—shell particle are dramatically different
from those of the Au—Cu,O core—shell nanoparticle due to the
difference in dielectric functions of the shell materials. The multi-
ple sharp peaks in the wavelength range from 300 to 600 nm are
characteristics of light scattering at Mie resonance frequencies
from the mesoscopic metal-dielectric core—shell particles.”®
The multipeaked extinction line-shape and spectral tunability
of the Au—Cu,O core—shell nanoparticles observed in the
present study are essentially arising from combined contribu-
tions from the geometry-dependent light absorption and scatter-
ing from the particles. As shown in Figure 4A and B, the
extinction features of both a Au nanosphere (63 nm in radius)
and a Cu, O nanoshell (inner radius of 64 nm and outer radius of
130 nm) are dominated by scattering rather than absorption in
the visible spectral region due to their relatively large sizes. Only
within the spectral regions where interband transitions of Au and
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Cu,O occur can a significant increase in the absorption efficiency
be observed. Figure 4C shows the calculated absorption and
scattering spectra of a Au—Cu,O core—shell particle with core
radius of 63 nm and outer radius of 130 nm. It is apparent that the
extinction spectrum of this core—shell nanoparticle is not a
simple linear combination of the optical features of its Au and
Cu,O components but indeed exhibits new synergistic optical
characteristics with absorption and scattering features further
expanded and red-shifted from visible into near-infrared. Since
these particles are no longer in the small size regime within the
quasi-static limit, phase-retardation effects become significant.”*”>
Therefore in addition to dipolar resonances, higher order
mulitpolar resonances, such as quadrupole and octupole, also
show significant contributions to the overall extinction of the
particles. In Figure 4D-F, we further decomposed the extinction
of the nanoparticles into dipolar, quadrupolar, octupolar com-
ponents, each of which has its own characteristic resonance
frequencies and line-shapes and, accordingly, contributes to the
complexity of the overall extinction line-shape. These results
further verify that near-infrared peaks observed in the extinction
spectra of Au—Cu,O core—shell nanoparticles correspond to
the plasmon resonances from the Au nanoparticle cores, while
the multipeaked features in the visible are from the Cu,O
nanoshells. The two extinction peaks in the near-infrared appar-
ently correspond to the dipolar and quadrupolar plasmon
resonances, respectively. In principle, the excitons in the Cu,O
shell might also be expected to couple with the plasmon
resonances of the core, giving rise to double-peaked plasmonic
features in extinction spectra. However, the double peaks in the
near-infrared observed here are much less likely to be a feature of
plasmon split due to plasmon-exciton coupling in these core—
shell hybrid nanoparticles because of two major reasons. First,
the plasmon resonances of Au core are shifted into near-infrared,
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far away from the visible region (above 2.2 eV) where interband
transitions of Cu,O occur. Second, the excitons of Cu,O are so
significantly broadened at room temperature that no obvious
coupling between the discrete excitons and the plasmons is
expected to be observable under the current experimental
conditions.”®

Small Au—Cu,0 Core—Shell Nanoparticles within Quasi-
Static Limit: Effects of Particle Size. Using the current ap-
proach, we could also grow polycrystalline Cu,O nanoshells
using citrate-Au colloids (average diameter of 30 nm) as the core
material to fabricate smaller Au—Cu,O core—shell nanoparticles
within the quasi-static limit. As shown in Figure 5, by varying the
relative ratio between Cu,O precursors and Au colloids, we could
control the Cu,O shell thickness to achieve tunable optical
properties in the visible spectral region. The citrate-Au colloids
showed a well-defined dipolar plasmon resonance at ~520 nm,
which shifted to longer wavelengths upon the formation of Cu,O
nanoshells surrounding the Au cores, giving rise to dramatic
changes in the color of colloidal solutions as seen in the inset of
Figure SC. The calculated extinction spectra of these nanopar-
ticles (Figure SD) were in good agreement with the experimental
spectra. In analogy to the larger particles beyond the quasi-static
limit, the plasmon resonance frequencies of these small nano-
particles were also sensitively dependent on the Cu,O shell
thickness. However, the plasmon tuning range of these small
particles turned out to be much narrower than the bigger
particles largely due to the fact that the local electromagnetic field
enhancements associated with plasmon excitations decay over a
much shorter length-scale for the smaller particles in comparison
to the bigger particles.” The current approach also set a limit for
the shell thickness tuning range for these small nanoparticles,
typically in the range from ~10 nm to ~50 nm. Growing thin
Cu,O nanoshells within the sub-10 nm thickness regime sur-
rounding the citrate-Au colloids turned out to be challenging
simply because of the finite size limit of individual Cu,O nano-
crystallites in the shells.

Figure 6A-C shows the calculated absorption and scattering
spectra of an individual Au nanoparticle (15 nm radius) and
Au—Cu,O core—shell nanoparticle with varying shell thick-
nesses. In striking contrast to the bigger particles beyond the
quasi-static limit, the extinction spectra of these small nanopar-
ticles are dominated by absorption with very small contributions
from scattering. In addition, as shown in Figure 6D-F, the
plasmon resonances in the visible spectral region are almost purely
dipolar in nature with negligible contribution from high-order
multipolar resonances. As a consequence, these small nano-
particles exhibit much simpler extinction line-shapes in compar-
ison to the bigger particles. Furthermore, the geometrically
tunable light scattering features from mesoscopic Cu,O nano-
shells were no longer observed in the visible region, and only an
absorption edge below ~400 nm, which was the optical char-
acteristics of small Cu,O nanoparticles or nanoshells within the
quasi-static limit,*®”® was displayed in the extinction spectra.

Taken together, our approach for the controllable fabrication
of Au—Cu,O core—shell nanostructures can be applied to
nanoparticle systems over a broad overall size range both within
and beyond the quasi-static limit. By tailoring the Cu,O shell
thickness, we can selectively tune the light absorption properties
of small nanoparticle systems within the quasi-static limit and the
light scattering from mesoscopic particles beyond the quasi-static
limit. Such selective tuning of scattering vs absorption by tailoring
the overall particle size offers new opportunities of achieving
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Figure 6. Calculated overall absorption, scattering, and extinction
spectra (left column) and calculated dipolar and quadrupolar extinction
spectra (right column) of (A, D) a spherical Au nanoparticle that is 15 nm
in radius, (B, E) a Au—Cu,O core—shell nanoparticle with a core radius
of 15 nm and an outer shell radius of 27 nm, and (C, F) a Au—Cu,O
core—shell nanoparticle with a core radius of 15 nm and an outer shell
radius of 40 nm. A 1 nm-gap between the Au core and Cu,O shell is
included.

optimized optical properties for a variety of applications. For
example, the mesoscopic particles are promising for dark-field
microscopic bioimaging because of their tunable light scattering
properties in the near-infrared water window where tissues and
blood are transparent, whereas the smaller particles within the
quasi-static limit are more desirable for photothermal therapy
due to their highly tunable light absorption in the visible.

Optical Tunability of Rattle-like Au—Cu,0 Yolk-Shell
Nanoparticles. Recently, we observed that polycrystalline
Cu,O nanospheres underwent a symmetric hollowing process
at room temperature through which solid spherical particles
were converted into thick nanoshells, thin nanoshells, and
eventually collapsed shell structures in sequence.”” Based on
our previous studies,”” this hollowing process was most likely
driven by Ostwald ripening of Cu,O, though the possible
involvement of other processes that may facilitate the selective
etching of interior of the particles has not been completely
ruled out. Here we found that the polycrystalline Cu,O shells
surrounding the Au cores could undergo a similar inside-out
hollowing process, which gave rise to the formation of rattle-
like Au—Cu,O yolk-shell nanostructures with engineered
nanoscale spacing between the core and the shell.

The structural evolution of the Au—Cu,O yolk-shell nano-
particles during the hollowing process can be schematically
illustrated as shown in Figure 7A. The whole process started
from Au—Cu,O core—shell nanoparticles, and a cavity was
created and gradually expanded in size during the inside-out
hollowing process. The outer dimension of Cu,O shell remained
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Figure 7. Formation of rattle-like Au—Cu,O yolk-shell nanoparticles. (A) Schematic illustration of the structural evolution of Au—Cu,O core—shell
nanoparticles during the hollowing of Cu,O shell. (B-M) Bright-field TEM images showing the structural evolution of Au—Cu,O core—shell particles
with three different outer radii: particles with an average outer radius of 183 nm obtained at (B) S, (C) 30, (D) 60, and (E) 90 min; particles with an
average outer radius of 130 nm obtained at (F) S, (G) 20, (H) 40, and (I) 60 min; particles with an average outer radius of 98 nm obtained at (J) S, (K) 20,
(L) 40, and (M) 60 min. All TEM images share the same scale-bar in panel B.

the same, while the inner radius became larger gradually, result-
ing in increased spacing between the core and shell. When
the cavity was large enough, the Au core became movable inside
Cu, O shell, giving rise to the formation of asymmetric, rattle-like
yolk-shell structures until the shell collapsed on the outer surface
of the Au cores when a thin shell limit was reached. The TEM
images in Figure 7B-M clearly reveal the structural evolution of
Au—Cu,0 yolk-shell particles, and the occurrence of the sym-
metric hollowing process was observed to be independent upon
the original overall size of the starting Au—Cu,O core—shell par-
ticles. Although the symmetric hollowing under the current experi-
mental conditions was observed to be a continuous process, it
could be effectively inhibited once the particles were separated
from the reaction mixtures through centrifugation and redisper-
sion in ethanol. Therefore we could stop the hollowing process at
any time spot to obtain Au—Cu,O yolk-shell nanoparticles with
fine-controlled spacing between the core and shell. No measur-
able structural changes of the Au—Cu,O yolk-shell nanoparticles
were observed over time periods of several months if the particles
were dispersed in ethanol and stored at either room temperature
or at 4 °C in refrigerator.

The optical properties of these Au—Cu,O yolk-shell nano-
particles showed interesting tunability during the structural
evolution. As shown in Figure 8A, the colloidal solutions of Au—
Cu,O core—shell nanoparticles (average core radius of 63 nm
and outer radius of 130 nm) underwent a dramatic color
change during the hollowing process. The experimentally mea-
sured extinction spectra of these Au—Cu,O yolk-shell nanopar-
ticles obtained at different reaction times are shown in Figure 8B.
The extinction features in wavelength range from 300 to 600 nm
exhibit similar spectral evolution and tunability as those of Cu,O
nanoshells reported in our previous paper,®” while the dipolar

and quadrupolar plasmon resonances of the Au core in the near-
infrared progressively blue-shifted as spacing between the Au
core and Cu,O shell increased during Ostwald ripening. The
Au—Cu, 0 hybrid nanoparticles with collapsed Cu,O shell struc-
tures obtained after 90 min showed very similar plasmonic features
as the bare Au nanoparticle cores. A similar trend of spectral
evolution has been observed for Au—Cu,O nanoparticles with
different outer radii as shown in Figure S3 in the Supporting
Information.

The blue-shift of plasmon resonances during the hollowing
process can be interpreted as a result of decrease in the refractive
index of medium surrounding the Au cores. The Cu,O shell
surrounding the Au core is not a continuous, single-crystalline
shell but polycrystalline and porous in nature. Therefore, small
molecules, such as H,O in the present case, may permeate the
Cu,O shell and fill the hollow space surrounding the Au core
created during the hollowing process. This would lead to a
significant decrease in the effective refractive index of the local
environment surrounding the Au cores, resulting in the blue shift
of the Au plasmon resonances. In the present study, we observed
that the blue-shift of plasmon resonances were more sensitively
dependent on the gap between core and shell when the interior
cavity was relatively small but gradually became less sensitive as
the size of the interior cavity further increased at later stages
during the hollowing process. This is essentially because the
plasmon resonances are generally more sensitive to the dielectric
medium in closer proximity to the Au nanoparticle surface and
become less sensitive to the dielectric medium further away from
the nanoparticle. The plasmon resonance sensitivity typically
decays over length scales from a few nanometers to several tens
of nanometers, de;)ending on the size and geometry of the
nanoparticles.®””” Change in the dielectric properties of a
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Figure 8. Optical tunability of Au—Cu,O yolk-shell nanoparticles. (A)
Photograph of colloidal suspensions of Au—Cu,O yolk-shell nanopar-
ticles with an average outer radius of 130 nm obtained at different
reaction times during the symmetric hollowing of Cu,O shells. The
right-most sample is bare Au colloids. (B) Experimentally measured
extinction spectra of colloidal suspensions of Au—Cu,O yolk-shell
nanoparticles obtained at different reaction times: 2, §, 10, 15, 20, 25,
30, 40, 50, 60, 75, and 90 min (from top to bottom). The bottom spectrum
is corresponding to bare Au colloids. (C) Geometry of the Au—Cu,O
composite particle employed for Mie scattering theory calculations. (D)
Calculated extinction spectra of a Au—Cu,O composite particle with
fixed R; of 63 nm, fixed R; of 130 nm, and varying R, of 64, 65, 66, 68, 70,
75,80, 86,93, 100, and 110 nm (from top to bottom). The bottom curve is
the calculated spectrum of a spherical Au nanoparticle (63 nm in radius).

medium that is far away from the nanoparticle typically will not
introduce significant shift of the plasmon resonance frequencies
of the nanoparticle.

To better understand the optical tunability of these yolk-shell
nanoparticles, Mie scattering theory calculations have been
applied to the symmetric multilayer Au—Cu,O core—shell
nanoparticles with varying interior spacing. Figure 8C shows
the geometry of the multilayer particle we simulated, which is a
spherically symmetric core—shell particle composed of alternat-
ing concentric layers of Au, H,O, and Cu,O. The calculated
extinction spectra of a Au—Cu,O particle with fixed R; of 63 nm
and R; of 130 nm but varying R, (Figure 8D) show multipeaked
extinction line-shapes and geometry-dependent spectral tunability
that are in very good agreement with the experimental data. As
the spacing between the Au core and Cu,O shell increases, the
plasmon resonances of the Au cores progressively blue-shift and
become very similar to the plasmon resonances of bare Au core
when the spacing between core and shell is large. At the same
time, the extinction features arising from the Cu,O nanoshells in
the visible region also progressively blue-shift as the interior
cavity size increases simply due to the decrease of Cu,O shell
thickness.*

This approach could also be applied to the controllable fab-
rication of Ag—Cu,O core—shell nanoparticles. Panels A-D of
Figure S4 in the Supporting Information show a series of TEM

images of Ag colloid cores and Ag—Cu,O core—shell nanopar-
ticles at different stages during the hollowing of Cu,O shell. As
shown in panel E of Figure S4, the coating of 30 nm-radius Ag
nanoparticles with a 30 nm-thick Cu, O nanoshell would shift the
plasmon resonance of Ag from ~430 nm to ~580 nm. The Ag
plasmon resonance was observed to progressively blue-shift as
the size of the cavities inside the Cu,O shells increased (see panel
E of Figure $4), which is similar to the trend of Au—Cu,O core—
shell nanoparticles. The experimentally observed extinction line-
shapes and spectral evolution during the hollowing process were
well reproduced by Mie scattering theory calculations, as shown in
panel F of Figure S4, except that the experimentally measured
plasmon bands appeared to be much broader than the calculated
ones due to the polydispersity of the samples.

B CONCLUSIONS

In summary, we have developed a robust wet chemistry
approach, which involves the controllable growth of a polycrys-
talline Cu,O nanoshell surrounding a Au nanoparticle core and
subsequent Ostwald ripening of the Cu,O shell, for the highly
controllable fabrication of Au—Cu,O hybrid core—shell and
rattle-like yolk-shell nanoparticles. We demonstrate that in the
Au—Cu, 0 hybrid nanoparticles, the plasmonic properties of the
Au nanoparticle cores are greatly enriched due to the dielectric
properties of the Cu,O shells. The controllability over several
important geometrical parameters of the Au—Cu,O core—shell
nanoparticles, such as Cu,O shell thickness, size of the Au core,
and the spacing between the core and shell, allows us to system-
atically and selectively fine-tune the synergistic light absorption
and scattering properties of the particles over a broad spectral
range across the visible and near-infrared regions. We have further
performed Mie scattering theory calculations to theoretically
interpret the origin of the complexity of extinction spectral line-
shapes and geometry-dependent optical tunability of the Au—
Cu,O hybrid nanoparticles. The geometrically tunable optical
properties achieved in these Au—Cu,O core—shell nanoparticles
are believed to be crucial and hold great promise to the optimi-
zation of a variety of important physical and chemical processes,
such as biomedical imaging, photothermal therapy, photocata-
lysis, optoelectronics, and plasmon-enhanced spectroscopies.
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