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ABSTRACT: We demonstrate that Ag—Cu,O core—shell nanoparticles exhibit
geometry-dependent optical properties that are highly tunable across the visible and
near-infrared spectral regions. We have developed a robust wet chemistry approach to
the geometry control of Ag—Cu,O core—shell nanoparticles through epitaxial growth of
Cu,0 nanoshells on the surfaces of various Ag nanostructures, such as quasi-spherical
nanoparticles, nanocubes, and nanocuboids. Precise control over the core and the shell
geometries enables us to develop detailed, quantitative understanding of how the Cu,O
nanoshells introduce interesting modifications to the resonance frequencies and the
extinction spectral line shapes of multiple plasmon modes of the Ag cores. Finite- S22
difference time-domain calculations provide further insights into the physical origin and
the geometry-dependence of the various plasmon modes observed in the Ag—Cu,O

core—shell nanoparticles.

B INTRODUCTION

Heterostructured core—shell nanoparticles exhibit a series of
intriguing optical, electronic, and catalytic properties that arise
from the nanoscale interactions between the core and the
shell.'~7 Recent advances in the geometry-controlled synthesis
of colloidal core—shell nanoparticles allow for the fine-tuning of
the synergistic properties of the particles through deliberate
control over important geometric parameters, such as the core
shape, the shell architectures, the compositional arrangement,
and the interfacial structures. As well-demonstrated in several
binary heteronanostructures, such as CdSe-Cds,*™'' Au—
Ag,lz_19 Pd—Pt,*°"* and Au—Pd,'****** the formation of
monocrystalline, conformal core—shell structures involves the
epitaxial growth of the shell on the core, which typically
requires small lattice mismatches (<~ 5$%) between the core
and the shell materials. By judiciously tailoring the core—shell
interfaces and the shell growth kinetics, the formation of
bimetallic core—shell nanostructures through epitaxial growth
has recently become possible even between materials with
relatively Iar%e lattice mismatches, such as Pd—Cu (7.1% lattice
mismatch),>"** Au—Cu (11.4% lattice mismatch),** and Au—
Ni (13.6% lattice mismatch).>* For metal—semiconductor
hybrid nanostructures, however, the formation of epitaxial
core—shell nanoparticles remains significantly more challenging
primarily due to the structural dissimilarity and relatively large
lattice mismatches between the metal and the semiconductor
components.*® Although synthetically challenging, a variety of
metal—semiconductor core—shell nanostructures have been
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fabricated through nonepitaxial shell growth approaches.
The capabilities to tailor the particle geometries enable the
observation of a series of interesting optical phenomena, such
as enhanced optical absorption,™ reinforced plasmonic
tunablitiy,*®**® exciton—plasmon coupling,®*"** and the
occurrence of Fano resonances,”™ in various metal—semi-
conductor core—shell nanoparticle systems.

Hybrid nanoparticles composed of a noble metal core and a
Cu,O shell represent an interesting metal—semiconductor
heteronanostructure with geometrically tunable optical proper-
ties.****~%¢ On one hand, coating the surfaces of a metallic
nanoparticle with a Cu,O nanoshell gives rise to drastically
enhanced plasmonic tunability.*****"! It has been demonstrated
that the localized plasmon resonance frequencies of Au—Cu,O
core—shell nanoparticles are sensitively dependent on the size
of the core, the thickness of the shell, the porosity of the shell,
and the spacing between the core and the shell.**>>! The real
part of the dielectric permittivity of Cu,O is responsible for the
shift of the plasmon resonances, whereas its imaginary part
further modulates the extent of plasmon damping and the
relative contributions of absorption and scattering to the overall
optical extinction.’® On the other hand, the presence of the
metallic core also significantly enhances the photocatalytic
performance of the semiconducting Cu,O shell*™>° The
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enhanced photocatalysis observed on Au—Cu,O and Ag—Cu,O
core—shell nanoparticles have been interpreted as a conse-
quence of the enhancement of electron—hole pair generation in
the Cu,O shell through direct electron transfer (DET) and
plasmon-induced resonant energy transfer (PIRET).>>%3

Developing detailed, quantitative understanding of the
structure—property relationship requires fine control over
both the core and the shell geometries. Much success has
recently been achieved on the geometry-controlled synthesis of
Au—Cu,O core—shell nanoparticles through either epitaxial or
nonepitaxial shell growth processes.>##6~31555¢ Tt hag been
reported that submicron-thick Cu,O shells can be grown on Au
nanoparticles through a hollow shell-refilling (HSR) proc-
ess.*”* The resulting Au—Cu,O core—shell particles well-
preserved the morphologies of the Au cores and exhibited
optical extinction features dominated by the Mie scattering
from the thick Cu,O shells.*”*’ We recently demonstrated that
Cu, O nanocrystallites could be hierarchically assembled on the
surface of Au cores to form Au—Cu,O core—shell nanoparticles
with porous polycrystalline Cu,O shells.**** Through Ostwald
ripening of the polycrystalline Cu,O shells, spacing between the
Au core and the Cu,O shell can be controllably created, givin§
rise to the formation of an interesting yolk—shell structure.®
Epitaxial growth of Cu,O nanoshells on the surfaces of quasi-
spherical Au nanoparticles led to the formation of Au—Cu,O
core—shell nanoparticles with dense Cu,O shells.>*>" By
controlling the size of the Au cores and the thickness of the
epitaxial Cu,O shells, the plasmon resonances of the core—shell
particles can be fine-tuned over a broad spectral range across
the visible and near-infrared regions.’”>' More recently, Cu,O
nanoshells have been grown on Au nanorods and Au
nanopolyhedra, resulting in the formation of geometrically
more complicated Au—Cu,O core—shell heteronanostructures
enclosed by multiple well-defined facets.**™*5

In this paper, we focus on the controlled synthesis and
tunable optical properties of Ag—Cu,O core—shell nano-
particles of various geometries. We report a general method
for the geometry control of Ag—Cu,O core—shell nanoparticles
through epitaxial growth of Cu,O nanoshells on the surfaces of
various Ag nanostructures, such as quasi-spherical nano-
particles, nanocubes, and nanocuboids. In comparison to
other noble metal counterparts, such as Au, Pd, Pt, and Cu,
Ag nanoparticles have far stronger plasmon resonances, wider
optical tuning range, more intense near-fleld enhancements,
and greater refractometric plasmon sensitivity.”’ Because of
significantly less plasmon damping in Ag, a series of higher-
order multipolar plasmon resonances become experimentally
observable in the optical extinction spectra of Ag nano-
spheres,58 nanocubes,sg_61 nanopolyheclra,62 and nanorice®
when the particle dimensions reach the subwavelength size
regime, whereas the extinction spectral features of Au
nanoparticles of the same shapes and dimensions are more
dominated by the dipole plasmon resonances. As demonstrated
in this work, tight geometry control of Ag—Cu,O core—shell
nanoparticles through the expitaxial growth of a continuous
Cu, O nanoshell on Ag cores allows one to study, in great detail,
how the Cu,O shell introduces interesting modifications to the
resonance frequencies and the extinction spectral line shapes of
various plasmon modes of the Ag core. The understanding of
the geometry-property relationship of the Ag—Cu,O core—shell
nanoparticles has been further enhanced by finite-difference
time-domain (FDTD) calculations.

B EXPERIMENTAL SECTION

Materials. All chemicals were obtained from commercial
suppliers and used without further purification. Hexadecyl-
trimethylammonium bromide (CTAB, >98%) and S-bromosa-
licylic acid (>98%) were purchased from TCI America.
Ethylene glycol (EG) was purchased from J. T. Baker. Sodium
hydroxide (NaOH) and sodium chloride (NaCl) were
purchased from Fisher Scientific. Polyvinylpyrrolidone (PVP,
average MW 58000), hydrogen tetrachloroaurate trihydrate
(HAuCl,-3H,0, ACS, 99.99% metals basis), silver nitrate
(AgNO;, 99.9995% metals basis), hydrazine (N,H,-3H,0, 35
wt % solution in water), and hexadecyltrimethylammonium
chloride (CTAC, 96% powder) were purchased from Alfa
Aesar. 1-Ascorbic acid (BioUltra, >99.5%), sodium borohydride
(NaBH,, 99%), hydrochloric acid (HCl, 37 wt % in water),
silver trifluoroacetate (CF;COOAg, >99.99% trace metals
basis), and sodium hydrosulfide hydrate (NaHS-xH,0) were
purchased from Sigma-Aldrich. Ultrapure water (182 MQ
resistivity, Barnstead EasyPure II 7138) was used for all
experiments. All glassware was cleaned using freshly prepared
aqua regia (HCI/HNO; in a 3:1 ratio by volume) followed by
thorough rinse with copious amount of water.

Synthesis of Ag Quasi-Spherical Nanoparticles. AgCl
colloids were first synthesized and then used as the precursor
for the fabrication of monodisperse Ag quasi-spherical nano-
particles following a previously published protocol®* with some
minor modifications. In a typical procedure, 0.425 g PVP was
dissolved in 100 mL of water under magnetic stir followed by
the introduction of 0.425 g AgNO;. Then 1.0 mL of S M NaCl
was added, and the mixture was stirred for another 15 min in
the dark to form colloidal suspensions of AgCl. To synthesize
quasi-spherical Ag nanoparticles around 40 nm in diameter, 100
mL of 50 mM ascorbic acid, 13 mL of 0.5 M NaOH, and 12.5
mL of freshly prepared AgCl colloids were mixed under
magnetic stir. The mixture was then stirred at room
temperature for 2 h in the dark. The products were centrifuged
(6000 rpm, 7 min), washed with water twice, and finally
redispersed in 14 mL of water and stored in a refrigerator at 4
°C for future use. The particle concentration was ~1.0 X 10"
particles mL ™. The protocol for the preparation of ~100 nm
Ag nanoparticles was the same except that 11 mL of 0.5 M
NaOH was added. The particle concentration of the as-
obtained 100 nm Ag colloids was ~1.5 X 10'! particles mL™".

Synthesis of ~40 nm Ag Nanocubes. The ~40 nm Ag
nanocubes with truncated corners were prepared following the
protocol developed by Xia and co-workers® with slight
modifications. Briefly, 40 mL of ethylene glycol (EG) was
added into a 100 mL round-bottom flask and preheated under
magnetic stir in an oil bath set to 150 °C for about 40 min.
Then 500 4L of 3 mM NaHS solution, 3 mL of 3 mM HCI, and
10 mL of PVP (100 mg/mL) were added sequentially. After
stirring the mixture for 2 min, 3 mL of 282 mM CF;COOAg
solution was added. During the entire process, the flask was
capped with a glass stopper except during the addition of
reagents. After 22 min, the reaction was quenched in an ice—
water bath when the suspension had reached a brown color
with a characteristic plasmon resonance peak at ~420 nm in the
extinction spectrum. The Ag nanocubes were centrifuged (8000
rpm, 8 min), washed with acetone and then water, and finally
redispersed in 6 mL of EG. The particle concentration of the 40
nm nanocubes was 3.0 X 10" particles mL™".
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Synthesis of ~100 nm Ag Nanocubes. Larger Ag
nanocubes with average edge length of ~100 nm were prepared
through a seed-mediated growth process.”® Typically, 10 mL of
EG was added into a 50 mL round-bottom flask and heated in
an oil bath at 150 °C under magnetic stir. After 10 min, 3 mL of
PVP (250 mg/mL in EG) was added. After another 10 min,
200 pL of colloidal suspension of ~40 nm Ag nanocubes was
introduced, followed by the addition of 2 mL of 282 mM
AgNO;. After 20 min, the reaction was quenched by immersing
the reaction mixture in an ice—water bath. The product was
centrifuged (8000 rpm, 8 min), washed with acetone and then
water, and finally redispersed in 5 mL of EG for future use. The
particle concentration of the 100 nm nanocubes was 1.0 X 10"
particles mL ™",

Synthesis of Au—Ag Core—Shell Nanocuboids. Au
nanorods were fabricated using a recently published seed-
mediated growth method®® and used as the core for the
subsequent growth of Au—Ag core—shell nanocuboids. To
prepare the seed solution, S mL of 0.5 mM HAuCl, was first
mixed with 5 mL of 02 M CTAB solution in a 20 mL
scintillation vial. Then 1 mL of freshly prepared 6 mM NaBH,
was quickly injected into the Au(III)-CTAB solution under
vigorous magnetic stir (1200 rpm). The solution color changed
from yellow to brownish-yellow, and the stir was stopped after
2 min. The seed solution was aged at room temperature for 30
min before use. To prepare the growth solution, 9.0 g of CTAB
and 1.1 g of 5-bromosalicylic acid were dissolved in 250 mL of
water at 60 °C in a 500 mL Erlenmeyer flask. The solution was
cooled to 30 °C after 48 mL of 4 mM AgNOj; was added. The
mixture was kept undisturbed at 30 °C for 15 min, after which
250 mL of 1 mM HAuCl, solution and 2.1 mL HCI (37 wt % in
water, 12.1 M) were added. After another 15 min of magnetic
stir, 1.25 mL of 0.064 M ascorbic acid was added, and the
solution was vigorously stirred for 30 s until it became colorless.
Finally, 0.4 mL of the seed solution was injected into the
growth solution. The reactant mixture was stirred vigorously for
another 30 s and left undisturbed at 30 °C for 12 h for the Au
nanorod growth. The products were isolated by centrifugation
at 7000 rpm for 20 min followed by removal of the supernatant.
Then the nanorods were washed with water and 0.1 M CTAC
and finally redispersed in 10 mL of 0.1 M CTAC. No size or
shape-selective fractionation was performed.

Au—Ag core—shell nanocuboids were prepared through
controlled epitaxial overgrowth of Ag on single-crystalline Au
nanorods following a previous reported protocol®” with some
minor modifications. Briefly, 0.1 mL of the colloidal Au
nanorods (dispersed in 0.1 M CTAC) was diluted to 1 mL with
water. Various volumes (10—200 uL) of 10 mM AgNO,
solution were subsequently added, followed by the addition
of 50 mM ascorbic acid solutions. The volume of the ascorbic
acid solution was the same as that of AgNOj; solution for each
aliquot. The mixtures were kept in a water bath at 65 °C for 4.5
h to ensure the complete Au shell growth. The Au—Ag core—
shell nanocuboids were centrifuged (5000 rpm, S min), washed
with water and 0.1 M CTAC once, and finally redispersed in
0.3 mL of 0.1 M CTAC solution (final concentration of 1.0 X
10" particles mL™").

Synthesis of Ag—Cu,0 Core—Shell Nanoparticles. Ag—
Cu,0 core—shell nanoparticles of various geometries were
synthesized through expitaxial growth of Cu,O nanoshells on
Ag surfaces at room temperature. Typically, 80 uL of colloidal
Ag quasi-spherical nanoparticles, nanocubes, or nanocuboids
was first introduced into S mL of 2 wt % PVP aqueous solution.

Various amounts (2.5—100 uL) of 0.1 M Cu(NO;), solution,
depending on the desired thickness of the resulting Cu,O
shells, was subsequently added. Then 11.2 yL of 5 M NaOH
and S uL of N,H, solution (35 wt %, Sigma-Aldrich) were
added under magnetic stir. The solutions were kept stirring for
10 min and the resulting core—shell nanoparticles were
subsequently separated from the reaction mixtures by
centrifugation. All Ag—Cu,O core—shell nanoparticles were
washed with water and anhydrous ethanol, and finally
redispersed in ethanol for storage.

Characterizations. Transmission electron microscopy
(TEM) images were obtained using a Hitachi H-8000
transmission electron microscope operated at an accelerating
voltage of 200 kV. All samples for TEM measurements were
dispersed in ethanol and drop-dried on 200 mesh Formvar/
carbon coated Cu grids. Scanning electron microscopy (SEM)
images and energy dispersive spectroscopy (EDS) results were
also obtained using a Zeiss Ultraplus thermal field emission
scanning electron microscope. The samples for SEM and EDS
measurements were dispersed in ethanol and drop-dried on
silicon wafers. The atomic-level structures of the nanoparticles
were resolved by high-resolution transmission electron
microscopy (HRTEM) using a JEOL 2100F 200 kV FEG-
STEM/TEM microscope. The samples for HRTEM measure-
ments were dispersed in water and drop-dried on 400 mesh Cu
grids with ultrathin carbon support film (Electron Microscopy
Science Inc.). The optical extinction spectra of the nano-
particles were measured on aqueous colloidal suspensions at
room temperature using a Beckman coulter Du 640
spectrophotometer.

Finite-Difference Time-Domain (FDTD) Calculations.
FDTD calculations were performed using a commercial FDTD
software package (Lumerical Solutions). We used FDTD to
calculate the optical extinction spectra of the core—shell nano-
objects and investigate the nature of the localized plasmon
resonance modes in each nanostructure. Geometrical parame-
ters were extracted from the TEM and SEM images of the
nanospheres, nanocubes, and nanocuboids. Ag spherical cores
had a diameter of 40 and 100 nm, Ag nanocubes had edge
lengths of 40 and 100 nm, and the nanocuboid was modeled as
a cylindrical Au nanorod of 90 nm in length and 18 nm in
diameter with hemispherical ends surrounded by a Ag cuboidal
shell. The overall (Au core)—(Ag shell) nanocuboid size was
110 nm X S0 nm. All of the three nanostructures were then
coated with a Cu,O shell with thickness of 0 to ~50 nm.
Calculations were done for isolated core—shell nano-objects in
water and excited by linearly golarized light. The bulk dielectric
functions tabulated by Palik®® were used for Au, Ag, and water,
and the dielectric function from the Landolt—Bornstein
database was used for Cu,0.°° Fine FDTD meshes of 1-2.5
nm were necessary to correctly describe the Cu,O shells.

To take into account the effect of the ensemble of randomly
dispersed core—shell nano-objects (nanocubes and nanobars),
calculations were performed by averaging over six angular
orientations with respect to the incident polarization. More-
over, as the nanocuboid was elongated, the dipolar plasmon
resonances split into a longitudinal and a transverse mode,
respectively. FDTD calculations of the nanocuboid were
performed for both longitudinal and transverse excitations
and then averaged. Surface charge distributions were calculated
at the silver surface of the core—shell nano-objects for each
plasmon mode and at a given orientation. The near-field
enhancements were calculated both at 1.5 nm away from the
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Figure 1. Growth of Cu,O nanoshells on Ag quasi-spherical cores. TEM images of (A) Ag quasi-spherical nanoparticles (~40 nm in diameter) and
Ag—Cu,0 core—shell nanoparticles with various shell thicknesses obtained by adding (B) S uL, (C) 40 L, and (D) 80 uL of 100 mM Cu(NO;),
solution. All the TEM images share the same scale bar in panel A. (E) SEM image and (F) EDS spectrum of an individual Ag—Cu,O core—shell
nanoparticle from the sample shown in panel C. (G) Spatial elemental distribution obtained from the EDS line scan measurements along the red line
shown in panel E based on the L-lines of Ag and K-lines of Cu and O. (H) HRTEM image of an individual Ag—Cu,O core—shell nanoparticle. The
bottom-right inset is the fast Fourier transform (FFT) pattern of the region encompassing the whole cross section of the core—shell particle.
HRTEM images showing the Au—Cu,O interfacial structures and the corresponding FFT patterns of (I) region 1 and (J) region 2 in panel H,
respectively. The red dash lines highlight the boundary between the Ag and Cu,O. The upper right panels show the FFT patterns of the Cu,O shell
regions and the lower right panels show the FFT patterns of the Ag core regions.

Ag surface and at 1.5 nm away from the surface of the Cu,O

shells.

B RESULTS AND DISCUSSION

Ag—Cu,0 Core—Shell Nanospheres. We started with a
relatively simple core geometry, Ag nanospheres, on which
Cu,0 layers could be epitaxially deposited to form Ag—Cu,O
core—shell nanoparticles. In comparison to spherical Au
nanoparticles, the size-controlled synthesis of monodisperse
spherical Ag nanoparticles has been much more challeng-
ing.®*7%7" Here we adopted a recently developed AgCl-
templated method® to achieve the precise control over the
sizes of Ag quasi-spherical nanoparticles. As shown in Figure
1A, the as-fabricated Ag nanoparticles were highly mono-
disperse with uniform quasi-spherical morphology and their

diameters were determined to be 40 + 3.1 nm. By adjusting the
amount of NaOH added into the reaction mixtures, the average
size of Ag quasi-spherical nanoparticles could be fine-controlled
in the range from ~20 nm to ~100 nm. Figure SI1 in
Supporting Information shows a TEM image of the larger Ag
particles (100 + 4.4 nm in diameters) fabricated using this
method, which also displayed quasi-spherical morphology and
high monodispersity. Both Ag and Cu,O have the face-centered
cubic (fcc) crystalline structure with lattice mismatch of ~4.2%,
which makes it possible to epitaxially deposit Cu,O on Ag
surfaces under appropriate conditions. The epitaxial growth of
Cu,O shells over the surfaces of the Ag nanoparticles was
conducted through the controlled reduction of Cu(NO;), at
room temperature using hydrazine as a mild reducing agent in
an aqueous solution at pH value of 11. We have previously
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Figure 2. Tunable optical properties of Ag—Cu,O core—shell nanospheres. (A) True color picture of colloidal Ag quasi-spherical nanoparticles (40
nm in diameter) and Ag—Cu,O core—shell nanoparticles. From left to right, the Cu,O shell thickness increases. The extinction spectra of these
colloidal samples are shown in panel B. (B) Experimental extinction spectra of Ag nanoparticles (40 nm average diameter) and Ag—Cu,O core—shell
nanoparticles with various shell thicknesses obtained upon the addition of different volumes of 100 mM Cu(NO;), as indicated in the figure. (C)
Calculated extinction spectra of Ag—Cu,O core—shell nanospheres (40 nm core diameter) with various shell thicknesses as indicated in the figure.
(D) Calculated near-field distributions of (i) Ag nanosphere (40 nm diameter, 405 nm excitation) and Ag—Cu,O core—shell nanoparticles of (ii) 4
nm shell thickness a t 505 nm excitation, (iii) 10 nm shell thickness at 578 nm excitation, (iv) 20 nm shell thickness at 635 nm excitation, and (v) 40
nm shell thickness at 686 nm excitation. (E) Maximum near-field enhancement (IE,,,/E/*) on the Ag and Cu,O surfaces as a function of shell
thickness (40 nm core) upon dipole plasmon excitations. (F) Experimental extinction spectra of Ag quasi-spherical nanoparticles (100 nm average
diameter) and Ag—Cu,O core—shell nanoparticles with various shell thicknesses obtained upon the addition of different volumes of 100 mM
Cu(NOs,), as indicated in the figure. (G) Calculated extinction spectra of Ag—Cu,O core—shell nanospheres (100 nm core diameter) with various
shell thicknesses as indicated in the figure. (H) Calculated near-field distributions of Ag nanosphere (100 nm in diameter) at (i) 498 nm and (ii) 403
nm excitations and Ag—Cu,O core—shell nanosphere (100 nm core diameter, 30 nm shell thickness) at (iii) 757 nm and (iv) 628 nm ex-
citations. (I) Maximum near-field enhancement (IE,,,,/Eol*) on the Ag and Cu,O surfaces as a function of shell thickness (100 nm core) upon
dipolar and quadrupolar plasmon excitations.
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demonstrated that the epitaxial overgrowth of Cu,O on Au
nanoparticles also occurred under similar experimental
conditions.®® The epitaxial growth of Cu,0 on Ag quasi-
spherical nanoparticles resulted in the formation of Ag—Cu,O
concentric core—shell nanoparticles (Figure 1B—D). The
thickness of Cu,O shells could be fine-controlled in the range
from ~3 nm to ~50 nm by simply altering the molar ratio of
Cu(NO;), to the Ag cores and the quasi-spherical morphology
was well-preserved throughout the entire shell thickness tuning
range. The as-fabricated Ag—Cu,O core—shell nanoparticles
exhibited rough outer surfaces textured with nanoscale features,
as shown in the TEM (Figure 1B—D) and SEM (Figure 1E)
images. EDS analysis (Figure 1F) showed the presence of Ag,
Cuy, and O in the core—shell nanoparticles and the results of the
EDS line-scan elemental mapping (Figure 1G) obtained on an
individual particle further verified the well-defined Ag core-
Cu,O shell heterostructure.

HRTEM measurements provided detailed structural in-
formation on the Ag core, the Cu,O shell, and the interfaces
between the core and the shell. As shown in Figure 1H, the Ag
quasi-spherical core had multitwined crystalline structures with
clearly resolved boundaries between different crystalline
domains and the Ag surfaces were enclosed by multiple
thermodynamically stable low-index facets, such as {111} and
{100} facets, oriented along different directions. The surfaces of
the Ag core were composed of atomically well-defined
crystalline facets, each of which served as a locally flat substrate
for the epitaxial growth of a Cu,O monocrystalline layer. As the
Cu,O layers grew thicker, they coalesced with each other to
evolve into a continuous shell with nanoscale protrusions or
grooves formed at the crystalline boundaries, giving rise to the
surface roughness of the core—shell particles. As shown in
HRTEM image (Figure 1H) and the corresponding Fast
Fourier Transform (FFT) pattern (inset of Figure 1H), the
Cu,O shell was composed of a number of Cu,O crystalline
domains with various orientations. Moiré p»atterns,m’zg‘n’73
which appeared as fringes composed of alternating bright and
dark stripes in the HRTEM image, were clearly observed as a
result of the superposition of the two mismatched crystalline
lattices of Ag and Cu,O. The regions 1 and 2 labeled in Figure
1H were further zoomed in as Figure 1I and J, respectively. The
lattice fringes had d spacings of 0.24 and 0.23 nm
corresponding to the (111) planes of Cu,O and Ag,
respectively. The epitaxial growth of the Cu,O shell at the
Ag—Cu,O interfaces was clearly observed in the HRTEM
images. The FFT patterns of the Cu,O shell regions (upper
right panels of Figure 11 and J) and the Ag core regions (lower
right panels of Figure 11 and J) showed excellent alignment of
the crystalline orientations, further verifying the epitaxial
growth of the Cu,O shells on the Ag cores.

The plasmon resonance of the Ag—Cu,O core—shell
nanoparticles (40 nm quasi-spherical core) could be fine-
tuned across the entire visible spectral region by adjusting the
thickness of the Cu,O shells, giving rise to a diverse range of
colors of the colloidal particles (Figure 2A). The color
evolution of the colloidal suspensions, which could be observed
in real time, provided an extremely straightforward way to
monitor the shell growth process (Figure S2 in Supporting
Information). The experimental extinction (absorption +
scattering) spectra of colloidal Ag—Cu,O core—shell nano-
particles with core size of 40 nm and various shell thicknesses
are shown in Figure 2B. The bared Ag quasi-spherical
nanoparticles (black curve in Figure 2B) exhibited a character-

istic dipole plasmon resonance peak at ~410 nm, which
progressively red-shifted as the Cu,O shell thickness increased
due to the large refractive index of the Cu,O shell. The spectral
red-shifts of plasmon resonances upon increase in shell
thickness have also been observed in several other metal—
semiconductor core—shell nanoparticles.*****  Meanwhile,
additional spectral features below 500 nm gradually developed
as the Cu,O shell thickness increased. These spectral features
were attributed to the geometry-dependent optical character-
istics of Cu,O nanoshells as discussed in detail in our previous
publications.**%7*~7¢ To gain more quantitative insights into
the geometry-dependence of the optical properties, we used the
FDTD method to calculate the far-field extinction and near-
field enhancements of spherically symmetric Ag—Cu,O core—
shell nanoparticles with fixed core diameter of 40 nm and
varying shell thicknesses. As shown in Figure 2C, both the
plasmon resonance frequencies and spectral line shapes of the
calculated extinction spectra were in very good agreement with
the experimental results. Figure 2D shows the calculated near-
field distributions of the Ag—Cu,O core—shell nanospheres
with various shell thicknesses upon the excitation of the dipole
plasmon resonance. The calculated maximum field enhance-
ments (IE/Ey) on the Ag core surface and the Cu,O shell
surface were plotted as a function of the Cu,O shell thickness in
Figure 2E. The shell-thickness-dependent evolution of near-
field enhancements can be interpreted in the context of both
field confinement and plasmon damping effects introduced by
the Cu,O shell. When the Ag core was encapsulated in a Cu,O
nanoshell thinner than 10 nm, the field enhancements on the
Ag surface significantly decreased and extended from the Ag
core across the Cu,O shell all the way to the outer surface of
the core—shell particles. Increasing the shell thickness resulted
in better spatial confinement of the near-field enhancements,
and the electric field was mostly enhanced on the surface of the
Ag core with negligible enhancements on the outer surface of
the Cu,O shell when the shell became thicker than 30 nm. In
the thin shell regime, the plasmon resonance was in the spectral
region above the band gap of Cu,0 and was thus significantly
damped due to the interband transitions of the Cu,O shells.*’
As the shell thickness increased, the plasmon resonance was
further shifted to longer wavelengths where the Cu,O shell
behaved as a dielectric layer, resulting in less plasmon damping
and consequently higher field enhancements on the Ag surface.
As shown in Figure S3 in Supporting Information, the overall
extinction of the 40 nm Ag nanosphere at the plasmon
resonance wavelength had ~60% contribution from absorption
and ~40% contribution from scattering. Coating the Ag core
with a Cu,O nanoshell significantly increased the relative ratios
of absorption to scattering cross sections. As a result, the overall
extinction of the Ag—Cu,O core—shell nanospheres was
dominated by absorption, and such wavelength-tunable light
absorption gave rise to the vivid colors of the colloidal particles
shown in Figure 2A.

Cu,O nanoshells with fine-controlled thicknesses could also
be grown on larger Ag quasi-spherical cores (average diameter
of 100 nm) through the same epitaxial growth process (see
Figure S4 in Supporting Information). As shown in Figure 2F,
these larger Ag nanoparticles exhibited a dipole plasmon
resonance shifted to ~520 nm and a sharp quadrupole plasmon
resonance peak at ~410 nm in the extinction spectrum. The
emergence of the quadrupole resonance and the broadening of
the dipole resonance peak for the 100 nm Ag nanoparticles was
essentially a consequence of phase retardation effects.’®””~"*
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Figure 3. Growth of Cu,O nanoshells on 100 nm Ag nanocube cores. TEM images of (A) Ag nanocubes (100 nm in edge length) and Ag—Cu,O
core—shell nanoparticles with various shell thicknesses obtained by adding (B) 10 L, (C) 20 uL, (D) 60 uL, (E) 100 uL, and (F) 150 uL of 100
mM Cu(NO;), solution. All TEM images share the same scale bar in panel A. (G, H) SEM images of Ag—Cu,O core—shell nanocubes from the
sample shown in panel D. (I) Spatial elemental distribution obtained from the EDS line scan measurements along the red line shown in panel H
based on the L-lines of Ag and K-lines of Cu and O. (J) HRTEM image of one corner of an individual Ag—Cu,O core—shell nanocube. The particle
were imaged with projection from the [001] zone axis. (K) Zoom-in image of the region highlighted in panel J. The red dash line highlights the
boundary between the Ag and Cu,O. (L) FFT pattern obtained from panel K.

Increasing the Cu,O shell thickness led to progressive red-shift
of both the dipole and quadrupole plasmon resonances. As
Cu,O shell thickness increased, the dipole plasmon resonance
remained robust while the quadrupole plasmon feature became
weaker and less distinctive, making the overall extinction more
dipolar in nature. The damping of the quadrupole resonance
was more significant than the dipole resonance largely due to
the fact that the quadrupole resonance was in the spectral
region overlapping with the interband transitions of Cu,O.
Precise control over the core and shell geometry of these highly
monodisperse and uniform core—shell nanoparticles enabled us
to achieve excellent match between the experimentally
measured (Figure 2F) and FDTD-calculated extinction spectra
(Figure 2G). In contrast to the core—shell nanoparticles with
40 nm Ag cores, the increase in the core size significantly

19954

increased the scattering cross sections of the particles.
Therefore, the extinction spectral features of the core—shell
nanoparticles with 100 nm Ag cores were dominated by
scattering rather than absorption (Figure SS in Supporting
Information). Increasing the Cu,O shell thickness led to the
amplification of the scattering cross sections at the plasmon
resonance wavelengths. Figure 2H shows the calculated near-
field distributions of a 100 nm Ag nanosphere and a Ag—Cu,O
core—shell particles with core diameter of 100 nm and shell
thickness of 30 nm. Similar to the core—shell nanoparticles with
40 nm Ag cores, the near-field enhancements became more
confined on the Ag core surface as the shell thickness increased
(Figure 2I). However, the plasmonic near-field enhancements
of these larger particles extended over longer distances from the
core than the particles with smaller Ag cores.

dx.doi.org/10.1021/jp5064116 | J. Phys. Chem. C 2014, 118, 19948—19963
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Figure 4. Tunable optical properties of Ag—Cu,O core—shell nanocubes (100 nm nanocube core). (A) Experimental extinction spectra of Ag
nanocubes and of Ag—Cu,O core—shell nanoparticles with various shell thicknesses obtained upon the addition of different volumes of 100 mM
Cu(NO;), solution. (B) Calculated extinction spectra of Ag—Cu,O core—shell nanocubes with various shell thicknesses. (C) Calculated absorption,
scattering, and extinction spectra of the Ag nanocube. (D) Calculated surface charge (top row) and near-field (bottom row) distributions of the Ag
nanocube at 355, 420, 544, and 632 nm excitations, from left to right. (E) Calculated absorption, scattering, and extinction spectra of the Ag—Cu,O
core—shell nanocube with shell thickness of 30 nm. (F) Calculated surface charge (top row) and near-field (bottom row) distributions of the Ag—
Cu,0 core—shell nanocube at 690, 800, and 964 nm excitations, from left to right. The dipole, quadrupole, octupole, and even higher-order
multipole resonances are labeled as D, Q, O and M, respectively. The incidence and polarization direction of the excitation are illustrated in each

panel.

Ag—Cu,0 Core—Shell Nanoparticles with Nanocube
Cores. In contrast to the Ag quasi-spherical nanoparticles, Ag
nanocubes are single-crystalline in nature with well-defined flat
surfaces, making them an ideal core material for the epitaxial
shell growth to form conformal core—shell nanostructures. We
followed the protocol developed by Xia and co-workers® to
fabricate Ag nanocubes with fine-controlled edge lengths in the
range from ~40 nm to ~150 nm. As shown in Figure 3A, the
as-fabricated Ag nanocubes were highly monodisperse with
edge lengths of 100 nm +3.8 nm and exhibited uniform cubic
morphology with slight truncations at the corners. The
expitaxial growth of Cu,O on the Ag nanocubes occurred
under similar conditions as the growth on the quasi-spherical
cores. The thickness of Cu,O shells could be fine-controlled in
the range of ~4 nm to ~80 nm by adjusting the ratios of
Cu(NO;), to the Ag nanocubes (Figure 3B—H). The cubic
shape of the core—shell nanoparticles was well-preserved in the
thin shell regime; however, significant corner truncations
started to develop as the Cu,O shell thickness further increased
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to beyond ~50 nm and the core—shell particles gradually
evolved into a cubooctahedral morphology. The EDS line-scan
analysis (Figure 3I) verified the well-defined core—shell
structures of the particles. The epitaxial growth of the Cu,O
shell on the {100} facets of the Ag nanocube core was clearly
observed in the HRTEM images (Figure 3] and K). FFT
pattern of the image in Figure 3K further confirmed the
epitaxial growth of Cu,O along the [100] direction (Figure 3L).

The 100 nm Ag nanocubes exhibited much richer plasmonic
features in the extinction spectrum than the 100 nm Ag quasi-
spherical nanoparticles. As shown in the black curve in Figure
4A, the Ag nanocubes displayed four distinct plasmon peaks at
590, 490, 410, and 360 nm, respectively. The FDTD-calculated
extinction spectrum of a Ag nanocube with edge length of 100
nm (the black curve in Figure 4B) also exhibited four distinct
plasmon resonances with peak positions and line shapes in
excellent agreement with those experimentally observed.
According to previously reported discrete dipole approximation
(DDA) calculation results,®"**®" these four extinction peaks
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Figure S. Growth of Cu,O nanoshells on truncated Ag nanocubes (40 nm in edge length). TEM images of (A) truncated Ag nanocubes and Ag—
Cu,O core—shell nanoparticles with various shell thicknesses obtained by adding (B) 10 L, (C) 30 uL, and (D) 100 uL of 100 mM Cu(NO;),
solution. All TEM images share the same scale bar in panel A. The inset shows schematic illustration of structures from truncated Ag nanocubes to
truncated core—shell nanocubes and truncated octahedra as Cu,O shell thickness increases. (E, F) SEM images of Ag—Cu,O nanoparticles selected
from panel D. (G) Spatial elemental distribution obtained from the EDS line scan measurements along the red line shown in panel F based on the L-
lines of Ag and K- lines of Cu and O. (H) HRTEM image of an individual Ag—Cu,O core—shell nanoparticle. The particle were imaged with
projection from the [011] zone axis. The top-right inset is the Fourier transform pattern of the region encompassing the whole cross section of the
core—shell particle. (I, J) HRTEM images showing the Au—Cu,O interfacial structures a n d the corresponding FFT patterns of regions 1 and 2 in
panel H, respectively. The red dash lines highlight the boundary between the Ag and Cu,O. The right panels of Figure I and J show the FFT patterns

of the Ag core and Cu,O shell regions.

were assigned to the dipole, quadrupole, and arguably higher-
order plasmon modes, respectively, in the order from longer to
shorter wavelengths. As the thickness of the Cu,O shell
increased, all the four plasmon peaks progressively shifted to
longer wavelengths (Figure 4A). In striking contrast to the
highly robust dipole plasmon peak, the higher-order modes
showed significantly decreased extinction cross sections upon
increase in the shell thickness and gradually evolved into weak
spectral features either as shoulders of the dipole resonance
peak or on top of the scattering background from the Cu,O
nanoshells. The calculated extinction spectra of Ag—Cu,O
core—shell nanocubes (Figure 4B) showed quantitative agree-

ment with the experimental results in terms of both the
plasmon shift and spectral line-shape evolution. The Ag—Cu,O
core—shell nanocubes exhibited plasmonic tunability over a
broader spectral range than the Ag—Cu,O core—shell nano-
spheres of similar core sizes and shell thicknesses due to the
fact that the nanocube plasmon resonances are more sensitive
to the refractive index of the surrounding medium than the
nanosphere plasmons.*”*>%

In Figure 4C, the calculated extinction spectrum of a 100 nm
Ag nanocube was further decomposed into scattering and
absorption contributions. Because of the relatively large particle
size, the extinction spectral features were dominated by

dx.doi.org/10.1021/jp5064116 | J. Phys. Chem. C 2014, 118, 19948—19963
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Figure 6. Tunable optical properties of Ag—Cu,O core—shell nanoparticles with 40 nm nanocube cores. (A) Experimental extinction spectra of
truncated Ag nanocubes and of Ag—Cu,O core—shell nanoparticles with various shell thicknesses obtained upon the addition of different volumes of
100 mM Cu(NOj), solution. (B) Calculated extinction spectra of Ag—Cu,O core—shell nanocubes with various shell thicknesses. (C) Calculated
absorption, scattering, and extinction spectra of the Ag nanocube. (D) Calculated surface charge (top row) and near-field (bottom row) distributions
of the Ag nanocube at 362, 412, and 485 nm excitations, from left to right. (E) Calculated absorption, scattering, and extinction spectra of a Ag—
Cu,0 core—shell nanocube with shell thickness of 30 nm. (F) Calculated surface charge (top row) and near-field (bottom row) distributions of Ag—
Cu,O core—shell nanoparticle with the shell thickness of 30 nm at the resonance peaks of 695 and 785 nm, from left to right. The dipole, weak
dipole, and octupole resonances are labeled as D, WD, and O, respectively. (G) Calculated extinction spectra of a Ag—Cu,O core—shell nanocube (a
=70 nm) and a core—shell octahedral particle (a = 120 nm). Both particles have a Ag nanocube core with edge length of 40 nm. The insets show the
schematic illustration of the structures of the cubic and octahedral nanoparticles. (H) Calculated near-field enhancements of cubic core—shell particle
at 564 and 718 nm excitations (top row) and of the octahedral core—shell particle at 605 and 746 nm excitations (bottom row). The dipole and

octupole resonances are labeled as D and O, respectively.

scattering with small contribution from absorption. The
calculated surface charge and near-field distributions upon
excitation of different plasmon modes (Figure 4D) allowed us
to assign the four extinction peaks to the dipole, quadrupole,
octupole, and higher-order multipole plasmon resonances,
which were labeled as D, Q, O, and M respectively in Figure 4C
and D. Although the 100 nm Ag nanocube had similar
extinction cross sections at the dipole and quadrupole
resonance wavelengths, the maximum field enhancement (|
E,.0/Eol*) associated with the quadrupole resonance excitation
was much higher than that of the dipole resonance excitation.
Interestingly, the field enhancement achievable upon the
octupole resonance excitation was also significantly higher
than the dipole resonance, though the octupole mode had
much smaller extinction cross section. The octupole resonance
of the Ag nanocube was previously identified through DDA
calculations as a novel large field enhancement but low
extinction (LFE-LE) mode,*"®* which was further confirmed
here by our FDTD calculations. The origin of this LFE-LE
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mode, which could be interpreted as a synergistic consequence
of confinement of high density of charges and energy flux in a
tiny volume around the nanocube edges and corners, was
discussed in detail in a previously published work.*’

Figure 4E shows the calculated extinction, absorption, and
scattering spectra of a Ag—Cu,O core—shell nanocube with
core edge length of 100 nm and shell thickness of 30 nm. The
dipole, quadrupole, and octupole resonance peaks were all
significantly red-shifted due to the large refractive index of the
Cu,O shell. The dipole extinction peak, which was dominated
by scattering, remained robust, while the quadrupole and
octupole exhibited very small cross sections and thus, became
much less distinguishable. Therefore, the extinction spectral
features of the core—shell nanocube became more dipolar in
nature than those of the bare Ag core in spite of the increase in
the overall particle size. Different from the core—shell
nanospheres, the plasmon field enhancements of the core—
shell nanocube was strictly confined in close proximity to the
surface of the Ag core with negligible extension into the Cu,O
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Figure 7. Growth of Cu,O nanoshells on Au—Ag core—shell nanocuboids. (A) Schematic illustration of the structural evolution from cylindrical Au
nanorods to Au—Ag truncated nanocuboids to the Au—Ag—Cu,O triple- layered nanospindles. TEM images of (B) Au nanorods, (C) Au—Ag core—
shell nanocuboids, and Au—Ag—Cu,O triple-layered nanoparticles with different shell thicknesses obtained by adding (D) 10 L and (E) 20 uL of
100 mM Cu(NO;), solution. SEM images of (F) Au—Ag core—shell nanocuboids and (G) Au—Ag—Cu,O triple- layered nanospindles. (H)
Experimental extinction spectra of Au—Ag nanocuboids (black curve) and Au—Ag- Cu,O triple-layered nanoparticles obtained by adding different

volumes of 100 mM Cu(NO;), solution as labeled in the figure.

shell. The maximum field enhancements for the both the
quadrupole and octupole resonances significantly went down
when the Ag nanocube was encapsulated in the Cu,O shell,
nevertheless, the maximum field enhancements associated with
the dipole resonance increased possibly due to the tighter
confinement of charges and energy flux on the Ag surfaces by
the Cu,O shell.

We also used smaller Ag nanocubes (edge lengths of 40 +
2.8 nm) as the core materials to fabricate the Ag—Cu,O core—
shell nanoparticles. In comparison to the 100 nm Ag nanocubes
with relatively sharp corners, these smaller nanocubes exhibited
a truncated cubic morphology in the TEM image (Figure SA).
These truncated nanocubes were enclosed by {100} facets on
the sides and {111} facets exposed at the corners. During the
epitaxial growth of Cu,O, the morphology of core—shell
nanoparticles evolved gradually from the original truncated
nanocubes to cubooctahedra and eventually to slightly
truncated octahedra as the corner truncations became
increasingly significant (Figure SB—F). The Ag core—Cu,O
shell structure of the truncated octahedral nanoparticles was
verified by EDS line-scan measurements shown in Figure SG.
Such shape evolution could be interpreted as a result of the
competition between the epitaxial growth of Cu,O on the Ag
{100} and the Ag {111} facets. The epitaxial growth of Cu,O
along both the [111] and [100] directions on the 40 nm Ag
nanocube core was confirmed by the HRTEM images and the
FFT patterns shown in Figure SH—]. Because the {111} facet
has lower surface energy than the {100} facet of Cu,0,** the
shell growth along [100] direction was faster than that along
the [111] direction. Therefore, as the Cu,O grew thicker, the

outer surfaces of the core—shell nanoparticles became more
dominated by the {111} rather than the {100} facets.

In contrast to the 100 nm Ag nanocubes with four distinct
plamson resonances, the experimental extinction spectra of the
40 nm nanocubes were dominated by a sharp peak at ~425 nm
with two small shoulders at ~400 nm and ~360 nm,
respectively (black curve in Figure 6A). As the Cu,O shell
thickness increased, the major extinction peak was observed to
experience progressive red-shift from ~425 nm to almost 700
nm while additional characteristic spectral features of the Cu,O
shell gradually developed in the shorter wavelength region. To
gain more quantitative insights on how the Cu,O shell
modulated the various plasmon modes of the Ag core, FDTD
was used to calculate the extinction spectra of core—shell
nanocubes with a 40 Ag nanocube core and a Cu,O shell of
varying thickness (Figure 6B). The shell thickness dependent
extinction peak shift and spectral line-shape evolution were
both in good agreement with the experimental observations. As
shown in Figure 6C, absorption and scattering had almost equal
contribution to the major extinction peak of the 40 nm Ag
nanocube, while the two small spectral shoulders on the blue
side of the major peak were dominated by absorption. Based on
the surface charge and near-field distributions calculated by
FDTD (Figure 6D), we were able to assign the major
extinction peak and the two spectral shoulders to a dipole, a
weak dipole, and an octupole plasmon mode, which were
labeled as D, WD, and O respectively in Figure 6C. The
quadrupole mode of the nanocube might be optically dark, and
thus was not observed in the extinction spectrum. The weak
dipole exhibited a charge distribution pattern that was oriented
oppositely to that of the dipole resonance. More interestingly,
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Cu,O triple-layered elongated octahedron (L = 190 nm, ! = 130 nm). (D) Calculated surface charge (left-most column) and near-field enhancement
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near-field enhancement distribution (the third column from the left) of Au—Ag—Cu,O cuboid at 996 nm (vii), 745 nm (viii), and 671 nm (ix)
excitations. Calculated near-field enhancement distribution (right-most column) of Au—Ag—Cu,O elongated octahedron at 998 nm (x), 771 nm
(xi), and 665 nm (xii) excitations. Longitudinal dipole, transverse dipole, transverse octupole, and higher-order multipole resonances are labeled as

LD, TD, TO and M, respectively.

the weak dipole mode showed near-field intensities similar to
those of the dipole , though its extinction cross section was
much smaller than the dipole mode. This weak dipole mode
was another LFE-LE resonance mode that has never been
identified before.*® For the core—shell nanocube with 30 nm
thick Cu,O shell, the dipole and octupole resonances both
significantly red-shifted while the weak dipole peak became
indistinguishable in the extinction spectrum (see Figure 6E). As
shown in Figure S6 in Supporting Information, the colloidal
core—shell nanoparticles fabricated using the 40 nm nanocubes
as the core displayed a diverse set of colors because their major
extinction peaks were dominated by absorption rather than
scattering (Figure 6E). The calculated near-field distributions of
the core—shell nanocube (Figure 6F) showed that the field
enhancements were largely confined on the surface of the Ag
core, similar to those of the larger Ag—Cu,O core—shell
nanocube shown in Figure 4F.

We further evaluated the effects of shell morphologies on the
far-field and near-field optical properties of the core—shell
nanoparticles through FDTD calculations. In Figure 6G, we
compare the calculated extinction spectra of a Ag—Cu,O core—
shell nanocube (edge length of 70 nm) and a core—shell
octahedral particle (edge length of 120 nm). Both particles had
a Ag nanocube core with edge length of 40 nm and
approximately the same total volume of Cu,O in the shell
The core—shell nanooctahedron exhibited further red-shifted
dipole and octupole plasmon resonances than the core—shell
nanocube. The dipole resonance peak of the core—shell
nanooctahedron had a narrower bandwidth and was more
intense than that of the core—shell nanocube. The near-field
enhancements of both particles at the dipole resonance
wavelength were much higher than at the octupole resonance
wavelength (Figure 6H). The nanooctahedron exhibited higher
field enhancement than the nanocube upon octupole plasmon
excitation, whereas the dipole plasmon field enhancements

dx.doi.org/10.1021/jp5064116 | J. Phys. Chem. C 2014, 118, 19948—19963
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were comparable for both particles. The near-field distributions
of the core—shell octahedron extended out from the Ag core
surfaces into the Cu,O shell, an interesting feature distinct from
the core—shell nanocube whose field enhancements were well-
confined on the Ag core surfaces.

Au—Ag—Cu,0 Triple-Layer Nanoparticles with Nano-
cuboid Cores. Cu,O shells could also be grown epitaxially on
the surfaces of Ag nanocuboids to form geometrically more
complicated, anisotropic core—shell nanostructures. While Ag
nanospheres and nanocubes represent two geometrically
symmetric nanostructures, Ag nanocuboids are elongated,
anisotropic nanoparticles with polarization-dependent re-
sponses to the incident light, exhibiting both transverse and
longitudinal plasmon resonances. Controlled growth of Cu,O
nanoshells on Ag nanocuboid cores allowed us to systematically
study how the semiconducting shell introduces interesting
modifications to the different plasmon modes of the anisotropic
cores. As illustrated in Figure 7A, we used single-crystalline Au
nanorods as the core materials (see TEM image in Figure 7B),
on which Ag nanoshells were then epitaxially grown to form
Au—Ag core—shell nanocuboids.”” Cetyltrimethylammonium
chloride (CTAC) was used as a surface-capging ligand that
selectively stabilized the {100} facets of Ag,'”"° resulting in the
formation of Au—Ag core—shell nanocuboids whose surfaces
were dominated by {100} facets."”*”®*® The as-fabricated
nanocuboids showed intrinsic corner truncations with {111}
facets exposed at the corners (see Figure 7C and F). During the
epitaxial growth of Cu,O, the nanoparticles underwent a
morphological evolution from truncated nanocuboids into
spindle-shaped particles as the Cu,O shell thickness increased
(Figure 7D, E, and G). EDS line-scan measurements on an
individual nanospindle further confirmed the Au—Ag—Cu,O
triple-layer heterostructure (Figure S7 in Supporting Informa-
tion). Similar to the Cu,O growth on truncated Ag nanocubes,
this morphological evolution could also be interpreted as a
result of the competition between the epitaxial growth of Cu,O
on the Ag {100} and the Ag {111} facets.

In the experimental extinction spectra of the colloidal Au—Ag
core—shell nanocuboids (see black curve in Figure 7H, and
Figure S8A in Supporting Information), four distinct plasmon
peaks were observed at 798, 460, 404, and 342 nm, which were
assigned to the longitudinal dipole, transverse digole, and two
transverse octupole resonances, respectively.””*’ As demon-
strated previously, the frequencies and relative intensities of
these plasmon resonance modes were dominated by the
characteristics of the Ag shell rather than the Au nanorod core
and can be systematically tuned across the visible and near-
infrared regions by controlling the aspect ratio of the
nanocuboids.'”*”%¢ As shown in Figure S8A in Supporting
Information, the bare Au nanorods had an intense longitudinal
plasmon band at 900 nm and a weak transverse plasmon band
at 520 nm. We found that as the Ag shell thickness increased,
the longitudinal plasmon resonance progressively blue-shifted
while multiple peaks of the transverse plasmon modes
developed and became more intense, which was in excellent
agreements with previously reported observations.””®” The
extinction spectral evolution could be interpreted as a
consequence of the increase in the width of the nanocuboids
due to the preferential epitaxial growth of Ag on the side facets
of the Au nanorods rather than on the nanorod tips.'”*”* TEM
images revealed that the Ag shells grown on the lateral sides of
the Au nanorods were thicker than those on the ends (see
Figure S8B and S8C in Supporting Information). Once the

nanocuboids were encapsulated in Cu,O nanoshells, all the
longitudinal and transverse plasmonic features were well-
resolved in the experimental extinction spectra with resonances
progressively shifted to longer wavelengths as the shell
thickness increased (Figure 7H).

To better understand the effects of the Cu,O shell on the
plasmon resonances of the anisotropic nanocuboid core, we
calculated the extinction spectra of a Au—Ag core—shell
nanocuboid (Figure 8A), a Au—Ag—Cu,O triple-layer nano-
cuboid (Figure 8B), and a Au—Ag—Cu,O triple-layer nano-
particle with a cuboidal metallic core encapsulated in an
elongated octahedral Cu,O shell (Figure 8C). The triple-layer
nanocuboid and elongated octahedron had the same volume of
Cu,O surrounding the nanocuboid cores. The calculated
surface-charge and near-field distribution associated with
various plasmon modes of the particles are shown in Figure
8D, which enabled us to assign each extinction peak to a
particular plasmon resonance mode based on its characteristic
surface-charge and near-field distribution patterns. In the
calculated extinction spectrum of the Au—Ag core—shell
nanocuboid with width (I) of 50 nm and length (L) of 110
nm, three intense, well-defined plasmon resoances were
observed, which were assigned, from long to short wavelengths,
to the longitudinal dipole (LD), transverse dipole (TD), and
transverse octupole (TO) plasmon modes, respectively. The
extinction spectral features of the two dipole resonances, LD
and TD, were dominated by scattering, whereas scattering and
absorption contributed almost equally to the overall spectral
line shape of the octupole resonance peak (Figure S9A in
Supporting Information). In addition, there was a weak double-
peaked spectral feature below 400 nm in the calculated
extinction spectra, which could be assigned to two transverse
plasmon modes composed of either higher-order multipole
resonances or hybrid modes with mixed contributions from
multiple plasmon resonances (Figure S9B in Supporting
Information). This double-peaked feature was experimentally
observed as an asymmetric extinction peak at ~355 nm (black
curve in Figure 7H). As observed for the previous geometries,
the coating with Cu,O shells led to significant red-shifts of all
the longitudinal and transverse plasmon resonances (Figure 8B
and C). The elongated octahedron exhibited a more intense
and narrower longitudinal dipole resonance peak than the
triple-layer nanocuboid. It is well-known that for anisotropic Au
nanorods, the field enhancements associated with the
longitudinal plasmon resonance are much higher than those
of the transverse plasmon resonance. However, for the Au—Ag
core—shell nanocuboid, significantly higher field enhancements
were achieved upon the excitation of the transverse plasmon
modes than the longitudinal dipole plasmon. Once the
nanocuboid core was encapsulated inside a Cu,O shell, the
field enhancements for the longitudinal dipole plasmon
increased while the transverse plasmon modes showed
significant decrease in field enhancements. The cuboidal
Cu,O shell showed the capability to strictly confine the field
enhancements on the surfaces of the metallic core, whereas the
field enhancements extended from the core surface into the
shell region when the Cu,O shell was grown into the elongated
octahedral morphology.

B CONCLUSIONS

We have demonstrated that the epitaxial growth of Cu,O on Ag
allows for the tight control over the particle geometries and the
fine-tuning of the optical properties of Ag—Cu,O core—shell
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nanoparticles. Several Ag nanostructures, such as quasi-
spherical nanoparticles, nanocubes, and nanocuboids, were
used as the core materials to construct hybrid core—shell
nanoparticles. Each of these core geometries has its own unique
optical characteristics, exhibiting multiple plasmon resonances
in the optical extinction spectra. Epitaxial overgrowth of Cu,O
nanoshells on the Ag cores introduces interesting modifications
to both the resonance frequencies and spectral line shapes of
the different plasmon modes of the Ag cores. The capabilities to
fine-control both the core and the shell geometries enables us
to fine-tune the light absorption and scattering properties of the
core—shell nanoparticles over a broad spectral range across the
visible and near-infrared. Quantitative understanding of the
geometry-dependent far-field and near-field optical character-
istics of the Ag—Cu,O core—shell nanoparticles were obtained
experimentally through extinction spectroscopic measurements
and theoretically through FDTD calculations. The knowledge
gained through this study provides important information that
may guide the rational design and controlled fabrication of
metal—semiconductor hybrid heteronanostructures with in-
creasing geometric complexity and further enhanced optical
tunability.

B ASSOCIATED CONTENT

© Supporting Information

Additional TEM images of Ag quasi-spherical nanoparticles,
Au—Ag core—shell nanocuboids, and various Ag—Cu,O core—
shell nanoparticles, true-color pictures showing the color
evolution of the colloids during the epitaxial growth of Cu,O
nanoshells on 40 nm Ag quasi-spherical nanoparticles,
calculated extinction, absorption, and scattering cross sections
of various Ag—Cu,O core—shell nanoparticles, true-color
picture of colloidal suspensions of Ag—Cu,O core—shell
nanoparticles with 40 nm Ag nanocube cores, extinction
spectra of colloidal Au—Ag core—shell nanocuboids, and SEM
image and EDS line-scan elemental mapping results of an
individual Au—Ag—Cu,O nanospindle. This material is
available free of charge via the Internet at http://pubs.acs.org.
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