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ABSTRACT: Au trisoctahedrons (TOHs) with sharp tips and high-index facets have
exceptional properties for diverse applications, such as plasmon-enhanced spectros-
copies, catalysis, sensing, and biomedicine. However, the synthesis of Au TOHs remains
challenging, and most reported synthetic methods are time-consuming or involve
complex steps, hindering the exploration of their potential applications. Herein, we
present a facile and fast approach to prepare Au TOHs with high uniformity and good
control over the final size and shape, all within less than 10 min of synthesis, for surface-
enhanced Raman spectroscopy (SERS) and refractive index sensing. The size of the Au
TOHs can be easily tailored over a wide range, from 39 to 268 nm, allowing a tuning of
the plasmon resonance at wavelengths from visible to near-infrared regions. The exposed facets of the Au TOHs can also be varied
by controlling the growth temperatures. The wide tunability of size and exposed facets of Au TOHs can greatly broaden the range of
their applications. We have also encapsulated Au TOHs with zeolite imidazolate framework (ZIF-8), obtaining core−shell hybrid
structures. With the ability to tune Au TOH size, we further assessed their SERS performances in function of their size by detecting
2-NaT in solution, exhibiting enhancement factors of the order of 105 with higher values when the LSPR is blue-shifted from the
laser excitation wavelength. Au TOHs have been also compared for refractive index sensing applications against Au nanospheres,
revealing Au TOHs as better candidates. Overall, this facile and fast method for synthesizing Au TOHs with tunable size and
exposed facets simplifies the path toward the exploration of properties and applications of this highly symmetrical and high-index
nanostructure.
KEYWORDS: Au trisoctahedrons, high-index facets, sharp tips, plasmonic nanoparticles, ZIF-8, SERS, refractive index sensing

1. INTRODUCTION
In recent decades, significant attention and research efforts
have been devoted to the preparation of Au nanostructures
with controllable shapes, as there is a strong correlation
between their morphologies and properties.1−8 Nanostructures
with high-index facets, possessing at least one of the three
Miller indices larger than 1, are of particular interest due to
their greater density of atomic kinks, steps, and edges, which
often result in higher chemical-reaction activities compared to
the low-index-faceted nanostructures.9,10 Furthermore, high-
index-faceted nanostructures exhibit a greater number of well-
defined sharp tips and edges that present much stronger local
electromagnetic fields, leading to more efficient surface-
enhanced Raman scattering performances and higher sensitiv-
ities for sensing.11,12 Despite their promising properties,
synthesizing Au nanostructures with high-index facets remains
a remarkable challenge because of their high surface energy,
which causes fast atom deposition rates and makes these facets
disappear during the growth process. As a result, nanoparticles
tend to display low-index facets, such as {100}, {111}, and
{110}, to minimize their surface energy.13 Consequently, there
is an extensive literature on various Au nanostructures with
low-index facets, including nanocubes,14 nanorods,15,16 octahe-

drons,17 and rhombic dodecahedrons.18 In contrast, there are
relatively few reports on Au nanostructures enclosed by high-
index facets.19,20

The rapid advancements in the field of plasmonic
nanostructures have enabled researchers to understand that
the morphology of noble metal nanostructures is capable of
being controlled through tuning the kinetic and thermody-
namic growth conditions in wet-chemical methods.21,22 This
understanding has opened up possibilities for synthesizing
nanostructures enclosed by high-index facets. Various
morphologies have been successfully obtained, including
tetrahexahedron with {hk0} facets, trapezohedron with {hkk}
facets, trisoctahedron (TOH) with {hhl} facets, and
hexoctahedron with {hkl} facets.23 Among these, TOHs
bounded by 24 triangular high-index facets possesses a high
symmetry and exhibits only one dipolar plasmonic peak
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located between 500 and 800 nm, making them a suitable
alternative in applications where Au nanospheres (NSs) are
commonly used. For example, Xia’s group demonstrated that
Au TOH could provoke endocytic response with an efficacy
comparable to that of Au NS.20 Furthermore, the high-index
facets of Au TOHs bestow to this nanostructure high catalytic
performances, as reported in several works,24,25 and its tipped
surface makes it an excellent candidate for detection
applications, such as surface-enhanced Raman spectroscopy
(SERS).26

In 2008, Ma and coworkers first reported a wet-chemical
method to synthesize Au TOHs enclosed by {221} facets,9

highlighting the role of cetyltrimethylammonium chloride
(CTAC) as the key surfactant. In spite of the fact that the
method is simple, the limitations in tuning the size and the
exposed facets called for the development of other synthetic
approaches. In 2010, Yu et al. introduced seed-mediated
methods on the synthesis of Au TOHs where the size can be
tuned in a narrow range, providing the first control on the final
nanoparticle size.24 Other methods suitable for Au TOH
synthesis have been followed with studies on shape evolution
growth mechanisms,26−30 but synthetic methods capable of
controlling size in a wide range and exposed planes have yet to
be developed. In 2015, Song et al. presented {331}-faceted
TOHs with a remarkable range of sizes, from 60 to 255 nm,
but through successive growths that might take more than a
day to complete.25 In 2018, Xia’s group developed a new
method with the ability to tune the dihedral angles by changing
the reaction temperature;20 however, the steps involved in this
method are more complicated compared to other methods,
and the tunable range of sizes is relatively narrow. We
summarized the reported methods for preparing Au TOHs in
Table S1.

Herein, we present a seed-mediated method to obtain Au
TOHs that outperforms the procedures existing in the
literature in three aspects. First, the synthesis process is
simplified. This includes the preparation of seeds without a
need for further treatment or aging time, as well as employing
commonly used reagents and instrumentations. Second, we
shortened the total reaction time to less than 10 min from start
to end of the entire synthesis, including seed preparation.
Third, the size of the resulting nanostructure can be controlled
in a wide range from 39 to 268 nm by varying the volume of
seed solution in the growth solution. Moreover, the Miller
indices of facets for forming Au TOHs can also be tuned.
Additionally, we demonstrated the synthesis of Au TOHs
covered by zeolite imidazolate framework (ZIF-8), core−shell
hybrid structures (Au TOH@ZIF-8) that pave the way to
using this nanostructure in gas sensing31,32 and catalysis
applications. Finally, we demonstrated the applicability of Au
TOHs for SERS and refractive index sensing. With this work,
we ease the path of using high-index nanoparticles on a regular
basis to explore their diverse applications, such as in photonics
sensing, as herein demonstrated.

2. EXPERIMENTAL SECTION
2.1. Materials. Gold(III) chloride trihydrates (HAuCl4·3H2O, ≥

99.9%), chloroplatinic acid hexahydrate (H2PtCl6·6H2O, ≥ 99.9%),
sodium borohydride (NaBH4, ≥ 99.99%), L-ascorbic acid (AA, ≥
99.5%), cetyltrimethylammonium bromide (CTAB, ≥ 99%),
cetyltrimethylammonium chloride (CTAC, 25 wt % in water), 2-
methylimidazole (2-MeIm, 99%), zinc nitrate hexahydrate (Zn-
(NO3)2·6H2O, 99%), 2-naphthalenethiol (2-NaT, 99%), glycerol

(≥99.5%), methanol (99.8%), and ethanol (99%) were purchased
from Sigma-Aldrich. All the mentioned chemicals were used without
further purification. Milli-Q water (resistivity 18.2 MΩ cm at 25 °C)
was employed in all experiments.

2.2. Preparation of Au TOHs. Au TOHs were synthesized by a
seed-mediated method. The first step was to prepare the seed solution
by injecting freshly prepared ice-cold NaBH4 solution (0.01 M, 900
μL) into a mixture of CTAB (0.1 M, 9.75 mL), HAuCl4 (0.01 M, 150
μL) and H2PtCl6 solutions (0.01 M, 100 μL). A volume of 20 μL of
the obtained seed solution was diluted into 10 mL of Milli-Q water.
Depending on the final Au TOH size, a defined volume of the diluted
seed solution was added to a mixed solution, which contains CTAC
(25 mM, 10 mL), HAuCl4 (0.01 M, 500 μL), H2PtCl6 (0.01 M, 5
μL), and AA solutions (0.1 M, 250 μL). The resulting mixture was
kept undisturbed at 45 °C for 7 min, which was the time required for
the reaction to complete.

2.3. Preparation of Au TOH@ZIF-8 Structures. The
encapsulation of Au TOHs with ZIF-8 was carried out following a
previously reported method33 with minor modifications. Au TOHs
were centrifuged twice (7000 rpm, 7 min) to remove CTAC and then
redispersed in an aqueous solution of 1 mM CTAB. In 1 mL solution
of 2-MeIm (1.32 M) at 35 °C with continuous stirring, 1 mL of an
aqueous solution of Zn(NO3)2·6H2O (24 mM) was added, followed
by the addition of 1 mL of washed TOH solution (in 1 mM CTAB) 1
min later. After 5 min of continuous stirring, the solution was left
undisturbed until the collection of samples. The resulting Au TOH@
ZIF-8 hybrids were centrifuged at 5000 rpm for 5 min and redispersed
in methanol.

2.4. Characterization. The extinction spectra were collected on
an Agilent Technologies Cary 60 UV−vis spectrophotometer. The
scanning electron microscopy (SEM) images were obtained on a
Hitachi S-4800 microscope. Transmission electron microscopy
(TEM) imaging were performed on both JEOL 2010F microscope
operating at 200 kV and FEI Titan Themis 300 G3 microscope
operating at 300 kV. The selected area electron diffraction (SAED)
patterns and high-resolution TEM (HRTEM) images were recorded
on the FEI Titan Themis 300 G3. Scanning TEM (STEM) images
were recorded using a high-angle annular dark-field (HAADF) and
bright-field (BF) detectors; elemental mapping and energy-dispersive
X-ray spectrometry (EDX) were acquired using a silicon drift detector
from Oxford Instruments (X-Max 80T SDD). The 3-dimensional
tomography data were acquired by using the serial EM acquisition
software and a 4096 × 4096 pixels cooled CMOS Ceta camera. The
tomography software allows for the automatic step-by-step variation
of the tilt angle, the correction of the focus of the image, and the
preservation of the object under study within the field of view. The tilt
angle was varied in a range of −59° to +51°, and images were
recorded every 2° giving a total of 56 images with a total acquisition
time of about 10 min. The data treatment of the tilt series for
preliminary image processing procedure was performed using the
IMOD software. The volume reconstruction was obtained using 10
iterations of the algebraic reconstruction technique algorithm
(ART)34 implemented in the TOMOJ software.35,36

2.5. Finite-Element Method (FEM) Simulation. The simulated
extinction spectra were computed using the finite-element-based
commercial software COMSOL Multiphysics. A numerical model of
the Au TOH was implemented by taking into account the
experimental values of the geometry, including size and three
projection angles α, β, and γ, obtained from the TEM images. The
geometry of the TOH was smoothened on the edges and tips of the
structure by resorting to cylinders and spheres. A smoothing of the
tips with a spherical profile of radius rs was set equal to the average
size of the TOH divided by 40. The refractive index of Au was taken
from Johnson and Christy’s tables.37 The host medium in which the
particle is immersed is assumed to be water (with a nondissipative
refractive index of 1.33). The simulated domain was defined as a
sphere surrounded by perfectly matched layers to emulate an infinite
medium. Maxwell’s equations were solved in the scattered field
formalism with the particle excited by an incident plane wave. The
scattering cross section was computed by integrating the flux of the
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Poynting vector of the scattered field across a closed sphere
surrounding the particle and normalized to the input intensity. The
absorption cross section was computed by integrating the ohmic
losses over the entire particle volume and also normalized to the input
intensity. The extinction cross section was taken as the sum of the
scattering and absorption cross sections. It is worth noting that for
every simulation, the extinction cross section was computed for three
orthogonal directions of incidence of the impinging plane wave,
obtaining negligible variations with orientation. However, the
calculated electric field enhancements contour of a single particle
was obtained by calculating a fixed orientation.

2.6. SERS Measurement. Three different Au TOH colloidal
solutions were prepared with selected nanoparticle sizes, resulting in a
localized surface plasmon resonance (LSPR) peak around the laser
excitation wavelength while favoring the blue-shift zone, which is
found to exhibit the highest Raman scattered signal.26,38 The as-
prepared Au TOHs (10 mL) were first washed twice with Milli-Q
water to remove the surfactant as much as possible. Then the Au
TOHs were redispersed into Milli-Q water (10 mL) and mixed with
2-NaT molecules dissolved into ethanol (20 μL, 0.01M), used as the
Raman reporter. The resultant mixtures were left at room temperature
for at least 2 h to ensure complete chemisorption. Subsequently, the
mixtures were centrifuged to remove the unbounded molecules and
redispersed into different volumes of Milli-Q water, thus obtaining a
set of solutions with different Au TOH concentrations, ranging ∼107

to ∼109 NP mL−1 based on the measured extinction intensities and
simulated cross sections. Raman spectra were collected with a
confocal Raman microscope (LabRAM HR, HORIBA) equipped with
a CCD camera (Synapse, HORIBA), a 633 nm HeNe laser, and a 600
grooves/mm diffraction grating. The spectra of colloidal solutions
were collected employing a quartz cuvette with 1 cm optical length, a
3 mW laser power, a 10× objective lens (NA = 0.25), and an
integration time of 20 s.

2.7. Refraction Index Measurements. The as-prepared Au
nanoparticles were centrifuged and dispersed into Milli-Q water or
the mixture of water and glycerol. The refractive indices of water and
glycerol are 1.3334 and 1.4746, respectively. The volume percentage
of glycerol in the water−glycerol mixtures was varied from 0% to 81%
in steps of 9% to produce a gradual increase in the refractive index.
The extinction spectra of these dispersion solutions of Au nano-
particles were recorded on the UV−vis spectrophotometer. Au NSs
were synthesized following the seed-mediated method previously
reported.39

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization. As schematically

shown in Figure 1a, Au TOHs were synthesized following a
one-step seed-mediated method. The seed solution was
obtained by mixing fresh ice-cold NaBH4 solution with
HAuCl4, H2PtCl6, and CTAB solutions. The resulting solution
was diluted into Milli-Q water and subsequently utilized as
seeds for growing TOHs in the presence of CTAC, HAuCl4,
H2PtCl6, and AA as the surfactant, precursor, shape-directing
agent, and reducing agent, respectively. The resulting products
were first characterized by SEM imaging, to determine the
morphology of the samples obtained. The TOH structure can
be visualized as the resulting structure after ‘pulling out’ the
centers of the eight triangular facets of an octahedron. Since
three new faces are generated after ‘pulling’ one face, the TOH
has a total of 24 faces. In Figure 1b,c representative SEM
images of synthesized Au TOHs are shown, revealing the
excellent match between the nanoparticle shape and the
corresponding geometric model of TOH in Figure 1a. We
noticed that the contours of some nanostructures are slightly

Figure 1. (a) Schematic of the procedure for the synthesis of Au TOHs: an initial step designed for the production of seed solution, followed by a
seed-mediated growth step. (b, c) SEM images of the Au TOHs supported on a silicon substrate. The low-magnification image stresses on the
monodispersity of the Au TOH size and shape. (d) Schematic models and SEM images of TOHs in different orientations. All the SEM images
presented in (d) have the same scale bar.
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different at first glance. This difference is probably caused by
their different projection orientations. This has been checked
carefully rotating the sample during SEM observations. As
shown in Figure 1d, a thorough comparison between high-
magnification SEM images and the geometrical models
confirms that most of the particles are indeed consistent
with the TOH morphology but observed at different
orientations. This visual effect has an inevitable impact on
the measured size distribution (vide infra), yet the excellent
size uniformity and high shape purity is appreciable in the SEM
images.

In order to get more insights into the structural and
morphological characteristics, TEM imaging was subsequently
carried out. Figure 2a displays a representative low-
magnification TEM image of the Au TOH obtained. The
average size of the Au TOH along the longest axis (see the
schematic inserted in Figure 2a for definition) measured from
the TEM imaging was found to be 123 ± 8 nm. The wide size
distribution was attributed to the deviation of the projection
directions, for instance, the difference in the projection
directions shown in the first two images in the top row of
Figure 1d.

Furthermore, electron tomography studies were carried out
on several nanoparticles, individual or assembled, in order to
visualize their multifaceted 3-dimensional shape and tipped
surfaces. The corresponding projection tilt series (Movie S1),
as well as the reconstructed volume (see Movie S2) and how
they were obtained are given in the Experimental Section. A
representative frame of the tomography reconstruction model
(see Movie S2) is shown in Figure 2b, presenting clearly the
expected structural features of TOHs.

High-resolution TEM (HRTEM) was used to determine the
Miller indices of the exposed facets in TOH structures. Since
all the 24 facets belong to the crystal planes of the <110> zone
axis family, the Miller indices are all {hhl}.9 Two methods were

considered. The first method involves measuring the
projection angles when the TOH is viewed along the <110>
direction, as described in Section 2 of the Supporting
Information.24,25 The angles are defined as α, β, and γ,
respectively, as illustrated in the top right inset in Figure 2c. A
typical TEM image of an individual TOH oriented along
<110> axis is shown in Figure 2c, and the corresponding SAED
pattern (bottom right inset) confirms the direction as well as
the single-crystal nature of the particles. By comparing the
measured projection angles with the calculated ones (Table
S2), the Miller index of the facets enclosing the α angle is
{331} and the ones enclosing the γ angle are close to {551}
facets. The second method is by direct analysis of the
arrangement of atoms on exposed facets from HRTEM images.
Based on the step notion theory (Table S3), first reported by
Van Hove and Somorjai,40 the HRTEM image in Figure 2d
illustrates that the Miller index of one edge-on facet is {551}
since the facets are denoted by 3(110) × (111), matching well
with the atomic model (Figure S1).

The optical properties of the synthesized Au TOHs were
also examined. UV−vis spectrophotometry was carried out on
the colloidal solutions to obtain the extinction spectra, as
exemplified in Figure 2e. In this case, the extinction spectrum
of Au TOHs with size of 123 ± 8 nm exhibits only one
plasmonic peak, situated at 607 nm. We compared this
experimental spectrum with a simulated one generated using
the FEM modeling utilizing the morphologic parameters
obtained from electron microscopy analyses. To ensure
sufficient accuracy, the domain was meshed with elements
that were small compared to the wavelength and the typical
particle size (Figure 2f). A convergence study was conducted
for each geometry, varying the number of meshed elements to
ensure accuracy. This method has been used in the past to
simulate the optical properties of various plasmonic nano-
structures.41,42 The simulation results, represented by the red

Figure 2. (a) TEM image of Au TOHs, emphasizing the sharp apexes of the structure. (b) Representative frame illustrating the 3-dimensional
model of an ensemble of 4 Au TOHs obtained using the 3-dimensional Slicer software. (c) TEM image of a single Au TOH presenting a 94 nm
size, recorded along the <110> direction. Inset in top-right is a schematic representation of an ideal TOH projected from the <110> direction. Inset
in bottom-right is the corresponding SAED pattern. Measured projection angles between the various edges of the TOH are marked on the TEM
image. (d) The corresponding HRTEM image of an edge-on facet allows the atomic steps on the surface to be identified. On the image, {111}
steps and {110} terraces have been marked to highlight the {551} plane. (e) Normalized extinction spectra, experimentally obtained (black line)
and simulated by FEM (red line), of Au TOHs with size of 123 ± 8 nm. (f) Typical meshing of the TOH structure used to compute the extinction
cross section.
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line in Figure 2e, also exhibit a single plasmonic peak at 620
nm, in agreement with the experimental results. The small
deviation in the plasmonic wavelengths can be considered as a
consequence of the slightly truncated tips in the as-prepared
Au TOHs, which differs from the geometrical models used in
the simulation. Additionally, we observed that the measured
extinction band was broader than the simulated one. This
difference is a result of the inhomogeneous Au TOHs, which
possess a statistically size distribution around the mean value,
but the size distribution is very narrow since the width is small.

To determine the total reaction time of our seed-mediated
procedure, we considered the effect of prolonged reaction
times in both the seed preparation and the growth step.
Indeed, in seed-mediated growth methods, the formation of
seeds can play a key role in determining the final morphology
of the nanostructure, in some cases requiring also a post-
treatment before being used in the growth step. This is
exemplified in the synthesis of Au nanobipyramids where seeds
need to be treated for 90 min at 80 °C.43 Therefore, we first
investigated how the final nanostructure changed as the time of
seed formation was prolonged. The results, presented in Figure
S2, showed that Au TOHs are obtained in high yield but differ
in size. This size difference is associated with the decrease in
the seed number in the seed solution by increasing the reaction
time due to the Ostwald ripening effect.44 Additionally, the
excess of NaBH4 in the seed solution has a negligible impact
on the final shape since the original seed solution was diluted
around 105 times. As a result, the seeds could be used
immediately after the NaBH4 was added, which largely
shortened and simplified the entire synthetic procedure. We
also monitored the morphology and size of the nanostructures
at different growth times. The in situ extinction spectra
recorded during growth, presented in Figure 3a, illustrate a
unique plasmonic band with a continuous redshift over time as
well as a gradual increase in peak intensity. After 7 min, the
spectra at subsequent reaction times overlap, indicating that
the growth process have finished. To determine if the
nanoparticles evolve into different morphologies during
growth,28,29 samples were extracted at different growth times
and immediately centrifuged to minimize any further growth
outside the reactor. SEM images of the samples demonstrate
that, even at the shortest reaction time of 20 s (and the 3 min
of centrifugation), Au TOHs have already been formed. As the
reaction time increased from 20 s to 7 min, only the size
gradually increased while the morphology remained unchanged
(Figure 3b−d). This combination of fast TOH formation and
the immediate use of seed solution makes possible the

complete synthesis of Au TOHs to be achieved in less than
10 min.

The formation of Au TOHs in high yield is strongly
dependent on the composition of the solutions. We observed
that adding H2PtCl6 in both the seed solution and the growth
solution can greatly improve the quality of the Au TOHs. First,
in the seed solution, the introduction of H2PtCl6 improved the
monodispersity of the seeds, as we observed under TEM
(Figure S3), and as was previously reported.45 Seeds
synthesized, diluted, and characterized with TEM under less
than 20 min showed to be single crystals with dimensions
ranging between 2 and 3 nm (Figure S3b). Additionally, seeds
obtained using different ratios of HAuCl4 and H2PtCl6 were
employed for the synthesis of Au TOHs, confirming the role of
H2PtCl6 in improving the monodispersity but with none or
negligible effect on the morphology of the final Au
nanostructures (Figure S4). For the growing stage, despite
the small amount of H2PtCl6 added in the growth solution, a
significant improvement in the shape purity of Au TOHs was
noticeable (Figure S5). We assign this improvement to the fact
that Pt atoms are preferentially deposited on the facets with
high surface energy,46 thereby blocking the growth of these
facets and resulting in the formation of nanostructures with
high-index facets rather than bipyramids with {11n} facets,
which have low surface energy. The use of metal ions is a
common practice to preferentially grow particular shapes and
planes, although a clear mechanism is still part of an extended
debate47,48 due to the difficulty of distinguishing the individual
role of metal ions in this preferential growth from other
components present in the growth solution.49,50 Importantly,
elemental mapping and EDX carried out on the Au TOH
obtained show that the TOH nanostructure is predominantly
composed of Au element (Figures S6 and S7).

The type and concentration of surfactant also play a critical
impact on the final nanostructure, as shown in previous
studies.9,25 The use of CTAC as the surfactant is beneficial for
the formation of TOH in the absence of silver ions,26,50 and
therefore it was our first choice to use CTAC as the capping
agent to prepare Au TOHs. We observed a significant
influence of the CTAC concentrations on the final shape
and size of the resulting nanoparticles, after carrying out a set
of experiments with different concentrations of CTAC (Figure
S8). The results indicate that high-purity TOHs can only be
obtained when the concentration of CTAC is around 25 mM.
We also confirmed that CTAB is not a suitable surfactant for
the growth of Au TOHs under our experimental conditions
(Figure S8h). The difference in products obtained by
employing CTAC and CTAB as surfactants is caused by the

Figure 3. (a) Extinction spectra recorded at different growth times during the growth process of Au TOHs. (b−d) SEM images of the obtained
products collected at 20 s, 3 min, and 7 min, respectively. It took 3 min to centrifuge each sample.
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different affinities of these two surfactants. Generally, Br− ions
exhibit stronger binding to Au surfaces than Cl− ions.51

High-index geometries as TOHs are obtained under
kinetically controlled conditions, benefiting from a fast atom
deposition rate in the synthesis and thus avoiding thermody-
namically more stable planes with lower surface energy.
Therefore, the amount of AA in the growth solution is an
important factor for influencing the final nanostructures as the
reducing rate of HAuCl4 will increase when the amount of AA
increases, resulting in a higher deposition rate of Au atoms. To
understand how this affects the final nanoparticle shape and
size, we conducted a series of experiments employing different
amounts of AA in the growth solution while keeping other
conditions constant. As shown in Figure S9, the formation of
TOH shape requires a fast enough reduction rate to drive the
growth not only on {110} facets but also on {111} and {100}
facets, but at different growth rates. The optimal amount of AA
(0.1 M) in our experiments is approximately 250 μL for 10 mL
of growth solution.

3.2. Tuning TOH Size. The ability to synthetically tailor
the LSPR properties through size control is one of the most
outstanding features of Au nanostructures.52,53 In seed-
mediated growth methods, the final nanoparticle size can be
easily fine-controlled by adjusting the amount of seed solution
added into the growth solution while maintaining the other
conditions constant.43 We prepared 13 samples of Au TOHs
by varying volumes of diluted seed solution, ranging from 2 mL
to 5 μL. A digital photograph of these samples, shown in
Figure S10, displays a variation of the colors of these 13
samples ranging from red to purple and finally brown as the
amount of seed solution decreases. The extinction spectra of
these 13 samples were acquired, presenting that the dipolar
plasmon peak gradually red shifts from 532 to 923 nm (Figure
4a). The highly uniform shapes and sizes of these Au TOH

samples were confirmed by SEM and TEM imaging, as shown
in Figure 4b−g and Figures S11 and S12. The average size of
Au TOHs measured from TEM images changes from 39 to
268 nm, with narrow size distributions that give standard
deviations below 10% for any size of the range (Table S4). To
the best of our knowledge, this is the broadest range of the Au
TOH sizes synthesized in a one-step seed-mediated method.
For larger Au TOHs, the extinction spectrum displays a
broader dipole band as well as the appearance of the
quadrupole mode band, as confirmed by FEM simulation
(Figure S13), due to phase retardation effects.39,54 A complete
summary of the results is presented in Table S4, as well as the
plots of the wavelength of dipolar plasmon peak and size versus
the volume of the diluted seed solution (Figure S14).
Interestingly, the third power of the TOH size is linearly
related to the reciprocal of the volume of the diluted seed
solution with a high fitting coefficient, as presented in Figure
4h. This observation is consistent with previous reports using
seed-mediated methods,39,55 demonstrating that Au atoms in
the growth solution exclusively deposited onto the seeds
without generating new nuclei, which is critical because the
linearity would be disrupted if new nucleation occurred during
synthesis. With the directly proportional relationship, it is very
convenient to calculate the volumes of seed solution needed to
synthesize Au TOHs with desired sizes. Previous works have
reported the relationships between plasmonic peak and the size
for Au NSs, Au nanorods, and Au nanobipyramids;43,56

however, none has been established between dipolar plasmonic
peak and size for Au TOHs. Herein, we plotted the dipolar
plasmonic peak wavelength of Au TOHs as a function of their
size (Figure 4i), drawing a double-linear behavior, trend that
can be related to the variations in the volume of the
nanostructures, as reported in previous works for other Au
nanostructures.43,57 This double-linear relationship is an

Figure 4. (a) Set of experimental extinction spectra of Au TOH colloidal solutions. The volume of seed solution used for each seed-mediated
synthesis is indicated in the left column, together with the corresponding average size of the resulting TOH, right column. (b−d) SEM and (e−g)
TEM images of representative samples. The images correspond to samples of 39 ± 3 nm, 132 ± 8 nm, and 268 ± 22 nm, respectively. (h) The
linear relationship between the cubic power of the average size of TOHs and the reciprocal of the volume of the diluted seed solution in the growth
solution. (i) The empirical double-linear relationship between LSPR dipolar peaks of Au TOHs and their sizes.
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empirical observation that facilitates the selection of the
experimental conditions for the synthesis of a Au TOH with a
defined dipolar plasmonic band.

3.3. The Impact of Growth Temperature. In the process
of the nanostructure growth, temperature can play a role in the
rate of atom deposition22 as well as in the atom mobility and
rearrangement.20 We evaluated the effect of different growth
temperatures on the final nanostructures by carrying out a
series of synthesis, from 25 to 95 °C. SEM and TEM imaging
were performed to characterize the sizes and morphologies of
the nanostructures obtained (Figure 5a−c, and Figures S15

and S16). The nanostructures formed at 25 and 45 °C are
TOHs with an average size of 113 ± 6 and 114 ± 6 nm,
respectively, but possess different average dihedral angles, 161
± 3° and 163 ± 3°, respectively. This increase in dihedral angle
indicates that the facet indices of nanostructures varied as the
growth temperature increased, from around {441} for the
synthesis at 25 °C to approximately {551} at 45 °C. As the
growth temperature was further increased to 95 °C, atom
mobility and rearrangement has a direct effect on the final
nanoparticle morphology.20 By carefully analyzing SEM and
TEM images and comparing with schematic models, we
confirmed that the morphology of the nanostructures obtained
at 95 °C is mainly rhombic dodecahedron with {110} facets48

instead of TOH, as shown in Figure 5c as well as Figures S15c,f
and S16. This change in morphology also has an impact on the
extinction spectra (Figure 5d), where a blue-shift in the LSPR
peak is observed with an increase in the growth temperature.
We ascribed the blue-shift in plasmonic peak to the variations
in the Miller index, as the nanostructures became less sharp,
which is in agreement with previous works.11,58 To further

confirm this, simulated extinction spectra of TOH enclosed by
extreme planes {221} to {661} also exhibit a blue-shift as the
Miller indices increase, shown in Figure 5e. The shift range in
the simulation results is larger because the built TOH structure
is sharper than the experimentally obtained TOH.

3.4. Encapsulation with Metal Organic Framework
ZIF-8. Combining plasmonic nanoparticles with metal organic
frameworks (MOFs) in a core−shell hybrid structure has been
a recent approach to extend the applicability of SERS for the
detection of gas.31,32,59 For the encapsulation, CTAB has
shown to play an important role as a bridge molecule to
facilitate the attachment and posterior growth of ZIF-8 on the
planes of the metal particle core.33,60 To facilitate the
interaction between Au TOHs capped with CTAC and ZIF-
8, the as-prepared Au TOHs were washed twice in 1 mM
CTAB before being encapsulated. This capping agent exchange
led to an increase in the random attachment of formed ZIF-8
nucleus onto the surface of the Au TOH, as shown in Figures
6a and S17a). The subsequent growth of ZIF-8 was localized

on the attached nucleus, leading to an asymmetrical structure
(Figures 6b and S17b). The final core−shell Au TOH@ZIF-8
results in the expected cubic structure,61 with a single metallic
nucleus slightly off-centered (Figures 6c and S17c). The vast
majority of the Au TOHs were encapsulated; however, the
homogeneous nucleation of ZIF-8 taking place simultaneously
generates a side population of cubic ZIF-8 without metallic
core, although this can be removed by centrifugation. The
important role of CTAB in avoiding the aggregation of Au
TOHs and facilitate the growth of ZIF-8 was confirmed when
the Au TOH was redispersed in pure water, resulting in a
variety of nanostructures, from bare uncovered Au TOHs to
aggregated Au TOHs coated with large ZIF-8 (Figure S17d).
In addition, an EDX mapping was performed to confirm the
elemental distribution of the Au TOH@ZIF-8 structures
(Figure S18).

3.5. Surface-Enhanced Raman Spectroscopy. Au
TOHs have been reported to exhibit excellent SERS activities
due to their well-defined tips, edges, steps, and kinks, showing
large electromagnetic field enhancement.25,62 Interestingly,
previous work from C.J. Murphy’s group38 on colloidal
suspensions of Au nanorods and later Zhang et al.26 on Au
concave nanocubes and Au TOHs studied at single-particle
SERS level, revealed that the maximum SERS signals were
obtained on samples whose LSPR plasmon band position was
blue-shifted in wavelength with respect to the excitation laser.
To attest the SERS efficiency of the Au TOHs and find the
optimal size for an excitation laser of 633 nm, we synthetically
tailored three Au TOH samples so their plasmonic wave-
lengths were located preferably in the blue-shift zone of the
633 nm. The as-prepared Au TOHs were first functionalized

Figure 5. (a−c) TEM images of individual particles obtained at 25
°C, 45 °C, and 95 °C, respectively. The change in the dihedral angles
measured proves a variation in the exposed high-index facets. An
average data of 60 angles (30 particles) were measured for each
sample on particles projected along the <110> direction. Insets of
indicative geometric models are provided to illustrate the shape
evolution for different temperatures, with the blue lines marking the
change in dihedral angle. The TOH geometry is lost when the
synthesis is carried out at high temperatures. (d) Extinction spectra of
Au TOHs obtained at different growth temperatures. (e) Simulated
extinction spectra for two extreme planes, {221} and {661} confirm
the blue-shift observed in the experiment.

Figure 6. TEM images of representative Au TOH@ZIF-8 particles at
different times of the encapsulation. The samples were extracted at
(a) 15 min, (b) 60 min, and (c) 1 day after the start of the synthesis.
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with the Raman active molecules, 2-NaT, on their surfaces, and
then diluted into different volumes of Milli-Q water for the
SERS measurements in solution. The particle concentrations of
these samples can be calculated by determining the extinction
intensities and cross sections (see details in Section 7.1 in the
Supporting Information), we thus measured the extinction
spectra of all the samples (Figure 7). The plasmonic peaks of
these three Au TOH samples are at 596 nm (Au TOH 1), 619
nm (Au TOH 2), and 646 nm (Au TOH 3). The peak
intensities are summarized in Table S5.

The SERS activities were evaluated by collecting the Raman
spectra of 2-NaT absorbed on the Au TOHs, whose details are
described in the experimental section. As displayed in Figure
8a, several characteristic signals were observed in the Raman
spectra. Typically, the peaks located at 1382.8 and 1619.2 cm−1

are attributed to the ring modes, the C−H bending mode is
located at 1069 cm−1, and the peak at 769.3 cm−1 is dominated
by the ring deformation.63,64 It is seen that the intensities of
these peaks slowly decreased with the reduction of the particle

concentrations because of the decrease in the total number of
measured molecules. The peak at 1382.8 cm−1 was selected to
investigate the variations of the peak intensity as the change of
particle concentration (Table S5).65 The integrated area of the
peak was plotted as a function of the peak intensity of
extinction spectrum (Figure 8b), observing a linear depend-
ency. Interestingly, sample Au TOH 1 and Au TOH 2 show
similar slopes, which are the two samples with LSPR peaks
blue-shifted from the laser wavelength. Sample Au TOH 1
exhibits a slightly higher Raman signal among these three
samples when they have the same extinction intensity, result
that can be explained as variations of the particle
concentration, since Au TOH 1 being the smallest particle
with smallest cross section,66 it must have the largest particle
concentration for a given extinction intensity (according to eq
3 in the Supporting Information). It is worth noting that since
the lowest extinction intensity was 0.0156 for Au TOH 3, and
with a cross section calculated from FEM simulation of 9.90 ×
104 nm2, the lowest detected particle concentration is 3.63 ×
107 NP mL−1. The detection limit in liquid is able to be
improved by increasing the laser power and/or the integration
time. In view of the similar slopes for sample Au TOH 1 and
Au TOH 2, we considered pertinent to also calculate the
enhancement factor (EF) of the Raman signals for these three
samples by measuring the Raman signal of 0.1 M 2-NaT
solution without Au nanoparticles and using eq 7 in the
Supporting Information (Figure S19). The calculated EFs
resulted to be 2.15 × 105, 2.56 × 105, and 1.72 × 105 for Au
TOH 1, Au TOH 2, and Au TOH 3, respectively. In this case,
the Au TOH 2 with LSPR peak at 619 nm and blue-shifted
with respect the excitation light, presents a significantly higher
EF when compared to the other two samples, which supports
our previous observation and highlights the importance of
synthetically tuning the plasmon peak to gain the maximum
sensitivity in SERS applications.26,38

3.6. Refractive Index Sensing. LSPR properties of noble
metal nanocrystals are sensitive to changes in the refractive
index of the surrounding medium. An increase in the refractive
index induces a red shift in the plasmonic peak of noble metal
nanostructures, especially nanostructures with sharp tips and
edges that exhibit strong sensitivities. Au TOHs have 14 sharp

Figure 7. Extinction spectra of three Au TOH samples with 5
different colloidal solution concentrations (notation Ci,j reads as
sample i, concentration j). Vertical dashed line marks the LSPR peak,
around the 633 nm laser excitation wavelength.

Figure 8. (a) SERS spectra of three Au TOH samples of different sizes, at 5 different colloidal concentrations, with absorbed 2-NaT molecules.
Notation Ci,j reads as sample i, concentration j. The vertical gray shadow line marks the Raman peak used for analysis. (b) Plots of the integrated
area of Raman peak (IRaman) at 1382.8 cm−1 as a function of the extinction intensity of the dipolar plasmonic peak in the extinction spectra (IE).
The coefficient values (R2) of the linear fit are 0.976, 0.985, and 0.989, for Au TOH 1, Au TOH 2, and Au TOH 3, respectively.
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tips and 24 edges, making it a suitable candidate for sensing
variations in refractive index, which have interesting biosensing
potential.4,67,68 For this study, we evaluated the refractive index
sensitivity of Au TOHs and compared it with that of Au NSs
since both of them have high geometric symmetry and only
one dipolar plasmonic peak located in the range between 500
and 800 nm. We prepared Au TOH and Au NS samples that
possess similar LSPR peaks, located at 570 and 572 nm,
respectively (Figure 9a), sized 96 ± 8 and 103 ± 3 nm,
respectively (insets in Figures 9a, and S20). Bulk sensitivity
measurements were performed by dispersing the Au nano-
particle samples into liquid mediums with different refractive
indices. As the refractive index of the surrounding medium
increased, the extinction spectra of the as-prepared samples
gradually red-shifted (Figure 9a), as expected. The variations in
the LSPR peak positions were plotted as a function of the
refractive index, exhibiting good linear fits (Figure 9b). The
refractive index sensitivities, determined by the slopes of the
fitting lines, are 158 and 141 nm/RIU for Au TOHs and Au
NSs, respectively. Au TOHs exhibit only a slightly higher
refractive index sensitivity, which is likely related to the size
difference since Au TOHs are about 7 nm smaller than Au NSs
despite them having similar plasmonic peak positions.
Therefore, we also synthesized two more Au TOH samples
with larger average sizes (and closer to the Au NS size) to
determine their refractive index sensitivity (Figure S21). The
results confirmed that the sensitivity is largely determined by
the sizes as well, with larger nanoparticles having higher
sensitivities (Figure S22). Generally, a good sensor also needs
to have a large value of figure-of-merit (FOM), which is
defined as the refractive index sensitivity divided by the full
width at half-maximum of the LSPR peak.68 The FOM values
for Au TOHs and Au NSs were calculated to be 1.38 and 1.06,
respectively, again supporting Au TOHs as better candidates
for refractive index sensing applications than Au NSs.

In Figure 9c, the simulated electric field for an Au TOH and
an Au NS with the same size (56 nm) is illustrated. Plasmonic
nanostructures have the ability to concentrate incident light
into deeply subwavelength volumes resulting in large local field
enhancements that can be several times that of the external
field magnitude.69 The field enhancement, defined as the ratio
between the local field and the external field magnitudes, is the
factor that drives the enhancement of light matter interaction
because the higher it is, the larger the interaction. As a result,
the typical signal required for refractive index sensing or

nonlinear sensing, such as SERS, can be considerably reduced
in such structures. To reveal the potential of our structures in
this sense, we calculated the local field enhancements f = |E|/|
E0| on Figure 9c, where |E| is the amplitude of the local field
and |E0| is the amplitude of the incident field. This was done by
solving Maxwell’s equations with COMSOL Multiphysics for
the nanostructures under plane wave illumination. As can be
seen, the Au NS exhibits values of f as high as 7 that occur at
the interfaces of the particle. These hot spots are aligned with
the polarization of the incident electric field. The f values of the
TOH particle can be as high as 10 near the tips of the TOH
structure. Moreover, there are more spots probed near the
particle for the TOH in comparison to the NS, making it a
better candidate for sensing and SERS. These simulation
results further confirm that Au TOHs exhibit better potential
for SERS and sensing than Au NSs. With a value of f = 10 near
the TOH tips, the sensitivity to the SERS signal is expected to
be enhanced by a factor f 2 = 100 per particle in comparison to
bulk Raman scattering signals.

4. CONCLUSIONS
We have presented a simple and fast method to grow uniform
Au TOHs with high shape yields and narrow size distributions
for SERS and refractive index sensing. The experiments of
monitoring the growth process confirmed that the entire
process can be completed in less than 10 min, thanks to a fast
growth process and the use of seeds without the need for aging
treatment. We also conducted a series of optimizing experi-
ments, including the addition of H2PtCl6, the concentration
and types of surfactants, and the amount of AA, and analyzed
their effects. Moreover, we were able to tailor Au TOH size by
simply controlling the amount of seed solution used in the
growth step, offering a remarkable range of Au TOH sizes from
39 to 268 nm with a narrow size distribution, which allows to
fine-tune the LSPR properties. In addition, by varying the
growth temperature, the dihedral angle can be gradually
increased from 161°, which means the Miller indices of the
facets of the obtained nanostructures can be tuned. We also
presented a method to obtain Au TOH@ZIF-8 core−shell
structure that will broaden the applicability of these structures
to SERS fields such as gas sensing. The efficient SERS
performance of Au TOHs in liquids was demonstrated, with
SERS EFs of 105, and the importance of the LSPR peak
position to optimize their sensitivity was also highlighted.
When evaluating the refractive index sensitivity, we have

Figure 9. (a) Normalized extinction spectra of colloidal solutions of Au TOHs and Au NSs dispersed in water−glycerol mixtures of varying
compositions. Representative TEM images of the samples are presented as insets. To appreciate the transition during changes in composition, the
black line corresponds to colloids dispersed into water, and the red line corresponds to the solution with the highest concentration of glycerol. The
blue arrow indicates the direction of increasing refractive index. (b) Plots of the LSPR peaks versus refractive index of the surrounding medium for
Au TOHs and Au NSs. (c) Calculated electric field enhancement contours of an individual Au TOH (size, 56 nm) and a single Au NS (diameter,
56 nm) by FEM simulation.
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proved that Au TOHs are better candidates than Au NSs for
sensing. Consequently, this fast, simple, and robust synthetic
method will motivate the use of this high-indexed structure,
paving the way to explore further applications in sensing,
catalysis, and biomedicine.
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