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With the combination of selective ligand modification and the introduction
of a transitional Pd layer, island growth of Au on Au nanostructures can
be achieved. By adjusting the ligand concentration and oxidative ripening,
Au islands' location, numbers, and coverage can be precisely controlled,

and the LSPR wavelengths can be finely tailored for various applications.
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ABSTRACT

Controlled growth of islands on plasmonic metal nanoparticles represents a novel strategy in creating unique morphologies that are difficult
to achieve by conventional colloidal synthesis processes, where the nanoparticle morphologies are typically determined by the preferential
development of certain crystal facets. This work exploits an effective surface-engineering strategy for site-selective island growth of Au on
anisotropic Au nanostructures. Selective ligand modification is first employed to direct the site-selective deposition of a thin transition layer of
a secondary metal, e.g., Pd, which has a considerable lattice mismatch with Au. The selective deposition of Pd on the original seeds produces
a high contrast in the surface strain that guides the subsequent site-selective growth of Au islands. This strategy proves effective in not only
inducing the island growth of Au on Au nanostructures but also manipulating the location of grown islands. By taking advantage of the iodide-
assisted oxidative ripening process and the surface strain profile on Au nanostructures, we further demonstrate the precise control of the

islands' number, coverage, and wetting degree, allowing fine-tuning of nanoparticles' optical properties.
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1 Introduction

Plasmonic nanoparticles have attracted great attention due to their
unique optical properties and potentials in a wide range of
applications such as catalysis[1], sensing[2], and biomedicine[3].
Over the past few decades, synthetic protocols of plasmonic
nanoparticles with controllable sizes and morphologies have been
heavily investigated[4-7]. The relationship between the particle
morphologies and their optical properties has been established.
Among the reported methods, seed-mediated growth has proved to
be an efficient strategy to obtain monodispersed nanocrystals with
well-controlled shapes by independently manipulating the seed
crystal structure and the growth kinetics[8, 9]. In recent research, the
scope of seed-mediated methods has expanded from the facet-
directed shape control to creating more complex nanostructures by
exploring novel growth pathways[10-16]. For example, the growth of
islands on seeds could produce secondary features challenging to
achieve in the traditional layer-by-layer deposition[17]. The island
growth can be typically observed in bimetallic systems where the
depositing metal has a relatively large lattice mismatch with the
substrate. It has also been reported that the island growth can be
initiated on metals with a low lattice mismatch or in monometallic
systems by creating a highly strained surface with strongly bound
surfactants[11, 18, 19], proving efficient in producing
nanostructures not accessible by direct colloidal synthesis routes.

Despite these successes, achieving a high degree of control of the
island features such as the number, location, and wetting degree, has
remained a great challenge, especially on those with anisotropic
shapes. In contrast, such precise structural tailoring is highly
desirable for the fundamental study of the morphology-optical
property relationship and the practical applications of the plasmonic
nanostructures.

This work demonstrates that the surface strain profile on Au
nanostructures can be manipulated with a combination of selective
ligand modification and lattice-mismatch induced by a transition
layer of another metal to achieve tunable growth of Au islands on the
surface of Au nanostructures. Specifically, we employ the anisotropic
modification of thiol-terminated poly(ethylene glycol) (PEGSH) to
change the interfacial energy profile on Au nanorods (AuNRs),
confining the deposition of a Pd transition layer on the desired sites
on AuNRs. The strain difference in ligand-modified and Pd-coated
regions provides a powerful templating effect to guide the further
deposition of Au atoms and their overgrowth into islands. By
controlling the KI concentration, growth solution amount, PEGSH
to Au ratio, and polyvinylpyrrolidone (PVP) concentration during
synthesis, the number, size, distance, and wetting degree of islands
can be systematically tuned, achieving precise tailoring of the
localized surface plasmon resonance (LSPR) properties of obtained
nanostructures. Furthermore, this method can be extended to other
Au nanostructures such as nanoplates, nanocubes, and rhombic
dodecahedrons, showing the versatility of the site-selective island
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growth strategy.

2 Results and discussion

The site-selective island growth of Au on AuNRs was performed by
first modifying AuNRs with PEGSH, overcoating the modified
AuNRs with a thin layer of Pd, and then using the resulting
Au@PdNRs as seeds for further growth. The AuNRs were originally
capped with hexadecyltrimethylammonium bromide (CTAB)
during their synthesis. It has been reported that at a moderate
concentration, PEGSH can selectively modify the tips of AuNRs
because the packing density of CTAB on the tips of AuNRs is lower
than it is on the sides[20, 21]. Here, we take advantage of the
anisotropic modification of PEGSH to manipulate the deposition of
Pd on the AuNRs, which further influences the growth of Au islands.
Figure 1la illustrates the various possible nanostructures by tuning
the growth modes of islands on AuNRs through anisotropic PEGSH
modification and Pd deposition. The growth mode of Pd on Au
nanorods is determined by the overall surface energy[22]:
Ay =y, + Yinterfacial t Vstrain — VB

where Ay is the overall excess energy, ya and yg are the surface energy
of metal A and B in solution, respectively, Vinertaciat is the interfacial
energy between metal A and B, and ysuin is the energy introduced by
crystal strain due to the crystal mismatch between metal A and B. A
lower overall excess energy indicates a higher tendency for metal A
to wet B's surface, favoring the epitaxial growth of A on B. In contrast,
higher excess energy suggests that the epitaxial growth of metal A on
B is not thermodynamically favored. Therefore, controlling the
deposition of Pd on AuNRs can be achieved by tuning the overall
excess energy of different regions through selective ligand
modification[23]. Without PEGSH modification, the tips of the
AuNRs had higher surface energy due to the lower packing density
of CTAB on the tips of AuNRs, which became the preferential sites
of Pd deposition to produce Au@PdorrcsuNRs. When AuNRs were
modified with PEGSH, the strong bonding between Au and thiol
groups increased the interfacial strain between Au and Pd. Due to
the considerable lattice mismatch between Au and Pd (~4.6%),
increasing interfacial strain, even by a small degree, is expected to
change the deposition behavior of Pd[24]. At alow PEGSH/Au molar
ratio of 0.01 (calculated based on thiol group to Au ratio), the strain
induced by the Au-S bonds compensated for the strain difference
originating from different packing densities of CTAB; therefore, Pd
deposited  uniformly on  AuNR surface to  produce
Au@PdooirecsnNRs. When PEGSH/Au ratio was further increased to
0.1, the interfacial strain between Pd and Au was greatly increased,
changing the surface strain profile. The excess energy Ay on the tips
was higher than that in the middle. As a result, the deposition of Pd
was confined in the middle region of the AuNRs, where the PEGSH
modification was limited by the densely packed CTAB, yielding
Au@PdoprasuNRs. Although the thin Pd layer was not visible in the
TEM images, the different Pd distribution profiles were reflected in
the UV-vis spectra of the three Au@Pd nanorods. As shown in Figure
S1, the longitudinal peak of the Au@PdoprcsuNRs redshifted
compared to the original AuNRs, while with increasing PEGSH/Au
ratio, the plasmonic peak of the Au@PdNRs blueshifted. The
simulated spectra of the Au@PdNRs with tip, uniform, and side
deposition (Figure S2) matched our experimental results well,
confirming the preferential distribution of Pd proposed in Figure 1a.
The elemental mapping result of Au@PdopecsuNRs (Figure 1f) also
confirms that Pd covers the entire AuNRs surface but with a greater
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thickness at both tips, which is consistent with our simulation model.
The island growth on as-prepared Au@PdNRs was initiated by
adding a growth solution containing HAuCl,, AA, and KI in the
presence of PVP as the surfactant. To study the influence of CTAB
during island growth, we performed a ligand exchange process
according to previously reported procedures to change the ligands
on Au@PdNRs into citrates[25], which were confirmed by the FTIR
spectrum and zeta-potential measurements (Figure S3). The
ripening process promoted by the addition of KI played an
important role in the site selectivity of island growth, as it eliminated
the unstable small islands through oxidative etching and promoted
the growth of the remaining islands to reduce surface area and
overall surface energy. When Au@PdorecsuNRs were used as seeds,
the tips of the nanorods had a higher crystal strain due to the thicker
Pd coating. As a result, the islands on the tips were highly strained
and thus etched during ripening. The growth of islands mainly
happened on the side of the nanorods, as shown in the TEM images
(Figure 1b), since the islands on the sides had a lower overall excess
energy. When Au @PdyoirecsuiNRs were subjected to overgrowth, due
to the uniform distribution of Pd, the island growth showed no
preference, and random deposition of islands on both sides and tips
of the Au@Pdooiprsi NRs can be observed (Figure lc). For
Au@Pd.ipeasuNRs, the preferential deposition of Pd in the middle
region created two areas with significant strain differences. Although
the Au-S bond also increased the interfacial energy between the
newly deposited islands and the original Au surface, the strain
introduced by the lattice mismatch between Pd and Au was far more
significant. As a result, the islands grown on the sides were etched
during ripening, and the Au atoms were re-deposited onto the tips.
After overgrowth, islands were deposited on the exposed tips of
Au@Pdy.ipeasuNRs, forming dumbbell-like structures (Figure 1d).
To verify whether the selective Pd deposition was due to the thiol to
Au binding or the steric hindrance provided by the polymers, we
performed the selective island growth on AuNRs with modification
of cysteine and mercaptoacetic acid, both of which were small
molecules containing thiol groups. As shown in Figures S4a and b,
the dumbbell-like structures were obtained in both cases, suggesting
that the selective Pd deposition could be achieved with thiol-
containing chemicals, regardless of the molecule size. Therefore, the
site-selective island growth could be attributed to the Au-S bond
instead of the steric hindrance of the ligand. To further confirm our
conclusion, we modified AuNRs with PEG terminated with an
amino group (PEGNH,) and then performed Pd coating and island
growth. The result indicates side island growth only (Figure S4c),
suggesting that the Pd distribution was not affected by PEGNH..
Although PEGNH; has the same bulky polymer chain as PEGSH, the
weak amino-Au interaction cannot induce enough surface strain to
affect Pd deposition, producing structures similar to the case without
ligand modification.

The surface strain difference induced by the thiol group and Pd
deposition was further studied by depositing a small amount of Au
on AuNRs completely modified with PEGSH (Au@PEGSHNRs) and
Au@PdoprosuNRs. While Au grew into small islands on both
nanorods due to the increased overall surface strain, distinct
differences could be observed. As shown in the HRTEM of the small
islands on Au@PEGSHNRs (Figure 1g), despite growing into small
islands, the newly deposited Au island still followed the crystal
structure of the original AuNRs, indicating a relatively low surface
strain on PEGSH modified surface. In Figure 1h, however, when Au
was deposited on Au@PdoprcsuNRs, stacking fault could be clearly
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observed at the connection between the Au island and the original
nanorod, suggesting that the Pd coated Au surface had a high surface
strain. In addition, the Au islands on Au@PEGSHNRs had small
contact angles (typically ranging from 10° to 20°) with an average of
17.6° (Figures S5a, S5c), while the contact angles in the case of
Au@PdorecsuNRs range from 70° to 100°, with an average of 84.7°
(Figures S5b, S5d). The contact angle 6 can be correlated to the
surface strain with the following equation:
Ysub = Vinterfacial T Vistana€0S6
where Youb, Yinterfacial, and Yisana are the surface energies of the substrate,
between the substrate and the islands, and the islands,
respectively.[26]. A higher contact angle indicated higher interfacial
energy between the nanorod surface and the newly deposited Au
islands. Although the contact angles obtained from TEM images
cannot be directly used to quantify the surface strain of Au
nanocrystal surfaces, the statistical results of the contact angles can
still be meaningful for the qualitative comparison of the surface
strain difference on thiol modified and Pd coated surface. It was
clearly shown that the Pd coated surface had a higher surface strain
than PEGSH modified ones.
As mentioned above, I can promote the Ostwald ripening of small
Au nanoparticles in seed-mediated synthesis by forming I5* to
oxidize Au nanoparticles according to reactions below:
21+ 0,+4H* =1, + 2H,0
L+I" =13
2A0u+ Iy + 17 = 2Aul;
In this work, we varied the I to HAuCl, ratio in the growth solution
to control the number of islands formed on a single nanorod. As
shown in Figures S6a and b, we achieved the growth of multiple
islands or a single island on each Au@PdorrcsuNR by controlling the
KI/HAuCl, ratio in the growth solution. With a high KI ratio, the
oxidative etching of small islands with higher surface energies was

greatly accelerated, and fewer islands would survive from the etching.

Once Au re-deposited on one of the islands, it became a preferred
deposition site for further deposition, forming a single island on each
nanorod. With anisotropic PEGSH modification, the deposition of
Au on the tips is preferred due to the overall excess energy on the
PEGSH modified tips. With a KI/HAuCl, ratio of 10, islands would
grow on both sites with an equal chance, and the typical dumbbell-
like structures could be obtained (Figure 1d). When the overgrowth
was performed without the addition of KI, an overall overgrowth of
Au@PdopeasuNRs could be observed (Figure S7a). It is interesting to
find in the magnified images of overgrown Au@PdoipecsuNRs
without KI addition (Figure S8) that the overgrown nanorods can be
clearly divided into two regions. The tips modified with PEGSH
grew into smooth crystals and showed clear facets. On the other
hand, the overgrown crystal in the middle had rough surfaces,
showing the characteristics of island growth. The different crystal
growth behavior on the tips and side of the nanorods provides
another evidence of the surface strain difference between the
PEGSH-modified tips and the Pd-covered side. When KI/HAuCl,
was added to the growth solution with a small molar ratio of 5, the
etching of small islands was relatively slow, giving a higher chance to
preserve more growth sites. As aresult, a third island can be observed
in the middle of the nanorods, as shown in Figure S7b. When
KI/HAuCls ratio was increased to 40, the oxidative etching was
greatly promoted, growing islands on only one tip of the nanorods
(Figure S7¢).

The LSPR peak of the as-prepared dumbbell-like Au nanorods
(AuDBs) is at 1144 nm, falling in the NIR-II window for
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photothermal therapy applications. Although the potential of
dumbbell-like structures in photothermal therapies has been
proved[27, 28], it has been challenging to fine-tune the resonance
wavelength to match the laser wavelength due to the lack of tuning
parameters in the conventional kinetically controlled synthesis. Our
selective PEGSH modification and Pd deposition strategy greatly
amplified the surface strain difference between the tips and the sides
originated from the difference in the packing density of CTAB, thus
inducing a robust templating effect resembling hard templates. The
main difference between the two strategies is that instead of physical
blockage, which results in a fixed structure, the surface strain
difference brings more flexibility since the surface strain of each
region can be changed to produce more complex structures. Several
morphological features of the AuDBs can be tuned to change the
optical properties at different levels. For example, the size of the
overgrown tips greatly affected the longitudinal resonance of the
AuDBs. By adjusting the amount of growth solution added into the
system, the size of the overgrown tips could be varied (Figure 2a-d).
And as seen in the UV-vis-NIR spectra (Figure 2e), the longitudinal
peaks of the AuDBs redshifted with increasing tip sizes. The
longitudinal peak was very sensitive to the size of the tips and
showed a nearly linear relationship with increasing tip sizes (Figure
2f). The LSPR peak can be tuned in a wide range from 930 nm to
1144 nm by simply changing the amount of growth solution. As
expected, the intensity of the transverse LSPR peak of the AuBDs
also dramatically increased with the increasing size of the overgrown
tips.

The next level of optical tuning could be achieved by manipulating
the distance between the two islands, which was made possible by
controlling the coverage of Pd on AuNRs using the PEGSH/Au ratio
to effectively determine the distance between the two overgrown tips.
More specifically, with increasing PEGSH/Au ratio during the
anisotropic modification, more area was modified with PEGSH,
limiting the distribution of Pd towards the middle of the AuNRs. As
a result, the distance between two overgrown tips was reduced
during island growth (Figure 3a-d). As shown in Figure 3f, the
distance between islands showed a steady decreasing trend
proportional to the PEGSH ratio. In contrast, the overall length of
the AuDBs decreased at a much slower pace. The UV-vis-NIR
spectra of the as-prepared AuDBs blueshifted from 1151 nm to 1095
nm with increasing PEGSH ratio due to the decreased distance
between two islands, as shown in Figure 3e. Simulation results
(Figure S9a) also confirmed that, with the same overall length, a
decrease in island distance would result in a blueshift of the
longitudinal peak of AuDBs. By comparing the simulated electric
field distribution around AuDBs (Figure S9b-e) with different
distances between two islands, we hypothesized that blueshift
resulted from decreased effective dipole distance with decreasing
island distances, as a similar phenomenon has been reported by
Wang et al.[29] The island distance on overgrown nanorods offered
another parameter for fine-tuning the plasmonic resonance.

The plasmonic peak of the AuDBs can be further tuned by
controlling the wetting degree of the islands using surfactants. As
illustrated above, the site selectivity originated from the surface
strain difference between the thiol modified tips and the Pd coated
side. PVP as a surfactant is expected to reduce the surface strain
difference between the two regions, thus changing the wetting degree
of the islands on the AuNRs. As shown in Figure 4a-d, with
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increasing PVP concentration, the curvature at the connection of the
islands and the AuNRs gradually decreased. It is worth highlighting
that without PVP in the system, island growth was only observed on
one tip of the nanorods (Figure 4a). The addition of PVP stabilized
the newly grown small islands and slowed the oxidative etching
process. This effect was confirmed by observing the ripening of 2-3
nm Au seeds into large particles of ~35-65 nm after stirring for 1 h
in the presence of KI and the absence of PVP (Figure S10b). By
adding PVP with increasing concentrations, the ripening rate of the
Au seeds was greatly reduced, and their final size decreased (Figures
S10c-f, S11). In contrast to the case aged without PVP, where a sharp
plasmonic peak corresponds to large Au nanospheres, those aged
with PVP displayed broad plasmonic peaks, proving the protecting
role of PVP during the ripening process (Figure S12). The addition
of PVP limited the oxidative etching process, allowing the deposition
of Au on both nanorod tips. As shown in the spectra of AuDBs
synthesized with PVP concentration at 0.01%, 0.1%, and 2.5%
(Figure 4e), the gradual descending of the curvature resulted in a
slight blueshift in the LSPR peak of AuDBs, which matched the
results simulated based on the measured dimensions (Figure 4f). By
comparing the electric field distribution of AuDBs with a radius of
curvature at the connection of 2 nm and 18 nm, we found the
enhanced electric field distributed more evenly toward the center of
the dumbbell structure, resulting in a decrease in the distance
between effective dipoles. By combining the three key factors of
AuDBs (tip size, distance, and wetting degree), the LSPR peak of the
AuDBs can be tuned with high precision while maintaining a wide
tuning range (Figure S13), making it possible to match the plasmonic
property with the excitation wavelength for various applications.
The key to the site-selective island growth strategy is amplifying the
difference in surface strain by the difference in the packing density
of CTAB on tips and sides of AuNRs. This principle can be applied
to other halide-capped Au nanostructures with different local surface
curvatures, for example, on the faces and the corners of Au
nanoplates (Figures S14c and d) and nanocubes (Figures S14c and
d). Without PEGSH modification, the growth of islands was limited
on the faces of the Au nanocubes, while island growth on the tips was
achieved with PEGSH modification at a PEGSH/Au ratio of 0.1. The
selective  PEGSH modification was also extended to Au
nanostructures such as nanoplates (Figure 5b), nanocubes (Figure
5¢), and rhombic dodecahedrons (Figure 5d). The number of islands
could also be controlled by manipulating the ripening process of the
small islands. Although a precise control of the number of
overgrown tips remained challenging, all three Au nanostructures
clearly showed a reduced number of islands with increasing
KI/HAuCly ratio in the growth solution (Figure S15), proving the
versatility and robustness of our proposed synthetic strategy.

3 Conclusions

In this work, we demonstrated a surface-engineering strategy to
induce site-selective growth of Au islands on Au nanostructures. The
growth location of the islands is controlled by creating regions with
significant surface strain differences within a single nanocrystal with
the combination of selective ligand modification and lattice-
mismatch induced by a thin Pd transition layer. Thanks to the
flexibility of this templating strategy, we achieved the independent
control of the islands' structural features, including number, size,
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coverage, and wetting degree through four critical parameters:
iodide-assisted oxidative ripening, growth solution amount, PEGSH
to Au ratio, and surface strain difference which can be manipulated
by PVP concentration. Our strategy led to establishing a
comprehensive protocol for fine-tuning the island growth products,
allowing the tailoring of novel Au nanostructures for specific
requirements. Further, we demonstrated that the site-selective island
growth is versatile and can be extended to other Au nanostructures
(nanoplates, nanocubes, and rhombic dodecahedrons), with the
island number controllable by the ripening process. Since the
principle of surface strain engineering is general, it may be extended
to other nanocrystal growth systems to create new morphologies and
physical properties.

4 Experimental

4.1 Synthesis of Au nanorods (AuNRs)

The Au nanorods were synthesized with a method published by
Jianfang Wang with slight modification[30]. A seed solution was first
prepared by adding 60 uL of freshly prepared 0.1 M NaBH, solution
into 10 mL of a solution containing 0.1 M CTAB and 0.25 mM
HAuClL. The mixture was stirred vigorously for 30 s, then aged at
25 °C without disturbance for at least 30 min to remove unreacted
NaBH,. The growth solution was prepared by combining 40 mL 0.1
M CTAB, 2 mL 0.01 M HAuCl, 0.4 mL 0.01 M AgNO3, 0.8 mL 1 M
HCl and 0.32 mL 0.1 M AA in sequence. The growth of AuNRs was
initiated by adding 96 uL seed solution into the growth solution. The
mixture was vigorously stirred for 30 s and kept undisturbed at 25 °C
for 12 h. The synthesized AuNRs were separated by centrifugation at
9000 rpm for 30 min. The AuNRs were washed with water twice and
redispersed in 20 mL 0.01 M CTAB solution to make the AuNRs
concentration equal to 1 mM.

4.2 Synthesis of Au Nanoplates (AuPLTs)

The CTAC-capped Au nanoplates were synthesized with a previously
reported method by Qiao Zhang[31]. In a 50 mL flask, 20 mL of
water and 4 mL of 0.1 M CTAC solution were added, followed by 375
uL of 0.01 M KI. A mixture of 400 pL 25 mM HAuCls and 100 pL of
0.1 M NaOH was added sequentially to make a yellowish color. After
injecting 400 pL of 0.064 M AA under moderate stirring, the solution
turned colorless. The Au nanoplate growth was initiated with the
injection of 50 pL 0.1 M NaOH. The solution was vigorously stirred
for 10 s and left undisturbed for 10 min. The nanoplates were
separated with centrifugation at 9000 rpm for 10 min and
redispersed in 10 mL of 0.01 M CTAB solution.

4.3 Synthesis of Au Nanocubes
Dodecahedrons (AuRDs)

(AuCBs) and Rhombic

The Au nanocubes and rhombic dodecahedrons were synthesized
with a method reported by Michael Huang[32]. In a 20 mL flask, 10
mL 0.1 M CTAC was added, followed by adding 250 pL 10 mM
HAuCl solution. Into the mixture, 0.45 mL of freshly prepared 0.2
M NaBHj solution was quickly injected under vigorous stirring. The
seed solution was aged for 1 h at 30 °C before use.

For the growth of Au nanocubes, two vials were labeled A and B. A
growth solution was prepared in each of the two vials. In each vial,
10 mL of 0.1 M CTAC was added, followed by 250 pL of 0.01 M
HAuCly, and 10 pL of 0.01 M KBr were added. Finally, 90 uL of 0.04
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M AA was added. To initiate the crystal growth, 45 pL seed solution
was added to vial A under vigorous stirring. After 10 s, solution A
turned pink, and 45 pL of solution A was injected into vial B. The
mixture was stirred for 10 s and left undisturbed for 15 min. The Au
nanocubes were separated by centrifugation at 7000 rpm for 15 min
and redispersed in 2.5 mL 0.01 M CTAB solution. For synthesizing
Au rhombic dodecahedrons, 150 L of 0.04 M AA instead of 90 pL
was added to each growth solution.

4.4 Synthesis of Au@Pd nanorods (Au@PdNRs)

The AuNRs were first modified with PEGSH (Mw. ~2000) before Pd
deposition. Into 5 mL of AuNRs solution, 0.5 mL of 1 mM PEGSH
solution was added. The solution was stirred for 2 h for the selective
modification of PEGSH on Au nanorods. The modified AuNRs were
centrifuged and redispersed in 5 mL of 2 mM CTAB solution.
Various amount of PEGSH solution was added to obtain AuNRs
modified with different PEGSH/Au molar ratios. To initiate the Pd
deposition, 500 puL 0.1 M AA and 50 pL 0.02 M H,PdCl, solution
were added under stirring. The mixture was stirred for 30 min before
centrifugation. The Au@PdNRs were centrifuged at 9000 rpm for 10
min to remove unreacted chemicals and redispersed in 1 mL of water.
The selective Pd deposition on other Au nanostructures (AuPLTs,
AuCBs, AuRDs) was carried out with the same procedure, with slight
modifications of PEGSH/Au and Pd/Au ratios. The amount of AA
was adjusted proportionally according to the amount of H,PdCl,
added. More specifically, for AuPLTs, PEGSH/Au = 0.05 and Pd/Au
= 0.1 was used, while for AuNBs and AuRDs, PEGSH/Au = 0.05 and
Pd/Au = 0.2 was used.

4.5 Ligand Exchange of Au@PdNRs

Before island growth, the ligand of Au@PdNRs was changed from
CTAB into citrate with a previously reported ligand exchange
process. Generally, 1 mL of Au@PdNRs solution was added into 3
mL of ethanol. Into the mixture, 100 uL of 5% PVP (Mw. ~10000)
solution was added and stirred for 4 h. The Au@PdNRs were then
centrifuged and redispersed in 1 mL of water. Into the Au@PdNRs
solution, 50 pL of diethylamine (DEA) was added and stirred for 2 h
to exchange the ligand into DEA. To finally exchange the ligand into
citrate, the Au@PdNRs were centrifuged and redispersed in 1 mL of
water, to which 20 pL of 10 mg/mL TSC and 40 pL of 10 mg/mL
tannic acid were added. The solution was stirred for 1 h then
centrifuged to remove supernatant. The collected Au@PdNRs were
redispersed in 5 mL of water.

The same ligand exchange processes were performed on other
Au@Pd nanostructures (Au@PdPLTs, Au@PdCBs, and Au@PdRDs).

4.6 Island Growth on Au@PdNRs

Into 0.5 mL of water, 20 pL 5 wt.% PVP solution, 50 pL 0.01 M
HAuCly, 25 pL 0.2 M KI and 5 pL 0.1 M AA were added to prepare
the growth solution. The above growth solution was injected into 0.5
mL of Au@PdNRs dispersion, and the mixture was stirred for 30 min.
The overgrown Au@PdNRs were separated by centrifuging at 8000
rpm for 5 min and redispersed in water for characterization. The
same processes were carried out for the site-selective island growth
on other An@Pd nanostructures.

Characterization

Transmission electron microscopy (TEM) images were acquired on
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a Philips Tecnai 12 transmission electron microscope, operating at
120 kV and JEOL 2100 STEM operating at 200 kV. The morphology
of the overgrown Au rhombic dodecahedrons was characterized by
an FEI Nova NanoSEM 450 SEM. Scanning transmission electron
microscopy (STEM) images and energy-dispersive X-ray
spectroscopy (EDS) mapping profiles were collected on an FEI Talos
F200X transmission electron microscope operating at 200 kV. UV-
Vis spectra were measured with an Ocean Optics HR2000 CG-UV-
NIR spectrometer. The UV-vis-NIR spectra were measured with a
Gary 5000 double beam UV-Vis-NIR spectrometer. FTIR spectra
were measured with a Thermo Nicolet 6700 FTIR spectrometer.
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Figure 1. (a) Scheme showing the tuning of island growth locations. (b d) TEM images of (b) side, (c) random, and (d) tip island growth on AuNRs. Scale bars: 50 nm.
(e) UV-vis-NIR spectra of overgrown AuNRs. (f) HADDF-STEM image and EDS elemental mapping of Au@PdopecsulNRs. Scale bars: 50 nm. (g, h) HRTEM images
showing small Au islands on (g) Au@PEGSHNRs and (h) Au@PdoprcsuNRs. Scale bars: 2 nm.
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Figure 2. (a-d) TEM images of AuDBs synthesized by controlling the amount of
the growth solution: (a) 20 pL, (b) 40 uL, (c) 60 uL and (d) 80 uL. Scale bars: 50
nm. (e¢) Corresponding UV-vis-NIR spectra of the AuDBs dispersion. (f)
Dependence of the tip size and the resonance wavelength of the longitudinal

mode on the amount of growth solution.
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Figure 3. (a-d) TEM images showing controlled synthesis of AuDBs with different PEGSH/Au ratios: (a) 0.05, (b) 0.1, (c) 0.2 and (d) 0.3. Scale bars: 50 nm. (e)
Corresponding UV-vis-NIR spectra of AuDBs. (f) Dependence of the distance between islands, overall length, and the LSPR wavelength of the longitudinal mode of
AuDBs on the PEGSH/Au ratio.
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Figure 4. (a-d) TEM images showing the controlled synthesis of AuDBs using (a) 0%, (b) 0.01%, (c) 0.1% and (d) 2.5% PVP. Scale bars: 50 nm. Insets are magnified
images at the connection of the island and nanorods. Scale bars in insets are 20 nm. (e) Corresponding UV-vis-NIR spectra of AuDBs synthesized with different PVP

() TRNGHYA Q) Springer



Nano Res. 9

concentrations. (f) Simulated spectra of AuDBs with curvature radius at the connection of 2, 10, and 18 nm. (g, h) electric field distribution of AuDBs with a curvature
radius of 2 nm (g) and 18 nm (h) at their resonance wavelengths.
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Figure 5. (a) Schematic illustration of the seeded growth of Au on the
Au@Pdo.1presiiPLTs, Au@Pdo.iprcsiiCBs, and Au@PDyo.presRDs. (b) TEM images
showing island growth on Au@Pdo.1prasiPLTs with (i) three, (ii) two, and (iii) one
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tip(s) grown. (¢) TEM images showing island growth on Au@Pds prasitCBs with
(i) seven, (ii) two, and (iii) one tip(s). Insets are the 3D models of the
corresponding particles to help with the visualization of the structures. (d) TEM
images showing island growth on (d) Au@PDy.iperasnRDs with (i) five, (ii) two,
and (iii) one tip(s). Insets are the 3D models of corresponding particles. Scale bars:

50 nm.
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