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ABSTRACT: Gold nanostars have attracted widespread
interest due to their remarkable properties and broad
applications in plasmonics, spectroscopy, biomedicine, and
energy conversion. However, current synthetic methods of
Au nanostars have limited control over their symmetry;
most existing nanostars are characterized by having
uncertain number of arms with different lengths and
random spatial arrangement. This morphological arbitrari-
ness not only hampers the fundamental understanding of
the properties of Au nanostars, but also lead to poor
reproducibility in their applications. Here we demonstrate
that, by using a robust solution-phase method, Au
nanostars with unpreceded degree of symmetry control
can be obtained in high yield and with remarkable
monodispersity. Icosahedral seeds are used to dictate the
growth of 3D evenly distributed arms in an I, symmetric
manner. Alkylamines serve as shape-control agent to
regulate the growth of the hexagonal pyramidal arms
enclosed by high-index facets. Benefiting from their high
symmetry, the Au nanostars exhibit superior single-particle
SERS performance compared to asymmetric Au nanostars,
in terms of both intensity and reproducibility.

old nanocrystals (NCs) have attracted widespread interest

for decades due to their remarkable properties that can be
finely tailored by their sizes and shapes.”” These unique
properties offer the promise of enabling important advances in
interdisciplinary areas including plasmonics, spectroscopy,
biomedicine, and energy conversion.’ > Many of these
applications stem from the unique optical properties of Au
NCs, which can strongly absorb and scatter light through a well-
known phenomenon called localized surface plasmon resonance
(LSPR).® To optimally harness the plasmonic properties of Au
NCs, extensive efforts have been devoted to investigate the
controllable synthesis of Au NCs and elucidate their shape-
dependent properties.

Among different plasmonic Au NCs, Au nanostars are
emerging as a remarkably powerful building block due to their
intriguing properties.” A gold nanostar could be defined as a
branched nanostructure with a central core and several
protruding arms with sharp tips.* ™' The local field strength in
the vicinity of the sharp tips of Au nanostars can be enhanced by
several orders of magnitude compared with the incident light,
providing a basis of plasmon-enhanced spectroscopy.''
Furthermore, the LSPR of Au nanostars can be easily tuned
into the near-infrared (NIR) region of the electromagnetic
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spectrum,’” holding great promise for biological applications.
Due to these key properties, Au nanostars have been vastly used
in sensing, surface enhanced Raman scattering (SERS), bio-
logical imaging, nanotherapeutics, and nanomedicine.”* ™7
These applications underscore the need for developing Au
nanostars with defined shapes and uniform branches. Unfortu-
nately, current methods provide limited control over the
structural parameters of Au nanostars. Most nanostars are
characterized by their uneven arms of different lengths.
Moreover, the numbers of arms are extremely hard to control
and the spatial arrangement of the arms around the core is
random. These undesired characteristics will lead to unreliable
results with poor reproducibility in various applications of Au
nanostars and hamper the fundamental understanding of their
properties and the assessment of their performance. To fully
implement the advantageous properties of Au nanostars, a
precise control over their symmetry and uniformity is highly
desired.

In this study, a simple solution-phase method was exploited to
grow highly symmetric Au nanostars from icosahedral Au seeds
in a dimethylformamide (DMF) solution containing poly-
vinylpyrrolidone (PVP), chloroauric acid, dimethylamine
(DMA), and hydrochloric acid (see Supporting Information
for details). Transmission electron microscopy (TEM) and
scanning electron microscope (SEM) images of the Au nanostars
are shown in Figure la—c, respectively. The Au nanostars show
remarkable monodispersity in terms of both shape and size
(Figures la and S2). More interestingly, all nanostars are highly
symmetric with a projected profile of a decagram featuring ten
identical arms (Figure 1d). The angles between two adjacent
arms are 36°. Selected area electron diffraction (SAED) pattern
of a Au nanostar along its S-fold axis is the same as that of
icosahedral Au NCs and Platonic dodecahedral Au NCs viewed
from the same axis,'®™>° demonstrating that Au nanostars have
the same icosahedral multiply-twinned structure as their seeds
(Figures 1d inset). High-resolution TEM (HRTEM) studies
reveal that each arm of the Au nanostar is single-crystalline
(Figure S3).

Closer inspection of the SEM images (Figure le—j) reveals
that there are 20 identical arms on each nanostar and that each
arm is a hexagonal pyramid with a sharp tip (animations showing
rotating 3D nanostar models are available). More importantly,
the 20 arms on a nanostar show a rigid 3D arrangement around
its core. Three types of rotational axes were found for the
nanostars: S-fold, 3-fold, and 2-fold axes. Therefore, the
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Figure 1. (a—c) SEM and TEM images of monodispersed Au nanostars. (d) TEM image of a single Au nanostar and its corresponding SAED pattern.
(e—j) SEM images and corresponding geometric models of Au nanostars viewed from their 5-fold, 3-fold, and 2-fold axes, respectively. (k) Schematic
illustration of shape transition from an icosahedron to a nanostar. An animation showing the shape evolution is available. Scale bars: (a) 1 um; (b) 100

nm; (c) 200 nm; (d) 100 nm; (£h,j) SO nm.

nanostars show the same icosahedral (I,) symmetry with the
icosahedral seeds.'® The highly symmetric Au nanostar in our
work could be viewed as a stellated polyhedron composed of 120
facets, 180 edges, and 62 vertices. It obeys the Euler’s polyhedron
formula: V + F — E = 2 (where V is the number of polyhedron
vertices, E is the number of polyhedron edges, and F is the
number of faces).”' These nanostars represent one of the most
complicated yet symmetric shapes of nanocrystals with well-
defined facets.

The strikingly high I, symmetry of the Au nanostars originates
from the icosahedral seeds.”””>* Based on the symmetry
similarity between an icosahedron and a nanostar, we proposed
the following steps to construct models for Au nanostars (Figure
1k). First, each triangular face of an icosahedron is equally split
up into six faces sharing the center point of the triangle. Upon
pulling outward all the center points of the icosahedron, a
stellated polyhedron with 20 hexagonal pyramids will form.
Building a hexagonal pyramid on {111} facets is known to
generate high-index {hki} facets.”>*® Based on this geometric
model, Au nanostars enclosed by different {hkl} facets were
theoretically predicted (Figure S4). An empirical relationship
between the tip sharpness and the {hkl} facets is obtained from
these models. Typically, smaller i/k and I/k values will lead to Au
nanostars with sharper tips. Among different models in Figure
S4, the Au nanostars in Figure 1 are in excellent agreement with
the model built from {321} facets (Figure S5—S6).

‘While the high symmetry of the Au nanostars is dictated by its
icosahedral seeds, the formation of {321} high-index facets is
attributed to the selective adsorption of DMA on Au {321}
facets. In order to elucidate the role of DMA, different amounts
of DMA are investigated during the NC growth. Figure 2a shows
that without DMA, Au dodecahedral NCs enclosed by {110}
facets were obtained.'® As the concentration of DMA increases,
the corners of Au dodecahedra became sharper and finally
evolved into {321}-faceted arms of the Au nanostars (Figures
2b—f and S7). Relative slow growth kinetics favors the selective
adsorption of DMA on Au {321} facets. Either higher reaction
temperature or lower concentration of HCI will increase the
addition rates of Au atoms on the seeds and inhibit the selective
adsorption of DMA on {321} facets. Consequently, Au nanostars
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Figure 2. Au NCs synthesized in the presence of different amounts of
DMA: (a) 0 uL, (b) 6.3 uL, (c) 12.5 uL, (d) 25 uL, (e) SO uL, (f) 100 uL
of 40% DMA solution. The volume ratio between 40% DMA and 2.5 M
HCI solutions was kept at 5:8. Scale bars: 50 nm.

with round corners and ambiguous facets were obtained if the
amount of HCl was halved (Figure S8—9) or the reaction
temperature was increased by 20 °C (Figure S10).

Noble metal NCs enclosed by high-index facets has received
considerate attention in recent years and have been proved to
exhibit superior performances in catalysis.””~*> However, high-
index facets usually possess high surface energy and their
synthesis is very challenging, especially for the {hkl} family.”"**
Besides DMA, we further discovered that methylamine,
ethylamine, butylamine, and octylamine can be also exploited
in the synthesis of highly symmetric Au nanostars enclosed with
high-index facets (Figures 3 and S11—14). For ethylamine and
butylamine, similar nanostars enclosed by {321} facets were
obtained. Interestingly, nanostars with less sharper arms were
obtained for methylamine, in accordance to the model enclosed
by {753} facets. For octylamine, nanostars with sharper arms
were obtained, matching the model enclosed by {742} facets.
These results demonstrate that alkylamines can be an efficient
facet-regulating agent for high-energy {hkl} facets of gold NCs.
Moreover, the sharpness of Au nanostars can be fine-tuned. The
facet-regulating effect of alkylamines was also validated with
different Au seeds; when single-crystalline Au octahedra were
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Figure 3. SEM and TEM images of Au nanostars synthesized with
different amines: (a,b) methylamine, (c,d) ethylamine, (e,f) octylamine.
Scale bars: (a,c,e) 200 nm; (b,d,f) S0 nm.

employed to grow Au NCs in the presence of DMA,
hexoctahedral Au NCs enclosed by {321} facets were obtained
(Figure S15). In addition to facet and tip sharpness, the size of Au
nanostars can also be controlled via additional growth step in
which Au nanostars were used as seeds and grown under similar
growth conditions (Figure S16).

In the past two decades, renewed interest in SERS has been
stimulated by the possibility of controllably synthesizing and
assembling of plasmonic NCs.”>** Theoretical calculations
predicted that the narrow gaps formed when Au sharp tips are
brought into proximity with an Au thin film could produce an
extremely high local field enhancement, with the possibility of
producing a SERS enhancement of 2 orders of magnitude higher
than gaps from nanoparticle dimers.”® Based on this platform,
asymmetric Au nanostars has been deposited onto a smooth Au
thin film and achieved zeptomolar detection capability.”” A
prerequisite for achieving optimum performance in such a
platform, however, is to be able to direct the tips of nanostars
pointing down to the gold film. For typical asymmetric nanostars
(Figure S17), the optimum construction of such platform is
difficult due to their uneven arms with different lengths and
random spatial arrangement.”®*” In contrast, the highly
symmetric nanostars offer distinct advantages over asymmetric
nanostars. They show exclusive tendency to land on a flat surface
with five of its arms, creating five hot spots between the tips and
the substrate for SERS measurements (Figure 4a). Our
preliminary discrete dipole approximation (DDA) calculations
show that symmetric nanostars have higher maximum and
average local electromagnetic fields than asymmetric ones
(Figure S18). Moreover, asymmetric nanostars exhibit different
field enhancements at different orientations, which lead to varied
SERS enhance factors (EFs). In this respect, highly symmetric
nanostars are expected to have better and more reproducible
SERS performance.

To test this hypothesis, a similar star-film platform for SERS
was constructed. Ultra large Au nanosheets with atomic flatness
were used as gold films."" After the Au nanosheets were
incubated with 4-mercaptobenzoic acid (MBA) solution, Au
nanostars were deposited on the Au nanosheets, and thus
forming hot spots with trapped MBA molecules between the Au
nanostars and nanosheets (inset of Figure 4a). As the Au
nanostars show a strong surface plasmon band at near-infrared
(NIR) region (Figure 4b), a 785 nm laser was used to acquire
SERS signal. Figure 4c—h shows that the SEM images and optical
images of Au nanostars match really well, allowing the focus of
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Figure 4. (a) Geometric model of a free-standing Au nanostar on a Au
nanosheet. An animation showing a rotating nanostar on substrate is
available. The inset shows a schematic of hot spots with trapped MBA
molecules between tips of a Au nanostar and a nanosheet. (b) UV—vis—
NIR spectra of dodecahedral Au nanocrystals (green curve), Au
nanostars with round tips (blue curve), and Au nanostars with sharp tips
(red curve). (c—h) SEM and bright field optical images of Au nanostars
on Au nanosheets: (c—e) symmetric Au nanostars, (f—h) asymmetric
Au nanostars. The insets of (e) and (h) are two single nanostars. (ij)
SERS spectra of MBA from symmetric and asymmetric Au nanostars,
respectively. (k) Average EFs of symmetric and asymmetric Au
nanostars. Scale bars: (c,d) S ym, (f,g) 10 um, (e) 1 um, (h), 2 pum.

the 785 nm laser on a single nanostar during SERS measure-
ments. Single-particle SERS spectra of ten representative well-
isolated symmetric and asymmetric Au nanostars were measured,
as shown in Figure 4ij, respectively. The symmetric Au nanostars
exhibit much better SERS performance than the asymmetric Au
nanostar. The symmetric Au nanostars show both higher single-
particle SERS intensity and better reproducibility than
asymmetric Au nanostars (Figure 4k). The enhance factors for
symmetric Au nanostars range from 2.3—7.5 X 10° with an
average of 4.5 X 10%, nearly four times stronger than that of
asymmetric nanostars (1.7 X 10’—2.9 X 108, average 1.2 X 10%).
For symmetric nanostars, all the EF factors of the symmetric
nanostars are in the same order; the largest EF is only three times
as large as the smallest one. While the EF factors of asymmetric
nanostars vary in 2 orders of magnitude, the largest EF is over 17
times greater than the smallest one. Statistically, the symmetric
nanostars have much lower relative standard deviation than the
asymmetric nanostars (46.7% vs 71.2%), indicating that the
symmetric nanostars have higher reproducibility in their SERS
performance. Moreover, the EF values could be underestimated
because all the molecules beneath the nanostar were considered
for SERS herein, while actually only the molecules trapped in the
proximity to the tips of Au nanostars contribute to the SERS
performances.*'
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In conclusion, Au nanostars with unpreceded high degree of
symmetry were synthesized in high yield and remarkable
monodispersity. Icosahedral seeds were used to dictate the I,
symmetry of the nanostars. DMA, along with other alkylamines,
was found to stabilize the high-index {hkI} Au facets for the first
time. Benefiting from their high symmetry, the Au nanostars
exhibit superior single-particle SERS performance in terms of
both intensity and reproducibility. The remarkable level of
synthetic control of highly symmetric nanostars demonstrates
that increased sophistication in shape-selective growth of
plasmonic nanomaterials could be achieved by tailored
nucleation and growth and implied future development of
programmed synthesis of nanoarchitectures. As a result of their
high symmetry and uniformity, these nanostars will provide
exciting new opportunities to study the fundamental plasmonic
properties of shaped NCs and enrich the choices of building
blocks for NC assemblies. Their near-IR LSPR properties also
endow the Au nanostars great potential in biological applications.
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