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C oinage nanostructures possess unique optical properties
and electric-field enhancements owing to surface plasmon
resonances useful for various applications such as sensing,”
waveguiding,” nano-antenna-enhanced spectroscopy.’ The
emerging application of photocatalysis uses the plasmon
resonances to generate hot electrons’ to enhance the catalytic
activity of various reactions such as water splitting and
hydrogen dissociation.”” The selectivity and reactivity of
metal nanocatalysts rely heavily on the facets of the
nanoparticles and can be modulated by controlling the
morphology of the nanocrystals.”” Cu, compared to Au and
Ag, has a larger electron conductivity and higher earth
abundance. These properties make Cu attractive as a low-cost
plasmonic material. For colloidal solutions, many approaches
for tuning the size, shape, and composition of nanoparticles
have been developed.'’~"* Nevertheless, few efforts have been
made with Cu nanocrystals due to the lack of successful
methods for shape control.

Cu nanoparticles are widely used as catalysts for diverse
reactions."” Although Cu,O, develops on the Cu surface under
oxygen exposure, it can be reduced by the clever design of the
capping materials'>'* or depositing a few atomic layers of
AlL,O,."” Cu/Au alloy nanoparticles can further passivate Cu
from oxidation.'”'” Furthermore, a recent study showed an
active reduction of Cu,O; to Cu by illuminating the Cu
nanoparticles with visible light on resonance with the Cu
localized surface plasmon resonance (LSPR) and powers larger
than 550 mW/cm?.'® However, it is difficult to reduce Cu® or
Cu' ions to Cu’ in an aqueous solution, and surface oxidation of
Cu tends to occur during reactions. These obstacles have made
it difficult to fully develop a synthesis to produce Cu
nanoparticles with controllable shapes. Only a few methods
could synthesize Cu nanoparticles with controllable shapes and
sizes. To date, the most reported example is a Cu nanocube
with {100} facets."”~>" Other shapes remain limited.'”**~*’

An octahedron with eight {111} facets is regarded as a classic
model to study the surface properties of {111} facets.
Nonetheless, the precise colloidal synthesis of Cu nano-
octahedra has not been reported yet. Herein, we show the
successful synthesis of Cu nano-octahedra and investigate their
optical properties both experimentally and theoretically. In a
typical synthesis of Cu nano-octaheda, precursor solution was
prepared by mixing 2 mmol CuCl and 2 mL trioctylphosphine
(TOP) in a vial preheated at 200 °C for 2 h. 18 mL of
oleylamine (OLA) was added into a three-necked flask and
kept under a flow of high-purity argon gas for 40 min with
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vigorous stirring. After the purge process was completed, OLA
was then heated from room temperature to 335 °C before the
precursor solution was injected. During the reaction, the color
of the solution changed from bright yellow to red-brown,
indicating the formation of the Cu nano-octahedra. After
centrifugation of the reaction product, the blue color of the
supernatant solution indicated unreacted Cu" ions in the liquid
and therefore the generation of metallic Cu’ was via a
disproportionation reaction. 9

Figures la and S1 show a large-area scanning electron
microscopy (SEM) image of the as-prepared Cu nano-
octahedra. The Cu nanoparticles clearly organize into large-
scale, regularly ordered patterns with monolayer coverage when
the solvent is evaporated in an ambient environment. Figure
1b,c shows partially enlarged SEM images of the as-obtained
monolayers of Cu nanoparticles, illustrating that the products
are almost all octahedra with an edge length of 145 + 10 nm.
These nanoparticles contact each other by vertices and faces to
form a close-packed hexagonal (HCP) array (scheme is shown
in Figure 1d). The structure exhibits [111] projection that
reveals that nanoparticles sit on the substrate on their {111}
facets as the most stable orientation. Figure le,f shows large-
scale and partially enlarged transmission electron microscopy
(TEM) images of the product. More TEM images are shown in
Figures S2 and S3. We can see that nano-octahedra form a self-
assembled structure on the carbon-coated Cu grid in the same
layout as was observed in SEM. Figure 1g is the fast Fourier
transformation (FFT) of the region of Figure 1, revealing HCP
packing symmetry. The inset in Figure la is a photograph of
the as-prepared Cu nano-octahedra in toluene solution (a red-
brown color). Figure S4a shows the X-ray diffraction (XRD)
pattern recorded from the colloidal products. The only one
peak at 43.3° represents the {111} planes (JCPDS card No. 89-
2838) in agreement with the face-center cubic (FCC) structure
of Cu and explicitly indicates that Cu nanoparticles are highly
oriented. The Fourier-transform infrared (FTIR) spectrum of
Cu nano-octahedra (Figure S4b) shows symmetric and
asymmetric alkane CH, stretches at 2848 and 2898 cm™’,
respectively, as well as free amines at 3404 cm™'. The NH,
scissoring peak of OLA is visible at 1626 cm™". The peak at
1406 cm™' comes from the symmetric rocking mode of the
terminal methyl group of TOP, and the C—P stretching peak of
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Figure 1. (a) Large-area and (b,c) partially enlarged SEM images of
the as-prepared Cu nano-octahedra with an average size of 145 + 10
nm. (d) Scheme of the Cu nano-octahedra self-assembled into a HCP
array. (e) Large-scale and (f) partially enlarged TEM images of the Cu
nano-octahedra. (g) FFT of the TEM image in (f). The insert in panel
a is a photo of the as-synthesized Cu nano-octahedra in toluene
solution.

TOP is seen at 1082 cm™'. These results indicate that TOP
molecules on the surface of Cu nanoparticles may lead to their
octahedral shape. The X-ray photoelectron spectrum (XPS) of
Cu nano-octahedra (Figure S4c,d) shows the main peaks of Cu
2p3/, and Cu 2p; ), located at 932.2 and 952 eV, respectively,
originating from Cu’ species. The P 2p peak also appears in the
XPS spectrum, but disappears after ozone plasma cleaning of
the sample. This result indicates that TOP molecules just attach
on the surface of these Cu particles (Figure S4d).

Figure 2a—c shows SEM images of different orientations of
octahedral particles observed from various projection axes. An
octahedron exhibits three different projected shapes: a hexagon
(Figure 2d), a rectangle (Figure 2e), and a rhombus (Figure 2f)
when viewed along [111], [112], and [110] axes, respectively.”’
For example, an octahedron lying on a planar surface against
one of its faces instead of an edge or a corner yields a hexagonal
projected shape, as shown in Figure 2f, confirming that the Cu
nano-octahedron is bounded by {111} planes. Figure 2g—i
display the selected area electron diffraction (SAED) pattern of
the corresponding Cu octahedral nanoparticles of Figure 2d—f.
A hexagonal shape converts to a rectangular shape after tilting
by 19.5 degrees which matches with the change of an
octahedron tilted by the same degree (Figure SS). The dark-
field image of a single particle using a {111} reflected beam
shows the bound (111) plane (Figure S6). A high-

magnification TEM image taken from a single octahedron
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Figure 2. (a—c) SEM images of different orientations of a Cu
octahedron. (d—f) TEM images of a Cu octahedron viewed from
[111], [112], and [110] axes, respectively. Insets: corresponding
schematics for panels a—c. (g—i) SAED patterns of corresponding Cu

octahedra shown in panels d—f.

(Figure S7) indicates a single crystalline structure with well-
defined fringes. The lattice spacing of the nano-octahedron is
0.21 nm, in agreement with the {111} lattice spacing of FCC
Cu.

Noble metal (Cu, Ag, Au) nanoparticles exhibit unique
optical properties in the visible and near-infrared regions owing
to the LSPR.***> Due to the lossy nature of the metal, the
LSPR is inevitably damped by the interband transition.” The
onset of the interband transition of Cu, Ag, and Au are ~2.1,
3.8, and 2.5 eV, respectively.34 Ag nanoparticles show stronger
LSPR responses as the plasmon peak is shifted farther from the
interband transition while the plasmon band of most Cu
nanoparticles is much less pronounced because of the overlap
of the LSPR band with the interband transition. Hence, it is
desirable to synthesize Cu nanoparticles with the plasmon band
shifted away from the interband transition.'”** The ensemble
extinction spectrum of the Cu nano-octahedra in toluene as
measured by UV—vis spectroscopy is shown in Figure 3a. Two
peaks at 670 and 1120 nm, energetically below the interband
transition of Cu (590 nm), were observed. To identify the
origin of these peaks, single-particle scattering spectroscopy
correlated with high resolution SEM imaging and finite
difference time domain (FDTD) simulations were performed
(see Supporting Information for experimental and simulation
details). Figure 3b shows a scattering spectrum of a single Cu
nano-octahedron with an edge size of 155 nm (inset of Figure
3b) on an ITO glass substrate. A single peak at ~650 nm agrees
well with the FDTD simulation using identical dimensions as
the experimental geometry (Figure 3c). The measured
scattering spectra of an additional 6 nanoparticles are shown
in Figure S8. These results verify that the peak at 670 nm in the
ensemble spectrum originates from single octahedra. Unlike the
LSPR band of the small Cu nanoparticles, the plasmon band of
Cu nano-ochehedra in this study peaked at 670 nm red-shifted
from the interband transition, mostly arising from the larger
size of the nanoparticles. The blue-shift of the single-particle
scattering spectrum compared to the ensemble measurement
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Figure 3. (a) Ensemble extinction spectrum of Cu nano-octahedra in
toluene solution. (b) Measured and (c) simulated scattering spectra of
a single Cu nano-octahedron. The correlated SEM image and
simulation condition are shown in the insets of (b) and (c),
respectively. The scale bar represents SO nm. (d) Histogram of
aggregate size expressed as the number of particles per nano-object for
a sample span-cast on a Si wafer. (e) SEM images of a dimer, trimer,
quadrumer, and heptamer. The scale bar represents 200 nm. (f)
Simulated extinction spectra of a dimer, trimer, quadrumer, and
heptamer in toluene.

arises from the refractive index of the surrounding media (n =
1.25 the average of air and glass vs n = 1.496 in toluene).

The broad peak at 1120 nm originates from the aggregation
of the nano-octahedra. To verify the conformation of the
aggregates, an as-prepared solution was spun-cast on a silicon
wafer to avoid further aggregation during the evaporation of the
solvent. SEM images of ~100 nanoparticles were recorded to
identify the number of nanoparticles per individual aggregate.
The histogram in Figure 3d shows a broad distribution of the
particle number per aggregate despite the fact that isolated
single particles dominate the distribution. SEM images of
representative aggregates consisting of 2—5 nanoparticles are
shown in Figure 3e. Figure 3f displays the corresponding
extinction spectra calculated by the FDTD method based on
the geometry obtained via SEM. The simulated spectra show
broad peaks around 1000—1300 nm, consistent with the broad
peak at 1120 nm observed in the ensemble spectrum. The
details of the simulation conditions are shown in Figure S9.

In summary, single-crystalline Cu nano-octahedra with well-
defined edge lengths were synthesized successfully via a hot-
injection method using TOP as capping ligand. The nano-
octahedra tend to self-assemble into HCP arrays and their
assembled structure is here confirmed via SEM and TEM.
Furthermore, the optical properties of as-prepared Cu nano-
octahedra were investigated both experimentally and theoret-
ically.
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