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Sung Oh Cho*

Metal nanostructures have been the focus of intensive
research because of their unique chemical and physical
properties.'! Among them, nanostructured Au and Ag have
attracted considerable attention mainly as a result of their
remarkable optical properties and numerous applications,
such as surface plasmonics, surface-enhanced Raman scatter-
ing (SERS), chemical and biological sensing, and photo-
thermal therapy.'”! The intrinsic properties of a metal
nanostructure strongly depend on its size and shape. The
synthesis of metal nanostructures with tailored size and shape
is thus important for uncovering their size- and shape-
dependent properties and for realizing their practical appli-
cations. In the last few years, a variety of synthetic strategies
for metal nanostructures have been developed in aqueous or
nonhydrolytic media, the strategies include photochemistry,™
thermochemistry,®) wet-chemistry,”) and biochemistry.”
Using these strategies, a myriad of shape-controlled Au and
Ag nanostructures, such as wires,"*® rods® - sheets, 1
prisms,*” ! belts,"! and branched multipods,® ' have been
routinely synthesized in high yield. In addition, some
polyhedral Au and Ag nanocrystals (cubes, 7141 tetrahe-
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dra,'% octahedra,'” decahedra,l'™ icosahedra,'® and bipyr-
amids!"®) have also been prepared in large quantities in recent
years. However, selective synthesis of uniform, octahedral Au
nanocrystals in high yield, with well-defined shape and
tunable size has not been accomplished. Herein, we present
a modified polyol process to mass-synthesize uniform, single-
crystalline Au nanocrystals with octahedral shape, in which all
eight faces are equilateral triangles and four triangles meet at
each corner. The optical properties of the octahedral Au
nanocrystals were firstly analyzed with the theoretical calcu-
lation using the discrete-dipole approximation (DDA).['”)

The polyol process™® is a convenient, versatile, and low-
cost method for the synthesis of metal nanostructures on a
large scale. Current polyol synthesis is mainly based on the
use of ethylene glycol which acts both as a solvent of the
precursors and as a reducing reagent for the reaction. A
number of anisotropic metal nanostructures have been
successfully synthesized in ethylene glycol solution on the
basis of this technique.”**!%1%2) We recently found that
octahedral Au particles of hundreds of nanometers in size
were easily synthesized by replacing ethylene glycol with
polyethylene glycol 600 (PEG 600). However, these Au
octahedra were always mixed with many other kinds of Au
nanostructures. It was difficult to study and utilize their
properties because the yield of octahedral Au particles in the
final product was lower than 15%.

Herein, a modified polyol process based on PEG 600 was
developed to selectively synthesize octahedral Au nanocrys-
tals in high yield. In this process, a small amount of sodium
borohydride (NaBH,) was added to a PEG 600 solution of
polyvinylpyrrolidone (PVP) prior to the addition of a gold-
(IIT) chloride (AuCl;) aqueous solution. The solution was
then preheated at 75°C for more than 24 h, then further
heated at 125 °C for different reaction times from 6 h to 48 h.
The products were collected by centrifugation and washed
repeatedly with ethanol before characterization and study.

Field-emission scanning electron microscopy (FESEM)
images show that the majority (>90%) of the as-prepared
product was octahedral nanoparticles (Figure 1A,B). The
mean edge length of the octahedral nanoparticles was 50 nm
with a standard deviation of 5 nm. All the surfaces of the
octahedral nanoparticles were smooth with no obvious
defects (Figure 1C). Energy dispersive X-ray spectrum
(EDS) analysis confirms that the products consisted only of
Au. The X-ray diffraction (XRD) pattern identified the
nanoparticles as pure crystalline face-centered cubic (fcc) Au
(Figure 1D). The intensity ratio of the (200) and (111)
diffraction peaks in the XRD pattern was 0.31, which is
lower than the bulk value of 0.53. This result suggests that the
Au nano-octahedra were abundant in {111} planes and, thus,
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Figure 1. A) Low-magnification and B,C) high-magnification FESEM
images of the Au nano-octahedra. D) X-ray diffraction pattern. Scale
bars for (A), (B), and (C) are 2 um, 200 nm, and 50 nm, respectively.

that their {111} planes tended to be preferentially oriented
parallel to the surface of the supporting substrate.

A typical transmission electron microscopy (TEM) image
of the Au nano-octahedra and the selected area electron
diffraction (SAED) pattern are presented in Figure 2. The
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Figure 2. A) A typical TEM image of the Au nano-octahedra. B) The
SAED pattern. The electron beam was perpendicular to one of the
triangle faces of an individual octahedral particle. Scale bar for (A) is
50 nm.

SAED pattern was recorded by focusing the electron beam on
one of the triangle faces of an Au nano-octahedron. The inner
set of spots with the hexagonal symmetry was indexed to {220}
reflections, which further revealed that each Au nano-
octahedron was a single crystal with {111} lattice planes as
the basal surfaces.

A series of color changes were observed during the
modified polyol process. The color of the precursor solution
changed from yellow to colorless after being preheated at
75°C for 24 h (Figure 3A). The UV/Vis spectrum of the
preheated precursor shows that the absorption band for Au™
ions disappeared completely, whereas the plasmon band for
Au nanocrystals did not appear (Figure 3B). Note that no
signal attributed to the nanocrystals appeared, even when the
preheating lasted for 170h at 75°C. In the subsequent
reaction upon heating at 125°C, the color of the solution
turned red and then brown as the reaction time increased,
reflecting the formation of Au nanocrystals. TEM and
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Figure 3. A) Photograph and B) the corresponding UV/Vis spectra of
the precursor solution recorded before (1) and after (Il) being pre-
heated at 75°C. Curve (1) in (B) was recorded after the precursor was
diluted with ethanol. TEM images of the Au nanocrystals obtained at
reaction times of C) 6 h and D) 48 h. E) FESEM image of the sample
in (D). All scale bars are 50 nm. (The Au nanocrystals obtained at a
reaction time of 24 h are shown in Figures 1 and 2).

FESEM examinations revealed that the octahedral Au nano-
crystals obtained at 6, 24, and 48 h had edge lengths of 30, 50,
and 60 nm, respectively, with a polydispersity less than 10 %
(Figures 1 and 3, and Supporting Information, Figure S1).
From these results, we make the following conclusions: 1) Au
nano-octahedra were not formed by the preheating process
and instead the Au™ ions in the precursor were only
converted into low-valence Au ions after the preheating.*
2) PEG 600 and the surfactant PVP themselves did not
contribute to reducing the Au™ ions to zero-valent Au’
atoms at the preheating temperature. 3) Au nano-octahedra
were created and grew during the reaction process. 4) The
reaction in this modified polyol process is not rapid, probably
because of the relatively low reaction temperature; thereby,
Au nano-octahedra of various sizes (30-60 nm) were selec-
tively harvested by controlling the reaction time.

As well demonstrated by Wang,™! the ratio (R) of the
growth rate along the (100) to (111) directions determines the
geometrical shape of a crystal. The shape of a cubic nano-
crystal will evolve from a perfect cube (R=0.58) to a cubo-
octahedron (R=0.87), a truncated octahedron (0.87 <R <
1.73), and finally to a perfect octahedron (R=1.73) as R
increases. This process explains that the octahedral nano-
crystals consisting of eight highly stable {111} planes resulted
from a much higher growth rate along the (100) direction than
along the (111) direction. Generally, the crystal growth rates
along different directions are proportional to their surface
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energies. For Au with an fcc structure, the surface energy (r)
relationships among three low-index crystallographic planes
correspond 10 150> ooy > -} However, the surface
energies can be modulated through the selective adsorption
of polymers on certain crystal planes,"*'® which can control
the growth rate of the nanocrystals along a certain direction.
X-ray photoelectron spectra (XPS) measured for the repeat-
edly washed sample verifies that PVP molecules were
strongly adsorbed on the surface of Au nano-octahedra
(Supporting Information, Figure S2). Previous studies!® 141621l
revealed that surfactant PVP could act not only as a stabilizer
to prevent the aggregation of the products but also as a shape-
controller to assist the formation of anisotropic metal nano-
structures. In our experiments, when surfactant PVP was
absent, the products were dominated by irregularly shaped
Au particles (Supporting Information, Figure S3 A), suggest-
ing that the presence of PVP was undoubtedly significant for
the synthesis of Au nano-octahedra. On the basis of our
results and the previous reports,P411¢1921 we believe that
PVP preferentially adsorbs on the {111} planes of Au nuclei
and consequently the growth rate along the (111) direction is
reduced while the growth rate along the (100) direction is
enhanced, facilitating the formation of octahedral Au nano-
crystals.

Growth rates of nanocrystals in a polyol process are also
greatly affected by the reaction temperature which greatly
influences the reducing power of polyols and thus the
generation rate of source Au atoms.’*'¥ Herein, when the
reaction temperature was decreased from 125 to 100°C,
truncated Au nano-octahedra became the major product
(Supporting Information, Figure S3B). In contrast, at higher
reaction temperature (> 150°C), both octahedral Au particles
and many quasi-spherical Au nanoparticles were produced
(Figure S3C) and furthermore their size distribution was
broad. These results indicate that an appropriate reaction
temperature (around 125 °C in this modified polyol process) is
essential to obtain Au nano-octahedra in high yield.

Further experiments revealed that the introduction of
both the preheating process at a low temperature and the
reducing reagent NaBH, were two key parameters to increase
the relative yield of octahedral Au nanocrystals. When the
precursor solution was not preheated at 75°C but instead
heated directly to the reaction temperature of 125°C, the
products had various mixed shapes and moreover the particle
size increased up to 170-200 nm (Supporting Information,
Figure S3D). In addition, if NaBH, was not added to the
precursor solution, only a few octahedral Au particles mixed
with other kinds of Au nanostructures were obtained
(Supporting Information, Figure S3E). However, at higher
NaBH, concentration (> 0.75 mm), the reddish color indicat-
ing the formation of Au nanoparticles appeared in less than
30 min of preheating; the final products were dominated by
quasi-spherical Au nanoparticles with the sizes of tens
nanometers (Supporting Information, Figure S3F). This
result indicates that NaBH, acts as a strong reducing agent
that directly reduces Au™ ions in the Au salts to Au’ atoms.
The optimum concentration of NaBH, for the high-yield
synthesis of Au nano-octahedra was 0.15-0.35 mm, which is
less than stoichiometric. In this range, the precursor solution
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became colorless after being preheated at 75°C. Owing to the
less than stoichiometric concentration of NaBH,, only some
of the Au" ions were initially reduced to Au’ atoms, which
can then be oxidized by the remained Au™ ions (Supporting
Information, Figure S4):* NaBH, was used up completely
after preheating process.

As described above, no Au™ ions and no Au nanocrystals
were detected in the UV/Vis spectra of the preheated
solution, suggesting that this solution is mostly composed of
Au' ions because: 1) Au" ions are very unstable; 2) Au
crystals would be formed after a long preheating if the Au was
mainly present in the form of atoms. In addition to NaBH,,
PEG 600 and PVP also participate in the reduction of Au™
ions although their reducing power is much lower than that of
NaBH,” Hence, most of the Au ions were finally
converted into Au' ions if a proper (less than stoichiometric)
concentration of NaBH, was used.

After the preheating process, when the reaction temper-
ature was increased above 100°C, the Au ions were reduced
to Au’ atoms by a so-called polyol process,”*?" and thus Au
nanocrystals were produced. Our results suggest that almost
complete conversion of Au™ ions into Au' ions by the
preheating process is crucial for the selective formation of
octahedral Au nanocrystals. In this case, Au’ atoms must be
generated through the reduction of Au'ions, which is one-step
reaction: all the Au'ions can be simply reduced to Au’ atoms
at the reaction temperature and no other Au intermediates
can interfere with the nucleation and growth of the crystals.
Consequently, only source Au atoms for the nanocrystals are
steadily produced, facilitating uniform nuclei formation. It
has been observed that the supersaturation gradient needed
for anisotropic growth occurs easily at the particle’s surface
during much slower reactions such as in our case.” In our
system, with the help of PVP, the growth ratio of many Au
nuclei is near R =1.73 at the reaction temperature (125°C),
which leads to the formation of a large number of octahedral
Au nanocrystals. Once octahedral Au nanocrystals were
created, they served as “seeds” and grew via a seed-mediated
approach,['**?! and this in turn inhibited new nucleation
events, particularly at a lower generation rate of source Au
atoms. Additionally, a slightly higher supersaturation at the
corners than the surfaces enhances the preferential deposition
of atoms at the vertexes of the as-formed nanocrystals.*
Accordingly, the growth rate along the (100) direction is
always higher than that along the (111) direction (R should be
near 1.73 for no additional shape change of the Au nano-
crystals during growing process), and hence the perfect Au
nano-octahedra of various sizes were selectively harvested.

The selective synthesis of high-yield Au nano-octahedra
with different sizes allowed us to obtain the size-dependent
optical properties of Au nano-octahedra (Figure 4). The
surface plasmon resonance (SPR) for the 30-nm Au nano-
octahedra is located at 545 nm, which is clearly red-shifted
compared to spherical Au nanoparticles of the same size
(dash line). The red shift is attributed to the anisotropic
morphology and the presence of sharp corners. Intense
polarizations localize on such structural features typically
yielding red-shifts in spectra.’ Moreover, as the crystal size
increased, the SPR peak of the Au nano-octahedra red-
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Figure 4. UV/Vis absorption spectra of spherical Au nanoparticles
(30 nm) and for nano-octahedra with different edge lengths (30, 50,
and 60 nm) dispersed in ethanol.

shifted further than that of nanospheres of the same size.
When the edge length of Au nano-octahedra was increased
from 30 to 60 nm, the absorption peak red-shifted by
approximately 30 nm, while the peak of the spherical nano-
particles red-shifted by less than 15 nm for the same size
variation.”” This result suggests that the optical properties of
the Au nano-octahedra are more sensitive to the crystal size
than those of the spherical particles. In addition, a new
absorption peak appears at a longer wavelength as the size of
Au nano-octahedra increases.

The optical properties of octahedral Au nanocrystals in
ethanol have been investigated using the DDA.[ A descrip-
tion of the DDA method and a detailed analysis can be found
in the Supporting Information, Figure S5-S9). For labeling
purposes, the octahedron was bisected by an imaginary plane
into two equivalent square pyramids. The collective oscilla-
tion of electrons parallel to the plane was defined as an in-
plane mode. The out of plane mode was defined as the
collective oscillation of charge perpendicular to this plane.
Figure 5 shows the calculated spectra for Au nano-octahedra
with 30 and 60 nm edge lengths. The DDA analysis clearly
identified that two in-plane dipole modes are excited
(Figure S5). One is an edge dipole mode, where the induced
polarizations are parallel to the edges of two neighboring
corners in the bisecting plane, and the other is a cross dipole
mode, where the induced polarizations are oriented diago-

Extinction
o
(=2}

0.4 Fzc--

0.2

0.0 =t
400 500 600 700 800

Wavelength (nm)

Figure 5. Calculated extinction spectra of Au nanoparticles in ethanol.
The black and blue solid traces correspond to nano-octahedra with
edge lengths of 30 and 60 nm, respectively. The green and red dashed
traces correspond to 30- and 60-nm nano-octahedra, respectively,
whose tips are truncated by 3 nm. The peaks are normalized in all
traces.
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nally across toward the opposite corners (Supporting Infor-
mation, Figure S6). The left peak of the spectrum is attributed
primarily to the edge dipole mode, while the right peak results
primarily from the cross dipole mode; however, the true
induced polarization cannot be uncoupled completely owing
to the mutual interaction occurring between them. Interest-
ingly, if the nano-octahedra have perfect shape, both in-plane
dipole modes are excited simultaneously to varying degrees
when the incident field is polarized parallel to the bisecting
plane because of strong coupling effects (Supporting Infor-
mation, Figure S8,S9). However, if the corners of the Au
nano-octahedra are slightly truncated, the in-plane modes are
excited at the same wavelength producing a single absorption
peak (Supporting Information, Figure S6,S7). These results,
which agree well with the experimental results, suggest that
smaller (30 nm) nano-octahedra have slightly rounded cor-
ners but the particles become almost perfect octahedra when
they grow to 60 nm. In addition, calculations show that the
out-of-plane dipole mode is also excited at a wavelength
similar to the in-plane edge dipole excitation, which contrib-
utes to the main absorption band (Supporting Information,
Figure S5).

In summary, single-crystalline Au nano-octahedra were
successfully synthesized in high yield, with well-defined shape
and tunable size (30-60 nm) by a modified polyol process in a
PEG 600 solution. This process provides an effective route for
the selective synthesis of octahedral Au nanocrystals. Octa-
hedral Au nanocrystals with sharp corners exhibit attractive
optical properties, which are sensitive to the crystal size and
the truncation of tips. The optical properties of nano-
octahedra could have promising applications to surface-
enhancement spectroscopic methods, chemical or biological
sensing, and the fabrication of nanodevices.

Experimental Section

For a typical synthesis of Au nano-octahedra, PVP (222 mg; K-30;
Aldrich; M,,=40000) was added to a PEG 600 (20 mL; Aldrich;
M,,=570-600) solution in a weighing bottle. The mixture was stirred
with a magnetic blender for about 30 min. Then, an NaBH, solution
(0.05 mL, 100 mm; Aldrich) was introduced under stirring. After 1-
2 min, an aqueous AuCl; solution (0.16 mL, 125 mm; Aldrich) was
added. These operations were performed at room temperature. The
solution appeared yellow owing to the presence of Au'" ions. The
concentrations of Au ions, NaBH,, and PVP were about 1 mm,
0.25 mm, and 100 mM, respectively. The vessel containing the solution
was transferred to an oil bath and preheated at 75°C for more than
24 h, then further heated at 125°C for reaction. In the second heating
process, PEG 600, like ethylene glycol, not only serves as a solvent of
the precursors but as a reducing agent for the reaction. Finally, the
products were collected by centrifugation (15000 rpm). The products
were deposited on the bottom of the tubes, and the solution became
colorless, indicating that no Au nanocrystals were in the solution. The
precipitate was collected and then washed repeatedly with ethanol or
water prior to examination and study. Further experiments, in which
the amounts of the reagents were varied, were also conducted to
determine the role of the surfactant PVP, the reducing agent NaBH,,
as well as preheating.

The products were characterized by FESEM (Hitachi S4300 and
FEI XL30), EDS, and TEM (FEI Tecnai F20). The samples for
FESEM were prepared by directly depositing the washed products
on the stages. The samples for TEM examination were prepared by
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putting a droplet of the treated solution on Cu grids coated with thin
Cfilm and then evaporating in air at room temperature. XRD spectra
were measured on a diffractometer (Philips X’pert PRO with Cug,
radiation) by depositing the sample on glass. XPS measurements for
Au nano-octahedra that had been repeatedly washed with water were
performed using a VG ESCA2000 X-ray photoelectron spectrometer
with an Mgy, excitation source. For optical measurement, the
products were first dispersed in ethanol, and then optical absorption
spectra were recorded with a spectrophotometer (Cary SE UV/Vis-
NIR) in the wavelength range of 200 to 1100 nm, using an optical
quartz cell with a 10-mm path-length.
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