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ABSTRACT: Bimetallic nanorods are important colloidal nano-
particles for optical applications, sensing, and light-enhanced
catalysis due to their versatile plasmonic properties. However,
tuning the plasmonic resonances is challenging as it requires a
simultaneous control over the particle shape, shell thickness, and
morphology. Here, we show that we have full control over these
parameters by performing metal overgrowth on gold nanorods
within a mesoporous silica shell, resulting in Au—Ag, Au—Pd, and
Au—Pt core—shell nanorods with precisely tunable plasmonic
properties. The metal shell thickness was regulated via the
precursor concentration and reaction time in the metal overgrowth.
Control over the shell morphology was achieved via a thermal
annealing, enabling a transition from rough nonepitaxial to smooth epitaxial Pd shells while retaining the anisotropic rod shape. The
core—shell synthesis was successfully scaled up from micro- to milligrams, by controlling the kinetics of the metal overgrowth via the
pH. By carefully tuning the structure, we optimized the plasmonic properties of the bimetallic core—shell nanorods for surface-
enhanced Raman spectroscopy. The Raman signal was the most strongly enhanced by the Au core—Ag shell nanorods, which we
explain using finite-difference time-domain calculations.
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B INTRODUCTION ties.'” Such bimetallic rods are for example useful for in situ
monitoring of chemical reactions by SERS,"”'* for hydrogen
sensing,'*"* or for plasmon-enhanced catalysis.'>'**"

The exact composition and morphology of the surface and
subsurface layers strongly influence the optical and catalytic
properties of bimetallic nanorods.”®'”'®*'~** However,
precise tuning of the number of atomic shell layers and the
shell morphology is challenging. So far, the overgrowth of a
second metal is typically performed on bare AuNRs”'#**~*
and is often performed on a relatively small scale (milliliters),
which yields an insufficient amount of particles for, e.g., self-
assembly and/or catalysis applications. The final shell thickness
and shape of the bimetallic rods are difficult to tune, and the
particle shape can easily transform from a spherocylinder to a
bricklike particle,””**** which can only be prevented by the
addition of shape-directing additives.'**" Uncoated AuNRs are
also prone to aggregation during metal overgrowth, and
secondary nucleation can occur in the presence of surfactants

Gold nanorods (AuNRs) exhibit enhanced plasmonic proper-
ties with large local field enhancements compared to, e.g,
spherical particles.' Nanorods have both a transverse localized
surface plasmon resonance (LSPR), perpendicular to the
length of the rods, and a shape-induced longitudinal LSPR in
the direction of the length of the rods at lower energies. The
longitudinal LSPR can easily be tuned by changing the aspect
ratio (AR) of the rods and extended from visible wavelengths
into the near-infrared region of the electromagnetic spec-
trum.”® This makes AuNRs valuable plasmonic nanoparticles
for, e.g,, biological applications,"* as biological cells and tissues
show significantly less absorption in this region of the
spectrum. Compared to single-component Au nanorods,
bimetallic nanorods offer enhanced physiochemical proper-
ties.” For example, Ag has superior plasmonic properties with
respect to Au due to less damping of the plasmonic
resonances.”™® Coating AuNRs with a Ag layer therefore
significantly improves their plasmonic properties and can
improve their performance in surface-enhanced Raman Received: December 29, 2020
spectroscopy (SERS).” For catalytic applications, the addition Accepted:  February 4, 2021
of Pd or Pt can be beneficial, since these metals are highly Published: March $, 2021
active in catalysis.'”"" Coating a Au core with a thin Pd (or Pt)

layer can therefore lead to strongly enhanced catalytic

properties while maintaining most of the plasmonic proper-
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Figure 1. Etching of Au@SiO, NRs with and without CTAB in the mesopores (a—d) Schematic representation and corresponding TEM images of
the etching process of the Au@SiO, NRs with CTAB (a, b) and without CTAB (¢, d) in the mesopores after 10 and 25 min of etching in methanol
containing 0.24 M HCl and 50 mM H,0,. (e) Extinction spectra of the Au@SiO, NRs in MeOH during etching with 50 mM H,0, and 0.24 M
HCL (f) LSPR peak position during etching with 0 mM HCI and 0 mM H,0, (brown) and 0, 20, 50, and 100 mM H,O, with 0.24 M HCl in
MeOH at 60 °C. (g) LSPR peak position during etching at 50, 60, and 70 °C with [H,0,] = 50 mM. The data in (b, e—g) were acquired for the

etching process of the Au@SiO, NRs with CTAB in the mesopores.

needed for the stabilization of AuNRs. The control over the
stability and shape of bimetallic core—shell NRs can
significantly be enhanced by performing metal overgrowth
within a larger porous scaffold, such as a mesoporous silica
shell. Herein, the porosity, shape, and thickness of the outer
silica shell can be used to control the morphology of the inner
second metal shell. >~

Metal deposition is not straightforward for all metals. The
morphology and crystal structure of the metal shell largely
depend on the interaction between the core and shell metal,
their surface energies, and their structural characteristics, such
as the lattice spacings.”>>**>*’ Additionally, the reduction
potentials of the metals are important for successful core—shell
growth, as galvanic replacement can occur when the core
material is oxidized upon reduction of the shell metal, resulting
in hollow and partially alloyed metal structures.”>**~** Metal
overgrowth with a metal that has a similar crystal structure and
lattice constant, and a lower surface energy, which is the case
for Ag overgrowth on Au, typically results in smooth,
epitaxially grown metal shells. On the other hand, the smaller
lattice parameter and high surface energy of Pd and Pt
compared to Au can lead to dendritic, nonepitaxial Pd/Pt shell
growth onto Au.”””"*****! The formation of small Pt/Pd
nanoparticles on the surface of AuNRs results in ill-defined
surface structures and inhomogeneous shell thicknesses. This is
particularly problematic when using such particles as catalysts,
where the exact surface morphology and composition are
crucial.

Here, we present a systematic study on the synthesis,
plasmonic properties, and SERS performance of mesoporous
silica-coated, bimetallic Au core Ag/Pt/Pd shell nanorods with
a tunable metal composition and surface morphology. The
bimetallic core—shell nanorods were synthesized using
mesoporous silica-shell-coated AuNRs as starting materials.”*
We controlled the size and shape of the Au cores via either
anisotropic or more isotropic etching using H,0, as an
oxidant. The subsequent metal overgrowth occurred within the
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mesoporous silica shell, onto the Au cores. The metal
composition of the bimetallic nanorods was tuned precisely
by varying the metal-precursor concentration and/or reaction
time. The reaction rate was controlled via the pH, allowing
scaling up from microgram to milligram. Furthermore, the
morphology and crystallographic orientation of the metal shells
were tuned via thermal annealing. Herein, the mesoporous
silica coating was crucial in preventing aggregation and
functioned as a shape-preserving template to retain the
spherocylindrical shape of the nanorods at elevated temper-
atures. In the subsequent SERS measurements, the meso-
porous silica shell around the bimetallic nanorods also
prevented strong plasmonic coupling between NRs while still
allowing access to the NR surface, enabling a fair comparison
between the different bimetallic core—shell NRs. Finally, we
discuss the key parameters governing the metal shell growth
mechanism and therefore the shell morphology and crystal
structure of the resulting core—shell nanoparticles. Such
knowledge is important in predicting the metal overgrowth
behavior of different combinations of metals and in extending
the synthesis method described in this paper to different
particle shapes and metal compositions.

B RESULTS AND DISCUSSION

Modifying the Etching Behavior of Au Nanorods
within Mesoporous Silica Shells. Tuning of the AuNR size
within the mesoporous silica shells was performed by oxidative
etching in methanol (MeOH). Employing H,O, as an oxidant,
instead of O, from the air as used previously,”* allows etching
in a more reproducible and controlled way. Moreover, the
etching behavior of the silica-coated gold nanorods (Au@SiO,
NRs) could be tuned from anisotropic etching taking place
predominantly at the tips of NRs to etching with roughly equal
rates from all sides of the rods, by either leaving the
cetyltrimethylammonium bromide (CTAB) template or
removing it from the mesopores in the surrounding silica
shells and from the AuNR surface. We schematically illustrate

https://dx.doi.org/10.1021/acsomega.0c06321
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Figure 2. Controlled growth of Ag on Au@SiO, cores in water. (a) Schematic representation of the Ag overgrowth with increasing AgNO,
concentration, leading to an increased Ag shell thickness. From left to right: (b) HAADF-STEM and (c) EDX intensity maps of single and (d)
multiple Au@Ag@SiO, core—shell nanorods grown with 0.0S, 0.13, 0.22, and 0.30 mM AgNO;. (e) Atomic Ag fraction (XAg) of the core—shell
nanorods synthesized with 0—0.33 mM AgNO; as determined from TEM size measurements (red) and EDX quantification (blue). (f) Extinction
spectra of the Au@Ag@SiO, NRs grown with various 0—0.33 mM AgNOj;. See Table S2 for the full set of experimental details.

the two distinct etching modes in Figure lac and the
corresponding transmission electron microscopy (TEM)
images in Figure 1b,d. Here, CTAB removal was achieved by
washing the Au@SiO, NRs with an acidified ethanol solution
(0.1 M HCI in EtOH). Thermogravimetric analysis (TGA)
confirmed that most (>70 wt %) of the CTAB was removed
after the washing procedure (Figure S1), and nitrogen
physisorption showed that the mesopore diameter was 2.5
nm (Figure S2). The difference in etching behavior and
etching rate before and after CTAB removal is most likely
explained by the difference in accessibility of the AuNRs
through the pores of the silica shell, where a larger accessibility
leads to a higher etching rate.

During etching, we monitored the LSPR peak shift of the
Au@SiO, NRs in methanol. In Figure le, the extinction
spectra of Au@SiO, NRs (L = 72 nm; D = 19 nm; aspect ratio
(AR) = 3.8; A.gpr = 844 nm) with CTAB in the mesopores
during etching at 60 °C with 50 mM H,0, are shown. Upon
etching, the LSPR peak position shifted to shorter wavelengths,
indicating that the aspect ratio of the NRs was lowered and
that etching predominantly took place at the tips of the
nanorods. The lowering of the LSPR peak intensity is
explained by the decrease in AR combined with a loss in
particle volume upon etching. A similar blue shift of the LSPR
peak was observed when etching Au@SiO, NRs without
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CTAB in the mesopores (Figure S3) but now in a shorter time
period due to the more facile mass transport of the oxidants to
the AuNR surface.

In Figure 1f,g, we show that the etching rate for Au@SiO,
NR with CTAB in the mesopores can be controlled and varied
from minutes to hours by varying the H,0O, concentration and
temperature. By increasing the H,0, concentration, the
etching was also found to take place at room temperature
(RT). However, this makes the etching reaction more difficult
to stop at a specific Au core size. It is therefore desirable to
make the etching process sufficiently slow at elevated
temperatures such that the reaction can easily be quenched
at any desired LSPR peak position and Au core dimension.
The quenching was typically done by diluting the reaction
mixture by a factor 2 with cold (~4 °C) methanol. The etching
process could be carried out on a milliliter scale, but also on a
liter scale.

For the metal overgrowth presented in the rest of this paper,
we quenched the etching at A gpp = 748 nm, which
corresponded to Au@SiO, NRs with L = 62 nm, D = 18
nm, and AR = 3.4. Compared to the initial Au@SiO, NRs,
20% of the particle volume had been removed.

Ag Overgrowth: Controlling the Plasmonic Proper-
ties of Au Core—Ag Shell Nanorods. The Au cores were
overgrown with a Ag shell in water using AgNOj as a silver

https://dx.doi.org/10.1021/acsomega.0c06321
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Figure 3. Control over the Pd shell morphology: switching between smooth and rough Pd layers to alter the plasmonic properties. (a) Schematic
representation of the Pd overgrowth with increasing Na,PdCl, concentration, leading to an increase in roughness of the Pd shell. (b) HAADF-SEM
images and corresponding EDX intensity maps of Au@Pd@SiO, NRs grown with 0.18 mM (Xpq = 0.14) and 0.83 mM (Xpg = 0.39). (c) Measured
extinction spectra of the Au@Pd@SiO, NRs in water, grown with 0—0.83 mM Na,PdCl, and Xpq = 0—0.39. (d, e) Finite-difference time-domain
(FDTD)-calculated extinction spectra of Au@Pd@SiO, NRs with a thin (d) and a thick (e) Pd shell as a function of the Pd packing fraction p of
the shell, where p < 1 and p = 1 correspond to a discontinuous and continuous Pd shell, respectively (see the Experimental Section for details). The
Au@Pd@SiO, NRs with a thin and a thick Pd shell correspond to experimental results with 0.083 mM Na,PdCl, (Au core: 58.5 X 17.7 nm; Au@
Pd NR: 60.5 X 19.7 nm) and 0.83 mM Na,PdCl, (Au@Pd NR: 78.6 X 19.4 nm), respectively. (f, g) HRTEM image and EDX intensity map of
Au@Pd@SiO, NRs with a rough shell morphology before (f) and after (g) thermal treatment for 1 h at 300 °C in H,. See Table S3 for the full set

of experimental details.

precursor and ascorbic acid as a reducing agent (see the
Experimental Section and Table S2 for details). The use of this
relatively mild reducing agent ensured that the silver ions were
selectively reduced on the Au cores and prevented the
formation of new, individual Ag nanoparticles in solution
and in the mesopores of the silica shell. Figure 2 shows the
resulting Au core—Ag shell nanorods (Au@Ag@SiO, NRs)
grown with 0.045—-0.33 mM AgNO; and 0.18—1.3 mM
ascorbic acid in water. Due to the difference in Z-contrast, the
Ag shell appeared as a light shell around a bright Au core in the
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images. The energy-dispersive
X-ray spectroscopy (EDX) maps show the Au core, Ag shell,
and SiO, shell in red, green, and blue, respectively. Both the
HAADEF-STEM images in Figure 2b and the EDX maps in
Figure 2c,d clearly show that the Ag shell thickness increased
with increasing AgNO; concentration.

Using the electron microscopy images, we analyzed the
dimensions of the Au@Ag@SiO, NRs before and after Ag
deposition and list them in Table S1. For the Au@Ag@SiO,
NRs grown with 0—0.33 mM AgNO;, the particle volume
increased from 1.4 to 4.0 X 10° nm® (based on the two-
dimensional, 2D projection TEM images), which is a factor 2.2
larger than the initial volume of the nonetched Au@SiO, NRs.
This shows that the silica shell is rather flexible’* and can
accommodate a larger particle volume than that of the initial,
unetched AuNR. This is further supported by the fact that the
silica shell thickness decreased from 18.8 to 16.7 nm when
increasing X,, from 0.18 to 0.63 (Figure S4). The flexibility of
the SiO, shell therefore also allows direct growth of Ag on
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unetched AuNRs. In Figure S5, an EDX map of Au@Ag@SiO,
NRs is shown after direct metal overgrowth on Au@SiO, NRs
without performing an etching step beforehand. Only when
growing very thick Ag shells with a volume 5 times larger than
the Au core and 3.5 times larger than the original Au rod
before etching, the flexibility of the silica shell is no longer
sufficient and the mesoporous shell cracks open (Figure S6).

The size parameters from Table S1 and EDX maps from
Figure 2d were used to quantify the metal composition of the
Au@Ag@SiO, NRs. The plot in Figure 2e shows the atomic
Ag fraction, Xag versus the AgNO; concentration. Xag values
determined from the TEM-based size measurements (100
particle average) and EDX quantification (10 particle average)
are displayed in red and blue, respectively. X, increased with
[AgNO;] from 0 to 0.62. Based on the AuNR and Ag
concentrations used in the metal overgrowth, the percentage of
Ag depositing on the AuNRs was calculated to be >90%
(Table SS), confirming that the Ag selectively grew on the Au
cores and no secondary nucleation occurred.

The increase in X, strongly affected the optical properties
of the Au@Ag@SiO, NRs. In Figure 2f, we show the
extinction spectra corresponding to the Au@Ag@SiO, NRs
grown with 0—-0.33 mM AgNO; and X,, = 0—0.62. The
intensity of the LSPR peak increased by a factor 2.4 for the
NRs with the largest Ag shell thickness. The enhanced
plasmonic properties are due to an increase in Ag content and
particle volume. The LSPR peak also blue-shifted from 748 to
710 nm, which is due to a decrease in AR from 3.4 to 2.8 and
an increase in X,

https://dx.doi.org/10.1021/acsomega.0c06321
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Figure 4. Dendritic Pt shell growth with tunable spike lengths. (a) Schematic representation of the Pt overgrowth with increasing K,PtCl,
concentration, leading to filling of the mesopores of the silica shell. (b—g) HAADF-STEM images and corresponding EDX intensity maps of Au@
Pt@SiO, NRs synthesized with 0.33 (b), 3.3 (c), and 17 mM (d) K,PtCl,. (e) Extinction spectra of Au@Pt@SiO, NRs grown with 0—3.3 mM
K,PtCl,; reaction time is 20 min. (f) Extinction spectra of Au@Pt@SiO, NRs grown with 6.6 mM K,PtCl, with increasing reaction time. Every 10
min, a spectrum was recorded for 3 h. See Table S4 for the full set of experimental details.

To investigate the orientation of the lattice planes in the Ag
shell with respect to the Au core, high-resolution transmission
electron microscopy (HRTEM) measurements were per-
formed. The resulting bright-field images are shown in Figure
S7. The HRTEM images show that the Ag shell grew on the
AuNR surface with its (200) lattice planes oriented in the same
direction as the (200) lattice planes of the Au core, indicating
epitaxial growth.

Pd Overgrowth: Controlling the Shell Thickness and
Morphology. The Au@Pd@SiO, NRs were grown with
0.083—0.83 mM Na,PdCl, and 0.33—3.3 mM ascorbic acid in
water (see the Experimental Section and Table S3 for details).
In Figure 3a—c, a schematic representation, HAADF-STEM
images, EDX maps, and extinction spectra of the resulting
Au@Pd@SiO, NRs are shown. In the EDX maps, Au, Pd, and
Si are depicted in red, green, and blue, respectively. From the
EDX map in Figure 3b, it can be seen that at low Na,PdCl,
concentrations, a thin Pd shell was formed on the Au rod
surface. On increasing the Pd concentration, the shell became
more irregular and dendritic, which is most clearly visible in
the HAADF-STEM images. The atomic Pd fraction (Xp4) was
quantified for the different Au@Pd NRs with EDX, averaged
over at least 10 particles. In Figure S8, lower-magnification
TEM images and a plot of Xp, as a function of the Na,PdCl,
concentration are shown. The Pd fraction increased with
increasing Na,PdCl, concentration, from 0.03 to 0.39. The
plots in Figures 2e and S8 show a similar trend, where X, and
Xpq increase as a function of the AgNO; and Na,PdCl,
concentrations. Yet, the yield during Pd overgrowth is lower
than during Ag overgrowth: ~40% (Table S6) versus >90%.
This difference could be related to the lower standard
reduction potential of PACI}~ compared to A%’ ions: +0.591
versus +0.800 V (25 °C, 1 atm), respectively.”

For the thinner Pd shells (e.g, Xpg = 0.03—0.14), it is
difficult to discern whether the Pd shell is continuous, as the
STEM images and EDX maps are 2D projections of a three-
dimensional (3D) particle. We therefore investigated the
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continuity of the Pd shells by studying the optical properties of
the core—shell NRs. In Figure 3¢, the extinction spectra of the
Au@Pd@SiO, NRs are plotted, showing the change in
plasmonic properties upon Pd shell growth. The LSPR peak
red-shifted, decreased in intensity, and broadened upon Pd
shell growth. Using finite-difference time-domain (FDTD)
calculations, the extinction spectra of Au@Pd@SiO, NRs with
a thin Pd shell and a thick Pd shell were computed,
corresponding to the experimental results for 0.083 and 0.83
mM Na,PdCl,, respectively. Using an effective-medium
approach for the composite dielectric function consisting of
Pd and the surrounding solvent, we varied the Pd packing
fraction p of a Pd dielectric shell from O to 1, where p < 1 and p
= 1 correspond to a discontinuous and continuous Pd shell,
respectively (see the Experimental Section for details). For a
thin Pd shell, the plasmon peak red-shifts when the shell is
discontinuous (p ~ 0—0.6) but blue-shifts with respect to the
Au cores for more continuous shells (p ~ 0.7—1). The best
match between the experimentally measured spectrum and the
calculated spectra is found for p = 0.1, showing that the thin Pd
shells were most likely discontinuous (Figure S9). For the
thicker Pd shell (Figure 3e), the LSPR peak red-shifts and
broadens, which is similar to the trend observed experimentally
(Figure 3b), where p = 0.4 gives the best match between the
experimental and calculated spectra (Figure S9).

In Figure 3f,g, we show that the shell morphology of the
Au@Pd@SiO, NRs was controlled to obtain smooth, epitaxial
Pd shells around the AuNRs via thermal annealing. Herein, we
first synthesized rough Pd shells at room temperature. Next,
the Au@Pd@SiO, NRs were heated in H, for 1 h at 300 °C,
which is below the alloying temperature of Au—Pd.® During
the heating, the protective mesoporous silica shell was crucial
in preventing the NRs from aggregating and in retaining the
spherocylindrical shape. Additionally, the silica shell also
enabled redispersion of the Au@Pd@SiO, NRs in polar
solvents after thermal treatment. In Figure 3fg, the Au@Pd@
SiO,, as-synthesized and after heating to 300 °C, are shown.
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Figure 5. Tuning the reaction rate of the Ag metal overgrowth and scaling up of the core—shell synthesis. (a) Structural formulas of the
nonreactive, fully protonated (top) and reactive, deprotonated forms of ascorbic acid (bottom). The pK, is 4.1. (b) Extinction spectra taken during
Ag overgrowth on Au@SiO, NRs, which was performed in an acidified solution with 6 mM HCI. The spectra were recorded over 15 min with an
interval between the spectra of 1 min. (c) LSPR peak intensity vs the reaction time when 2—8 mM HCl was present. (d) Plot of the reaction time
versus the HCI concentration (mM). (e) Extinction spectra of the Au@Ag@SiO, NRs synthesized at a 1 mL (blue) and a 400 mL (red) scale.

For clarity, we specifically used Au@Pd@SiO, NRs, which had
a very inhomogeneous Pd shell prior to the thermal annealing
(Figure 3f). After heating them to 300 °C for 1 h, the Pd
coating was successfully transformed to a smooth, epitaxial
shell (Figure 3g). HRTEM revealed that the as-synthesized,
polycrystalline Au@Pd@SiO, NRs transformed into single-
crystalline particles during thermal treatment (Figure 3fg).
Furthermore, the blue shift of the LSPR peak after heating
confirmed a transition from a discontinuous to a continuous,
smooth Pd shell (Figure S10).

Pt Growth: Dendritic Pt Shells with Variable Spike
Lengths. Au@Pt@SiO, NRs were prepared using K,PtCl, as
a metal precursor. The K,PtCl, concentration of the aqueous
solution was varied from 0.083 to 3.3 mM. In Figure 4, the
HAADEF-STEM images, corresponding EDX maps, and
extinction spectra of the Au@Pt@SiO, NRs with increasing
Pt shell thickness are shown. The EDX maps in Figure 4b—d
display Au, Pt, and Si in red, green, and blue, respectively. At
low Pt concentrations, a thin Pt shell grew around the Au core
(Figure 4b). At higher Pt concentrations, additional Pt spikes
started to extend into the pores of the silica coating and
revealed the ordered nature of the local pore structure around
the AuNRs (Figures 4c and S11). Once the spikes extended
outside the silica shell, the metal structure became more
disordered (Figure 4d). In Figure 4e, the extinction spectra of
the Au@Pt@SiO, NRs grown with different Pt precursor
concentrations are shown. Similar to the Au@Pd@SiO, NRs,
the LSPR peak of the Au@SiO, NRs broadened and
dampened upon Pt shell growth, which is likely a combination
of roughness of the Pt shell and the more lossy plasmonic
properties of Pt compared to Au.

Additionally, we observed that the growth rate of Pt was
much lower than for Ag or Pd. The Pt content could therefore
also be controlled by varying the reaction time, as we show in
Figure 4f, where the extinction spectra of Au@Pt@SiO, NRs
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are shown during the metal overgrowth. The broadening of the
spectra with increasing reaction time shows that the Pt
overgrowth occurred in a similar manner compared to the Pt
overgrowth using different Pt concentrations and a fixed
reaction time.

We also studied the orientation of the lattice planes in the Pt
shell with respect to the Au core. In Figure S12, an HRTEM
image of Au@Pt@SiO, NRs recorded in the bright-field mode
is shown. The HRTEM image shows that a thin crystalline Pt
layer had grown on the AuNR surface, but that the (111)
lattice planes of the Pt layer were oriented in a different
direction compared to the underlying Au(111) lattice planes.

Furthermore, we would like to note that the Pt spikes filled
the pores of the surrounding silica shell without destroying it.
However, we observed that when thicker Pd or Ag shells were
grown, the silica shell would crack. The Pt spike diameter was
2.5 nm (Figure S11), which is in good correspondence with
the pore diameter of the mesopores in the silica shell (Figure
S2) and of MCM-41-like materials in general,“"45 while it
became significantly thicker when the Pt growth reached the
outside of the mesoporous silica shell. Thus, Pt overgrowth can
be used to visualize the 3D, local pore structure in direct
contact with the AuNR using HAADF-STEM tomography.

Upscaling the Core—Shell Synthesis by Slowing
Down the Growth Kinetics. In the small-scale reactions,
carried out in ultrapure water (Milli-Q), the Ag and Pd metal
overgrowth generally took place in less than 10 s. Due to these
short reaction times, only small-scale syntheses with growth
solutions below 1 mL resulted in homogeneously coated Au@
Ag@SiO, NRs and Au@Pd@SiO, NRs without secondary
nucleation. To prevent inhomogeneous shell growth and
secondary nucleation, the reaction time should be longer than
the time needed to fully mix all reagents. To slow down the
reaction kinetics, we lowered the pH of the reaction mixture by
adding HCIL. Below a pH of 4.1, part of the ascorbic acid is
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Figure 6. Tuning the plasmonic properties of bimetallic core—shell rods for surface-enhanced Raman spectroscopy. (a) Experimentally measured
extinction spectra of Au@Ag@SiO,, Au@SiO, NRs, and Au@Pd@SiO, NRs with X,, = 0.42 (orange), Xpg =020 (red), Xa, = 1.0 (black), Xp4 =
0.21 (blue), and Xpq = 0.32 (turquoise) in a 3:1 (by volume) EtOH/H,O mixture. For the experimental spectra, an equal Au concentration of [Au]
= 0.1 mM was used. (b) Raman spectra of crystal violet measured in the presence of Au@Ag@SiO,, Au@Pd@SiO, NRs, and Au@SiO, NRs. The
SERS measurements were performed in a 3:1 (by volume) EtOH/H,O mixture containing a constant metal concentration of [Au] = 0.5 mM and 1
UM crystal violet (CV). FDTD-calculated extinction (c), scattering (d), and absorption (e) spectra of the Au@X@SiO, NRs. (f) FDTD-calculated
local field around the Au@Ag@SiO, (left), Au@SiO, (middle), and Au@Pd@SiO, NRs (right) when using a 633 nm light source. In Table S6, the

maximum local field enhancements are listed.

transformed into its fully protonated, nonreactive form, which
cannot be oxidized under the used synthesis conditions (Figure
5a)." Via the equilibrium between the deprotonated and
protonated ascorbic acid, new deprotonated ascorbic acid is
formed as metal overgrowth takes place and the reactive,
deprotonated ascorbic acid is consumed. Therefore, the
kinetics of metal growth can be tuned via the pH and the
reaction time can be varied from seconds to minutes. In Figure
Sb—d, we show the influence of pH on reaction time, where
the latter is defined as the time needed for completion of Ag
overgrowth. By varying the HCI concentration from 0 to 8
mM, the reaction time was tuned from a few seconds to 25
min. TEM analysis of the resulting samples did not show any
difference in the structure and composition of the Au@Ag@
SiO, NRs grown at different pH. Regardless of the reaction
kinetics, identical Au@Ag@SiO, NRs were obtained.

The slow reaction rate at low pH enabled us to scale up the
Ag and Pd overgrowth drastically. In Figure Se, the extinction
spectra of Au@Ag@SiO, NRs synthesized at a 1 mL and a 400
mL scale are shown. The spectra match closely: A{man=l* = 783
nm and AFER" = 794 nm. The EDX map in Figure SS shows
that also at a large (400 mL) scale, uniform Au@Ag@SiO,
NRs were synthesized. The yield of Au@Ag@SiO, NRs was 26
mg with a metal loading of 85 wt %. Such relatively large
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quantities allow studies of these well-defined colloidal particles
in, e.g., in situ X-ray absorption spectroscopy,’ self-
assembly,”*” and catalysis. Moreover, the slow growth
dynamics allow scaling up to even larger quantities.
Bimetallic Core—Shell Nanorods for Surface-En-
hanced Raman Spectroscopy. Our ability to control the
structural properties of the bimetallic core—shell nanorods
allowed optimization of their plasmonic properties for surface-
enhanced Raman spectroscopy (SERS). In this paper, our aim
is to illustrate the enhancements caused by the properties of
the individual NRs. Future work will involve self-assembly of
these bimetallic nanorods to create arrangements where we
have control over interparticle hotspots as well.**° Here, we
studied the SERS performance of Au@Ag@SiO, with X, =
0.20, 0.42; Au@Pd@SiO, NRs with Xp, = 0.21, 0.32; and Au@
Si0, NRs with X,, = 1.0 (see Table SS for particle
dimensions). In all cases, the CTAB template was removed
from the mesoporous silica shells using mild acid washing as
confirmed by TGA (Figure S1) and pyridine-based SERS
(Figure S13). To study the SERS signal of the different
nanorods in a quantitative and reproducible way, all SERS
measurements were performed in solution. This has three
important advantages compared to SERS on dried particle
ensembles and probe molecules. First, by measuring in a dilute
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particle dispersion, interparticle plasmonic hotspots, which
strongly enhance the SERS signal but usually in a highly
uncontrolled way, can be prevented. Such interparticle
hotspots were further prevented by the 18 nm thick
mesoporous silica shell surrounding the NRs. Second, in
solution, the particle concentration can be controlled precisely,
which enables a direct comparison between different NR
systems. Here, the metal concentration was fixed at 0.5 mM
Au, as determined via inductively coupled plasma atomic
emission spectroscopy (ICP-AES) analysis, in each measure-
ment. Third, the probe concentration is homogeneous
throughout the sample when measuring in solution, whereas
inhomogeneities in the probe concentration upon drying
would complicate a direct comparison between the different
bimetallic NR samples. As a probe molecule, we chose crystal
violet (CV) as it does not chemically bind to the surfaces,”
which prevents changes in the polarizability of the molecule
when binding to different metal surfaces.”’ The CV
concentration was fixed at 1.0 uM in a 3:1 (by volume)
ethanol/water solution.

In Figure 6a, the optical spectra of the bimetallic nanorods
as measured experimentally are shown. By growing a Ag shell,
the LSPR peak increased in intensity, blue-shifted, and
matched the spectral region relevant in the subsequent SERS
measurements, indicated by the gray area in Figure 6a. Pd
growth, on the other hand, led to broadening and damping of
the LSPR peak. In the latter case, etched Au cores with a
shorter aspect ratio than the Au@SiO, NRs from Figure 6a
were used, which is why the LSPR peak of the Au@Pd@SiO,
NRs lies at slightly shorter wavelengths.

In Figure 6b, the SERS spectra of 1.0 uM CV in ethanol/
water in the presence of different core—shell NRs are shown.
All NRs enhanced the Raman signal of crystal violet, showing
that CTAB removal from the mesopores was successful and the
metal particle surface was accessible for the crystal violet
molecules. The spectra shown in Figure 6b are an average of
800 spectra recorded at different positions in the sample. By
measuring in a dilute, homogeneously mixed dispersion and
averaging over 100 spectra per spot, we successfully obtained
reproducible SERS spectra throughout the sample. The
excellent reproducibility of our SERS measurements is
demonstrated in Figure S14. The intensity of the SERS signal
of crystal violet was the highest for Au@Ag@SiO, NRs with
the largest Ag content (XAg = 0.42) and decreased with
decreasing Ag and increasing Pd contents. These observations
are in line with observations described in the literature on
uncoated Au core—Ag shell nanostructures’”** and uncoated
Pd-coated Ag nanocubes”” in the presence of strongly binding
thiol-functionalized probe molecules.

To better understand the observed dependence of the SERS
performance on the metal shell type and thickness, we
performed FDTD calculations. The calculated extinction,
scattering, and absorption spectra are shown in Figure 6¢,d,e,
respectively. The local field enhancements around the Au@
Ag@SiO,, Au@Pd@SiO, NRs, and Au@SiO, NRs are shown
in Figure 6f, and the maximum local field enhancements are
listed in Table S6. The enhancement of the Raman signal is
proportional to |E;y (@) Epoc(@rs)> "> where Ej (@) and
Ey(wygs) are the local field intensities at the wavelength of the
incident light (@. = 633 nm) and at the wavelengths of the
inelastically scattered light of the probe molecules (wgg =
660—710 nm, 700—1700 cm™"), respectively. We find that the
local field enhancement at 633 nm is the highest for the Au@
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Ag NRs, especially for the Au@Ag@SiO, NRs with X, = 0.42
(Figure 6f, Table S6). Furthermore, the scattering cross section
of the Au@Ag@SiO, NRs is the largest at wys, meaning that
the inelastically scattered light from the CV molecules is
scattered most efficiently by the Au@Ag@SiO, NRs. We
therefore ascribe the enhanced SERS performance upon Ag
shell growth to the increased spectral overlap of the LSPR peak
of the Ag@Au@SiO, NRs, the 633 nm laser light, and the
inelastically scattered light of the CV probe molecules and to
the stronger, less damped, plasmonic fields themselves.

Predicting the Growth Behavior of Core—Shell
Nanoparticles. Depending on the type of metal, we observed
different shell morphologies and crystal lattice orientations in
the metal overgrowth of Ag, Pd, and Pt onto Au cores. We will
now identify the physiochemical properties known for bulk
metals that play an important role in the shell growth behavior,
when assuming thermodynamic equilibrium conditions. Such
knowledge is useful in predicting the metal structures that
would form when extending our synthesis method to different
metals than Au, Ag, Pd, and Pt.

For the Au@Ag@SiO, and Au@Pd@SiO,/Au@Pt@SiO,
NRs, smooth and continuous shell growth and rough and
discontinuous shell growth were observed, respectively. The
morphology of the metal shell depends on the dominating
growth mechanism during metal deposition. According to the
crystal growth theory for gas-phase deposition, three growth
modes can be distinguished: (1) a layered growth mode
(Frank van der Merwe, FM), (2) an intermediate growth mode
(Stranski Krastanov, SK), and (3) an island growth mode
(Volmer Weber, VW).”>*” Herein, FM growth leads to
smooth continuous shells, whereas rough, discontinuous shells
are formed in VW growth. In SK growth, a smooth shell is
formed initially, followed by discontinuous growth. This can
happen when the strain energy increases with an increasing
number of atomic shell layers, for example, due to a lattice
mismatch between the core and the shell crystal structure.
Which of the growth modes occurs depends on the surface
tensions of, and interactions between, the core and the shell
metal.

In Table 1, the solid—vapor surface free energy (Eg) values
for Au, Ag, Pd, and Pt (determined at 0 K) are listed. When

Table 1. Summary of Key Parameters of Bulk Au, Ag, Pd,
and Pt

Au Ag Pd Pt
FCC lattice constant (A)*? 4.08 409 389 392
surface energy, Es (J/m?)>»** 150 124 200 249
bond dissociation ener; ) 226 160 100 307
M-M, Ep(M—M) (kJ/mol)*°
226 203 15§

bond dissociation energy,

Ep(Au—M) (kJ/mol)”
“The face centered cubic (FCC) lattice constant, solid—vapor surface
free energy at 0 K, and the bond dissociation energy of two equal
metal atoms (M—M) and between Au and a different metal atom
(Au—M).>>%¢

Eg(shell) is smaller than Eg(core), wetting of the core by the
shell metal is favorable and continuous growth can occur, given
that the interfacial energy is small. As the interfacial surface
tensions and energies between the metals are not known, we
listed the bond dissociation energies between two atoms of the
same metal Ep(M—M) and the bond dissociation energies
between a metal atom with a Au atom Ep(Au—M) in Table 1
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as well. These bond dissociation energies indicate whether the
interaction between the shell and core materials is favorable
compared to the shell—shell interaction. Continuous shell
growth is likely when Ep(Au—M) > Ep(M—M).

From the Eg and Ej, values in Table 1, it follows that Eg(Ag)
< Eg(Au) and Ep(Ag—Au) > Ep(Ag—Ag), meaning that
continuous growth of a smooth Ag shell around a gold core is
thermodynamically favorable. This is in good agreement with
our experimental results presented in Figure 2, showing
smooth, continuous, epitaxial Ag shell growth. Smooth Ag
growth on differently shaped AuNPs has also been observed in
the literature, both for uncoated and for partially coated
NPs.0726:32734364057.58 7 the best of our knowledge, there
are no reports of rough, discontinuous Ag shell growth on Au.

The growth behavior of Pt shells on Au cores, presented in
Figure 4, can be explained in a similar way. Eg(Pt) > Eg(Au)
and Ep(Pt—Pt) > Ep(Au—Au), meaning that discontinuous,
rough, nonepitaxial shell growth is indeed expected. Note that
Ep(Au—Pt) is not known since Au and Pt do not form an alloy
for bulk metals. Our experimental findings are in line with
previous reports of metal overgrowth on uncoated and partially
coated Au NPs, where always rough shell growth was observed
regardless of the presence of a (porous) surface coat-
ing 3343641

Predicting the type of metal growth for Pd on Au is more
complex than for Ag or Pt shell growth. The surface energy of
Pd is higher than that of Au, whereas the bond dissociation
energy Ep(Au—Pd) is larger than Ej(Pd—Pd). The latter
indicates that continuous Pd shell growth is in principle
favorable. However, when overgrowing Au with Pd, we
observed that Pd, like Pt, tended to grow a rough shell
extending into the mesopores of the silica shell. For uncoated
Au—Pd NRs, both continuous and discontinuous shell growth
have been observed.”">® In the case of uncoated AuNRs, the
growth behavior could be tuned from continuous to discrete
when growing the Pd shell in the presence of Br~ and CI” ions,
respectively.”’ This difference in growth behavior is probably
due to a variation in the reduction potential and thus in the
reduction rate of Pd ions when adding Br™ and CI~, which are
known to strongly coordinate with Pd ions.”>*” In our case,
the growth occurred in the presence of ClI” ions coming from
the Na,PdCl, precursor, resulting in discontinuous shell
growth. By thermally annealing the Au@Pd@SO, NRs, the
rough Pd shells turned into smooth, continuous, epitaxial Pd
shells (Figure 3), while the anisotropic out-of-equilibrium
particle shape still remained. The latter result shows that
continuous Pd shell Au core NRs are thermodynamically the
more favorable local structures.

Whether epitaxial growth occurs (partially) depends on the
lattice parameters of the core and shell metal and on the
thickness of the shell. In Table 1, the lattice constants for FCC
Au, Ag, Pd, and Pt crystals are given. Ag and Au have similar
lattice constants, differing by only 0.2%, explaining why we
observed epitaxial growth of Ag on Au. The HRTEM images in
Figure S7 show a crystalline Ag shell, with the lattice planes
running in the same crystallographic orientation as the
underlying Au core. For Pd and Pt, the lattice mismatch
with Au is significantly larger, about 4%. Ty?ically within 5%
mismatch, epitaxial growth is still possible.”*® For Pd, the
shell growth was nonepitaxial as separate Pd nanocrystals were
grown with their crystals in random orientations with respect
to the underlying AuNR crystal (Figure 3f). However, via
thermal annealing, these nonepitaxial shells were successfully
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transformed into epitaxial Pd shells (Figure 3g), showing that a
4% lattice mismatch still allows for epitaxial growth of Pd on
Au,**°" most likely because the shells were relatively thin.

B CONCLUSIONS

We have shown that careful tuning of the composition and
morphology of mesoporous silica-coated, bimetallic core—shell
nanorods is essential in controlling their plasmonic properties.
Both in experiments and with FDTD calculations, we
demonstrated that the intensity of the longitudinal surface
plasmon peak increased with its peak position blue-shifting
upon Ag shell growth, whereas the intensity decreased and the
peak broadened upon Pd/Pt shell growth. Our ability to
precisely tune the structure allowed optimization of the
plasmonic properties for surface-enhanced Raman spectrosco-
py. We showed that the Au@Ag@SiO, NRs outperformed
Au@Pd@SiO, and Au@SiO, NRs due to the increased
strength and spectral overlap of the LSPR peak with the 633
nm laser light and the inelastically scattered light of the probe
molecules. The metal overgrowth approach described in this
paper is not limited to small-scale, rod-shaped particles or to
Ag, Pd, and Pt only, but can be extended to different,
nonprecious metals and other particle shapes as well.”> Herein,
the growth behavior of the resulting metal shells depends on
physiochemical bulk parameters such as the binding energy
between the shell and core atoms, the surface tensions, and the
lattice parameters of the metals used. We therefore expect that
our work will open the way to the large-scale synthesis of well-
defined, multimetallic nanostructures of key importance for
self-assembly, plasmonics, catalysis, and sensing.

B EXPERIMENTAL SECTION

Chemicals. All chemicals were used as received without
further purification. Hexadecyltrimethylammonium bromide
(CTAB, >98.0%) and sodium oleate (NaOL, >97.0%) were
purchased from TCI America. Hydrogen tetrachloroaurate
trihydrate (HAuCl,-3H,0) and sodium hydroxide (NaOH,
98%) were purchased from Acros Organics. L-Ascorbic acid
(BioXtra, >99%), hydrogen peroxide (H,0,, 30 wt % in H,0),
hydrochloric acid (HCI, 37 wt % in water), silver nitrate
(AgNO;, >99%), sodium borohydride (NaBH,, 99%), sodium
tetrachloropalladate-(I1) (Na,PdCl,, 98%), potassium tetra-
chloroplatinate-(II) (K,PtCl,, 98%), and tetraethyl orthosili-
cate (TEOS, 98%) were purchased from Sigma-Aldrich.
Ultrapure water (Millipore Milli-Q grade) with a resistivity
of 18.2 MQ was used in all of the experiments. Methanol was
purchased from Interchema (>99.85%.) All glassware for the
AuNR synthesis was cleaned with fresh aqua regia (HCl/
HNO, in a 3:1 volume ratio), rinsed with large amounts of
water, and dried at 100 °C before usage.

Synthesis of the Core—Shell Nanorods. Step 1: Gold
Nanorod Synthesis. Monodisperse AuNRs were synthesized
according to the protocol of Ye et al.” The synthesis was
performed on a 500 mL scale with a growth solution
containing 7.0 g of CTAB, 1.24 g of NaOL, 250 mL of MQ_
H,0, 250 mL of 1.0 mM HAuCl,, 7.2 mL of AgNO3, 2.10 mL
of concentrated HCI (37 wt %, 12.1 M), 64 mM ascorbic acid,
and 1.0 mL of seed solution. The seeds were prepared from a
solution containing 10 mL of 0.10 M CTAB, 51 uL of S0 mM
HAuCl,, and 1.0 mL of 6.0 mM NaBH,. The subsequent rod
growth was performed under static conditions in a 30 °C water
bath overnight. The resulting AuNR suspensions had a
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longitudinal LSPR (4. gpr) of 892 nm and a maximum
extinction (Ext) of 1.0 when diluted 4X in H,O. The rods
were centrifuged at 8000 rcf (relative centrifugal force) for 30
min (Rotina 380R Hettich centrifuge), washed once with H,O,
and redispersed in about 40 mL of 5.0 mM CTAB H,0.

Step 2: Mesoporous Silica Coating. The CTAB-stabilized
AuNRs were coated with an 18 nm mesoporous silica shell via
the method of Gorelikov et al.”> The coating was performed in
170 mL of 1.5 mM CTAB aqueous solution containing 1.0
mM NaOH and an AuNR concentration corresponding to an
extinction maximum of 1.0 when diluted 10X in H,0O. While
magnetically stirring at 300 rpm in a 30 °C water bath, 3 times
0.510 mL of 0.90 M TEOS in EtOH was added with a 30 min
time interval. The silica-coated gold nanorods (Au@SiO,
NRs) were centrifuged at 8000 rcf for 30 min and washed
once with water and once with ethanol.

Step 3: Oxidative Etching. First, 200 uL of HCI (37 wt %,
12.1 M) and 200 uL of S0 mM H,0, in MeOH (containing
0.19 M H,0) were added to 10 mL of silica-coated AuNRs
(ALspr = 838 nm, Ext = 1.6 when 2X diluted in MeOH) in
MeOH, resulting in final HCI and H,O, concentrations of 0.24
M and 1.0 mM, respectively. Thereafter, the reaction was
immediately heated in a 60 °C oil bath while magnetically
stirring at 400 rpm. After 12 min, the reaction was quenched
with 10 mL of fresh MeOH. The longitudinal LSPR peak
position of the etched AuNRs in MeOH had shifted to 748
nm. An additional 20 mL of fresh MeOH was added, and the
particles were centrifuged at 8000 rcf for 25 min. Next, the
particles were washed with 9 mL of MeOH and 9 mL of H,0
and redispersed in ~7 mL of H,O (4, gpg = 748 nm, Ext = 2.2).

To remove the CTAB and open the mesopores of the silica-
coated AuNRs, we washed the NRs with 0.10 M HCl in EtOH.
To a 31 mL dispersion of Au@SiO, NRs in EtOH, 260 uL of
concentrated HCl (12.1 M) was added such that the HCI
concentration in EtOH was 0.10 M. The acidified dispersion
was sonicated for 30 min at room temperature (RT). Next, the
Au@SiO, NRs were centrifuged at 8000 rcf for 35 min and
washed with 20 mL of EtOH and twice with 10 mL of EtOH
to remove the HCI. Thereafter, the rods were redispersed in 10
mL of EtOH.

Step 4: Metal Overgrowth. For metal overgrowth, 0.300
mL of etched AuNRs@meso-SiO, (4;spr = 746—748 nm, Ext
= 2.2) in H,0 was used, to which AgNO;, Na,PdCl,, or
K,PtCl, (1—-100 mM, 0.030 mL) was added. Next, ascorbic
acid (4X [metal precursor] mM, 0.030 mL) was added and the
mixture was gently shaken for 20 min at room temperature (for
Ag and Pd) or overnight (for Pt). The complete set of
experimental parameters for Ag, Pd, and Pt overgrowth is listed
in Tables S3—SS5, respectively. In the tables, the concentration
and volume of the added metal precursor and ascorbic acid
solutions are given and the final metal precursor and ascorbic
acid concentration in the reaction mixture. Next, the reaction
mixtures were diluted to 1.0 mL H,O to study their plasmonic
properties by recording the vis—IR spectra. Afterward, the
core—shell nanorods were washed with 4 mL of H,O and 2 mL
of EtOH and redispersed in 1.0 mL of absolute EtOH
(centrifugation at 7000—9000 rcf for 10—1S min). TEM
analysis was used to determine the size of the Ag@Au@SiO,
NRs. Due to the dendritic nature of the Pd and Pt shell, this
could not reliably be done for the Au@Pd@SiO, and Au@
Pt@SiO, NRs.

Thermal Treatment. Thermal treatment was performed in a
tubular oven (Thermolyne 79300 tube furnace) under a
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constant H, flow (~50 mL/min). The core—shell NRs were
first dried in a glass vial and then heated in a quartz tube oven.
The heating rate was 2 °C/min, and the particles were heated
to 300 °C for 1 h and cooled down under H, to RT before
taking them out of the oven. After heating, the NRs were
redispersed in 1 mL of EtOH. The shell morphology of the
rods was analyzed in a transmission electron microscope
(TEM), and the optical properties were analyzed by recording
extinction spectra (see the Characterization Section for
details).

Controlling the Growth Kinetics. To follow the growth
kinetics, in situ Fourier transform visible—infrared spectroscopy
(vis—IR) measurements were performed (see details below).
The Au@SiO, cores were dispersed in 1.0 mL of H,O such
that A; gpp = 744 nm and Ext = 1.0. To this solution, 20—80 uL
of 0.10 M HCI was added. The 0.10 M HCI solution was
prepared by mixing 83 uL of concentrated HCI (37 wt %, 12.1
M) with 9.92 mL of H,O. Next, 10 yL of 15 mM AgNO; was
added and an extinction spectrum was recorded before
addition of 10 L of 60 mM ascorbic acid. The final HCI,
AgNOs;, and ascorbic acid concentrations in the growth
solution were 2—8 mM, 0.15 mM, and 0.60 mM, respectively.
Every minute for 25 min, a spectrum was recorded between
400 and 1200 nm with a step size of 1 nm.

Upscaling. For the small- and large-scale Au@Ag@SiO, NR
syntheses, unetched Au@SiO, NRs with L,, = 107 and Dy, =
35 nm were used. Prior to metal overgrowth, the Au@SiO,
NRs were washed with 0.10 M HCl in EtOH solution (30 mL
of absolute EtOH with 246 uL of concentrated HCI (37 wt %,
HCI)), followed by 3X washing with EtOH and redispersion in
H,0 (A gpr = 819 nm and Ext = 2.8). The HCI washing was
performed to remove most of the remaining CTAB molecules
from the pores of the mesoporous silica shell.*>* It is necessary
to carry out this step when performing metal overgrowth
directly on unetched Au@SiO, NRs. For the etched Au@SiO,
NRs, this step is not required, since (part of) the CTAB is
removed during the etching process. The small-scale metal
overgrowth was carried out in a disposable cuvette containing
1.0 mL of Au@SiO, NRs in H,O (4;gpr = 744 nm and Ext =
1.0), 20 uL of 0.10 M HC, 20 uL of 5.0 mM AgNOs;, and 20
UL of 20 mM ascorbic acid. The large-scale metal overgrowth
was performed in a 500 mL Erlenmeyer flask with 400 mL of
Au@SiO, NRs in H,0, 8.0 mL of 0.10 M HCI, 8.0 mL of 5.0
mM AgNOj;, and 8.0 mL of 20 mM ascorbic acid. The reaction
time for both experiments was 30 min, during which the large-
scale reaction mixture was magnetically stirred at 400 rpm.
Afterward, the rods were washed with ethanol twice and
redispersed in 2 mL (small-scale) and 25 mL (large-scale) of
EtOH for storage. The A; gpy values for the Au@Ag@SiO, NRs
synthesized at small and large scales were 783 and 794 nm,
respectively.

Long-Term Storage of Core—Shell NRs. The storage of
Au@Ag@SiO, NRs in EtOH should always be done in the
dark and at low temperature to prevent oxidation and
subsequent dissolution of the Ag shell. In the fridge (4 °C),
the rods can be stored >1 year. We advise also storing the Au@
Pd@SiO, NRs in the fridge. Storage at RT does not lead to
dissolution of the Pd shell, but due to partial oxidation of the
Pd shell, the plasmonic properties of the Au@Pd@SiO, NRs
will be lost in time. We observed that the Au@Pt@SiO, NRs
can be stored well at RT.

Characterization. Extinction spectra were measured using
a vertex 70 FTIR spectrometer (BRUKER) and 1.0 cm
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cuvettes. The optical spectra were recorded over a spectral
range from 400 to 1200 nm with a step size of 1 nm and
averaged over 60 spectra. Bright-field transmission electron
microscopy images, HAADF-STEM images, and EDX maps
were recorded with a FEI Talos F200X operated at 200 kV,
which is part of the Electron Microscopy facility EM Square at
Utrecht University. The particle sizes were measured from
TEM images. Per sample, the size of 100 particles was
determined. The obtained EDX intensity maps were quantified
using the Cliff—Lorimer method. The metal compositions
determined via EDX are an average of 10 particles. The CTAB
content of the unwashed and washed Au@SiO, NR samples
was determined with TGA analysis. The TGA measurements
were performed on a PerkinElmer balance (Pyris 1). The
samples (typically 10 mg) were heated in 20 mL/min O, to
100 °C with 5 °C and kept at 100 °C for 30 min. Thereafter,
the sample was heated with 5—600 °C. Inductively coupled
plasma atomic emission spectroscopy (ICP-AES) analysis was
carried out to determine the metal concentration and
composition of the Au@Pd@SiO, NR dispersions. The ICP-
AES experiments were carried out on a PerkinElmer optical
emission spectrometer Optima 8300 equipped with a
PerkinElmer S10 autosampler. Prior to the ICP analysis, 10
uL of NRs in EtOH was centrifuged at 8000 rcf for 5 min,
dissolved in 500 uL of aqua regia (HNO,, Sigma-Aldrich,
>99.999 trace metal basis and HCI, Fluka, for trace analysis),
and diluted with 4.50 mL of MQ H,O to 10 vol % aqua regia
in H,O. Thereafter, the solution was centrifuged for S min at
15000 rcf (to remove remainders of the silica shell). The top
4.50 mL was then used for the ICP analysis.

Raman Measurements. The Raman measurements were
carried out on a Renishaw Raman microscope equipped with
an RL633nm HeNe laser giving 633 nm light with a maximum
power of ~12.5 mW. A 50X air objective with NA = 0.75 and a
laser spot size of about 1 ym was used. Typically, a laser power
of 1% (~0.14 mW), exposure time of 1 s, and 100
accumulations were used. A 3:1 ethanol/water dispersion
containing the NRs with a fixed metal concentration of 0.5
mM Au and crystal violet concentration of 1.0 X 107 M was
loaded onto a glass capillary, sealed, and mounted on a glass
slide with UV glue. During the SERS measurements, 10
different spots in each sample were probed, where an average
of 100 spectra was taken at each spot. In this way, we ensured
that on average an equal amount of particles contributed to the
SERS signal in all measurements.

FDTD Calculations. The FDTD simulations were carried
out with the commercial software package Lumerical FDTD
Solutions 8.11. A total field scattered field source was used to
simulate a propagating plane wave interacting with the
nanostructures, with a wavelength range of 500—1200 nm.
Only the longitudinal surface plasmon resonance was
calculated by setting the polarization parallel to the long axis
of the AuNRs. A three-dimensional nonuniform mesh was used
with a grid size of 0.3 nm for the Au metal nanorods and the
immediate vicinity of the structures. The sizes used in the
simulations were determined from TEM images and are
summarized in Table S2 for the Au—Ag, Au—Pd, and AuNRs.
The shape of the Au core was modeled as a cylinder capped
with a hemisphere at each end. For the core—shell nanorods,
the shell was modeled by wrapping the Au core with a shell
layer of the same shape. The dielectric functions of the metals
were obtained by fitting the data of Olmon et al. (Au),”* Yang
et al (Ag),(’4 and Raki¢ et al. (Pd, Pt).”° To calculate the

effective dielectric function of the composite shell consisting of
Pd with varying volume fractions and the dielectric shell, we
used Bruégégeman’s effective-medium theory for spherical
inclusions

p(em B ee)
€, + (d—1)-€,

€~ €

M gy R

where €, €4 and €, are the dielectric functions of the shell
metal (Pd), the dielectric environment (silica-solvent), and the
composite system, respectively. p is the volume fraction of the
Pd in the composite shell. d is the dimensionality of the system
and is equal to 3. Once the effective dielectric function of the
medium was calculated by solving eq 2, it was inserted into
FDTD software. In the FDTD calculations, we assumed a
porosity of 63% (f) for the mesoporous layer of silica® to
which we assigned a refractive index of 1.45 (ngo,) and
assumed that the pores were filled with a solvent (3:1 ethanol/
water) having a refractive index of 1.34 and used a volume-
weighted average of the pores and silica

2 2
Rogg = \/nHZO—EtOH'f+ ngio, (1 = f) ®)

The obtained effective index of refraction is 1.38, which we
assumed to be valid for all wavelengths.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.0c06321.

Figures on template removal, metal overgrowth, FDTD
calculations, and SERS measurements; and tables
summarizing the synthesis details (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Jessi E. S. van der Hoeven — Soft Condensed Matter, Debye
Institute for Nanomaterials Science, Utrecht University, 3584
CC Utrecht, The Netherlands; Inorganic Chemistry and
Catalysis, Debye Institute for Nanomaterials Science, Utrecht
University, 3584 CG Utrecht, The Netherlands;

orcid.org/0000-0001-9832-289X;

Email: j.e.s.vanderhoeven@uu.nl

Tian-Song Deng — Soft Condensed Matter, Debye Institute for
Nanomaterials Science, Utrecht University, 3584 CC Utrecht,
The Netherlands; © orcid.org/0000-0002-0841-4932;
Email: dengts@pku.edu.cn

Alfons van Blaaderen — Soft Condensed Matter, Debye
Institute for Nanomaterials Science, Utrecht University, 3584
CC Utrecht, The Netherlands; Email: a.vanblaaderen@
uu.nl

Authors

Wiebke Albrecht — Soft Condensed Matter, Debye Institute for
Nanomaterials Science, Utrecht University, 3584 CC Utrecht,
The Netherlands; © orcid.org/0000-0002-0800-4933

Liselotte A. Olthof — Inorganic Chemistry and Catalysis,
Debye Institute for Nanomaterials Science, Utrecht
University, 3584 CG Utrecht, The Netherlands

Marijn A. van Huis — Soft Condensed Matter, Debye Institute
for Nanomaterials Science, Utrecht University, 3584 CC
Utrecht, The Netherlands; © orcid.org/0000-0002-8039-
2256

https://dx.doi.org/10.1021/acsomega.0c06321
ACS Omega 2021, 6, 7034—7046


http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c06321/suppl_file/ao0c06321_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c06321?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c06321/suppl_file/ao0c06321_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jessi+E.+S.+van+der+Hoeven"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-9832-289X
http://orcid.org/0000-0001-9832-289X
mailto:j.e.s.vanderhoeven@uu.nl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tian-Song+Deng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-0841-4932
mailto:dengts@pku.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alfons+van+Blaaderen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:a.vanblaaderen@uu.nl
mailto:a.vanblaaderen@uu.nl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wiebke+Albrecht"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-0800-4933
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liselotte+A.+Olthof"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marijn+A.+van+Huis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-8039-2256
http://orcid.org/0000-0002-8039-2256
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Petra+E.+de+Jongh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c06321?ref=pdf

ACS Omega

http://pubs.acs.org/journal/acsodf

Petra E. de Jongh — Inorganic Chemistry and Catalysis, Debye
Institute for Nanomaterials Science, Utrecht University, 3584
CG Utrecht, The Netherlands; © orcid.org/0000-0002-
2216-2620

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.0c06321

Author Contributions

JvdH and TSD contributed equally to this work. AvB initiated
the project. JvdH and LO were supervised by PdJ and AvB.
TSD and WA were supervised by AvB. JvdH, TSD, and LO
synthesized the particles. WA performed the FDTD calcu-
lations. JvdH preformed the HAADF-STEM EDX measure-
ments and SERS measurements. JvdH wrote the manuscript.
All authors analysed and discussed the results.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors acknowledge Hans Meeldijk for his help with the
electron microscopy measurements and Relinde Moes-van
Dijk for performing the ICP-AES analysis. The project has
received funding from the European Research Council (ERC)
under the European Union’s Horizon 2020 research and
innovation program (ERC-2014-CoG No 648991) and the
ERC under the European Unions Seventh Framework
Program (FP-2007-2013)/ERC Advanced Grant Agreement
#291667 HierarSACol. JES.v.d.H. also acknowledges the
Graduate Program of the Debye Institute for Nanomaterials
Science (Utrecht University), which is facilitated by grant
022.004.016 of the NWO, the Netherlands Organisation for
Scientific research. T.-S.D. also acknowledges support from the
National Science Foundation of China (NSFC, Grant No.
61905056).

B REFERENCES

(1) Chen, H; Shao, L.; Li, Q; Wang, J. Gold Nanorods and their
Plasmonic Properties. Chem. Soc. Rev. 2013, 42, 2679—2724.

(2) Ye, X.; Zheng, C.; Chen, J.; Gao, Y.; Murray, C. B. Using Binary
Surfactant Mixtures To Simultaneously Improve the Dimensional
Tunability and Monodispersity in the Seeded Growth of Gold
Nanorods. Nano Lett. 2013, 13, 765—771.

(3) Scarabelli, L.; Sinchez-Iglesias, A.; Pérez-Juste, J.; Liz-Marzan, L.
M. A “Tips and Tricks” Practical Guide to the Synthesis of Gold
Nanorods. J. Phys. Chem. Lett. 2018, 6, 4270—4279.

(4) Huang, X; El-Sayed, 1. H; Qian, W.; El-Sayed, M. A. Cancer
Cell Imaging and Photothermal Therapy in the Near-Infrared Region
by Using Gold Nanorods. J. Am. Chem. Soc. 2006, 128, 2115—2120.

(5) Cortie, M. B; McDonagh, A. M. Synthesis and Optical
Properties of Hybrid and Alloy Plasmonic Nanoparticles. Chem.
Rev. 2011, 111, 3713—373S.

(6) Rycenga, M.; Cobley, C. M.; Zeng, J.; Li, W.; Moran, C. H,;
Zhang, Q.; Qin, D.; Xia, Y. Controlling the Synthesis and Assembly of
Silver Nanostructures for Plasmonic Applications. Chem. Rev. 2011,
111, 3669—3712.

(7) Gao, C.; Huy, Y.; Wang, M.; Chi, M.; Yin, Y. Fully Alloyed Ag/Au
Nanospheres: Combining the Plasmonic Property of Ag with the
Stability of Au. J. Am. Chem. Soc. 2014, 136, 7474—7479.

(8) Albrecht, W.; van der Hoeven, J. E. S.; Deng, T. S.; de Jongh, P.
E.; van Blaaderen, A. Fully Alloyed Metal Nanorods with Highly
Tunable Properties. Nanoscale 2017, 9, 2845—2851.

(9) Contreras-Caceres, R.; Dawson, C.; Formanek, P.; Fischer, D.;
Simon, F.; Janke, A.; Uhlmann, P.; Stamm, M. Polymers as Templates
for Au and Au@Ag Bimetallic Nanorods: UV—VIS and Surface
Enhanced Raman Spectroscopy. Chem. Mater. 2013, 25, 158—169.

7045

(10) Sun, K. Q; Hong, Y. C; Zhang, G. R;; Xu, B. G. Synergy
between Pt and Au in Pt-on-Au Nanostructures for Chemoselective
Hydrogenation Catalysis. ACS Catal. 2011, 1, 1336—1346.

(11) Hong, J. W.; Kim, D.; Lee, Y. W.; Kim, M.; Kang, S. W.; Han, S.
W. Atomic-Distribution-Dependent Electrocatalytic Activity of Au-Pd
Bimetallic Nanocrystals. Angew. Chem., Int. Ed. 2011, 50, 8876—8880.

(12) Sarina, S.; Zhu, H.; Jaatinen, E.; Xiao, Q.; Liu, H,; Jia, J.; Chen,
C.; Zhao, J. Enhancing Catalytic Performance of Palladium in Gold
and Palladium Alloy Nanoparticles for Organic Synthesis Reactions
through Visible Light Irradiation at Ambient Temperatures. J. Am.
Chem. Soc. 2013, 135, 5793—5801.

(13) Huang, J.; Zhu, Y.; Lin, M;; Wang, Q.; Zhao, L.; Yang, Y.; Yao,
K. X; Han, Y. Site-Specific Growth of Au-Pd Alloy Horns on Au
Nanorods: A Platform for Highly Sensitive Monitoring of Catalytic
Reactions by Surface Enhancement Raman Spectroscopy. J. Am.
Chem. Soc. 2013, 135, 8552—8561.

(14) Rodal-Cedeira, S.; Montes-Garcs, V.; Polavarapu, L.; Solis, D.
M.,; Heidari, H.; la Porta, A,; Angiola, M.; Martucci, A.; Taboada, J.
M.; Obelleiro, F.; et al. Plasmonic Au@Pd Nanorods with Boosted
Refractive Index Susceptibility and SERS Efficiency: A Multifunc-
tional Platform for Hydrogen Sensing and Monitoring of Catalytic
Reactions. Chem. Mater. 2016, 28, 9169—9180.

(15) Chiu, C.-Y,; Huang, M. H. Polyhedral Au-Pd Core-Shell
Nanocrystals as Highly Spectrally Responsive and Reusable Hydrogen
Sensors in Aqueous Solution. Angew. Chem. Int. Ed. 2013, 52, 12941—
1294S.

(16) Linic, S.; Aslam, U.; Boerigter, C.; Morabito, M. Photochemical
Transformations on Plasmonic Metal Nanoparticles. Nat. Mater.
2015, 14, 567—576.

(17) Zheng, Z.; Tachikawa, T.; Majima, T. Single-Particle Study of
Pt-Modified Au Nanorods for Plasmon-Enhanced Hydrogen Gen-
eration in Visible to Near-Infrared Region. J. Am. Chem. Soc. 2014,
136, 6870—6873.

(18) Zheng, Z.; Tachikawa, T.; Majima, T. Plasmon-Enhanced
Formic Acid Dehydrogenation Using Anisotropic Pd-Au Nanorods
Studied at the Single-Particle Level. J. Am. Chem. Soc. 2015, 137,
948—-957.

(19) Li, B;; Gu, T; Ming, T.; Wang, J.; Wang, P.; Wang, J; Yu, J. C.
(Gold Core)@(Ceria Shell) Nanostructures for Plasmon-Enhanced
Catalytic Reactions under Visible Light. ACS Nano 2014, 8, 8152—
8162.

(20) Wang, E; Li, C; Chen, H,; Jiang, R;; Sun, L.-D.; Li, Q.; Wang,
J; Yu, J. C; Yan, C.-H. Plasmonic Harvesting of Light Energy for
Suzuki Coupling Reactions. J. Am. Chem. Soc. 2013, 135, 5588—5601.

(21) Chen, H; Wang, F,; Li, K;; Woo, K. C.; Wang, J.; Li, Q.; Sun,
L.-D,; Zhang, X; Lin, H.-Q; Yan, C.-H. Plasmonic Percolation:
Plasmon-Manifested Dielectric-to-Metal Transition. ACS Nano 2012,
6, 7162—7171.

(22) Gilroy, K. D.; Ruditskiy, A,; Peng, H.-C; Qin, D.; Xia, Y.
Bimetallic Nanocrystals: Syntheses, Properties, and Applications.
Chem. Rev. 2016, 116, 10414—10472.

(23) Wang, X.; Choi, S.-L; Roling, L. T.; Luo, M.; Ma, C.; Zhang, L.;
Chi, M,; Liu, J.; Xie, Z.; Herron, J. A,; et al. Palladium-platinum core-
shell icosahedra with substantially enhanced activity and durability
towards oxygen reduction. Nat. Commun. 2015, 6, No. 7594.

(24) Mayer, M.; Scarabelli, L.; March, K.; Altantzis, T.; Tebbe, M.;
Kociak, M.; Bals, S.; Garcia de Abajo, F. J.; Fery, A.; Liz-Marzén, L. M.
Controlled Living Nanowire Growth: Precise Control over the
Morphology and Optical Properties of AgAuAg Bimetallic Nanowires.
Nano Lett. 2015, 15, 5427—5437.

(25) Habas, S. E.; Lee, H.; Radmilovic, V.; Somorjai, G. A.; Yang, P.
Shaping Binary Metal Nanocrystals through Epitaxial Seeded Growth.
Nat. Mater. 2007, 6, 692—697.

(26) Okuno, Y.; Nishioka, K.; Kiya, A.; Nakashima, N.; Ishibashi, A.;
Niidome, Y. Uniform and Controllable Preparation of Au-Ag Core-
Shell Nanorods using Anisotropic Silver Shell Formation on Gold
Nanorods. Nanoscale 2010, 2, 1489—1493.

(27) Dong, X; Zhou, J; Liu, X; Lin, D.; Zha, L. Preparation of
Monodisperse Bimetallic Nanorods with Gold Nanorod Core and

https://dx.doi.org/10.1021/acsomega.0c06321
ACS Omega 2021, 6, 7034—7046


http://orcid.org/0000-0002-2216-2620
http://orcid.org/0000-0002-2216-2620
https://pubs.acs.org/doi/10.1021/acsomega.0c06321?ref=pdf
https://dx.doi.org/10.1039/C2CS35367A
https://dx.doi.org/10.1039/C2CS35367A
https://dx.doi.org/10.1021/nl304478h
https://dx.doi.org/10.1021/nl304478h
https://dx.doi.org/10.1021/nl304478h
https://dx.doi.org/10.1021/nl304478h
https://dx.doi.org/10.1021/acs.jpclett.5b02123
https://dx.doi.org/10.1021/acs.jpclett.5b02123
https://dx.doi.org/10.1021/ja057254a
https://dx.doi.org/10.1021/ja057254a
https://dx.doi.org/10.1021/ja057254a
https://dx.doi.org/10.1021/cr1002529
https://dx.doi.org/10.1021/cr1002529
https://dx.doi.org/10.1021/cr100275d
https://dx.doi.org/10.1021/cr100275d
https://dx.doi.org/10.1021/ja502890c
https://dx.doi.org/10.1021/ja502890c
https://dx.doi.org/10.1021/ja502890c
https://dx.doi.org/10.1039/C6NR08484B
https://dx.doi.org/10.1039/C6NR08484B
https://dx.doi.org/10.1021/cm3031329
https://dx.doi.org/10.1021/cm3031329
https://dx.doi.org/10.1021/cm3031329
https://dx.doi.org/10.1021/cs200247r
https://dx.doi.org/10.1021/cs200247r
https://dx.doi.org/10.1021/cs200247r
https://dx.doi.org/10.1002/anie.201102578
https://dx.doi.org/10.1002/anie.201102578
https://dx.doi.org/10.1021/ja400527a
https://dx.doi.org/10.1021/ja400527a
https://dx.doi.org/10.1021/ja400527a
https://dx.doi.org/10.1021/ja4004602
https://dx.doi.org/10.1021/ja4004602
https://dx.doi.org/10.1021/ja4004602
https://dx.doi.org/10.1021/acs.chemmater.6b04941
https://dx.doi.org/10.1021/acs.chemmater.6b04941
https://dx.doi.org/10.1021/acs.chemmater.6b04941
https://dx.doi.org/10.1021/acs.chemmater.6b04941
https://dx.doi.org/10.1002/anie.201306363
https://dx.doi.org/10.1002/anie.201306363
https://dx.doi.org/10.1002/anie.201306363
https://dx.doi.org/10.1038/nmat4281
https://dx.doi.org/10.1038/nmat4281
https://dx.doi.org/10.1021/ja502704n
https://dx.doi.org/10.1021/ja502704n
https://dx.doi.org/10.1021/ja502704n
https://dx.doi.org/10.1021/ja511719g
https://dx.doi.org/10.1021/ja511719g
https://dx.doi.org/10.1021/ja511719g
https://dx.doi.org/10.1021/nn502303h
https://dx.doi.org/10.1021/nn502303h
https://dx.doi.org/10.1021/ja310501y
https://dx.doi.org/10.1021/ja310501y
https://dx.doi.org/10.1021/nn302220y
https://dx.doi.org/10.1021/nn302220y
https://dx.doi.org/10.1021/acs.chemrev.6b00211
https://dx.doi.org/10.1038/ncomms8594
https://dx.doi.org/10.1038/ncomms8594
https://dx.doi.org/10.1038/ncomms8594
https://dx.doi.org/10.1021/acs.nanolett.5b01833
https://dx.doi.org/10.1021/acs.nanolett.5b01833
https://dx.doi.org/10.1038/nmat1957
https://dx.doi.org/10.1039/c0nr00130a
https://dx.doi.org/10.1039/c0nr00130a
https://dx.doi.org/10.1039/c0nr00130a
https://dx.doi.org/10.1002/jrs.4495
https://dx.doi.org/10.1002/jrs.4495
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c06321?ref=pdf

ACS Omega

http://pubs.acs.org/journal/acsodf

Silver Shell and their Plasmonic Property and SERS Efficiency. J.
Raman Spectrosc. 2014, 45, 431—437.

(28) Fernanda Cardinal, M.; Rodriguez-Gonzilez, B.; Alvarez-
Puebla, R. A; Pérez-Juste, J.; Liz-Marzdn, L. M. Modulation of
Localized Surface Plasmons and SERS Response in Gold Dumbbells
through Silver Coating. J. Phys. Chem. C 2010, 114, 10417—10423.

(29) Goris, B.; De Backer, A.; Van Aert, S.; Gémez-Grafia, S.; Liz-
Marzén, L. M,; Van Tendeloo, G.; Bals, S. Three-Dimensional
Elemental Mapping at the Atomic Scale in Bimetallic Nanocrystals.
Nano Lett. 2013, 13, 4236—4241.

(30) Tan, S. F; Bisht, G,; Anand, U,; Bosman, M.; Yong, X. E;
Mirsaidov, U. In Situ Kinetic and Thermodynamic Growth Control of
Au-Pd Core-Shell Nanoparticles. J. Am. Chem. Soc. 2018, 140,
No. 11680.

(31) Gémez-Grana, S.; Goris, B.; Altantzis, T.; Fernandez-Lépez, C.;
Carbé-Argibay, E.; Guerrero-Martinez, A.; Almora-Barrios, N.; Lopez,
N.; Pastoriza-Santos, I; Pérez-Juste, J.; et al. Au@Ag Nanoparticles:
Halides Stabilize 100 Facets. J. Phys. Chem. Lett. 2013, 4, 2209—2216.

(32) Wang, F.; Cheng, S.; Bao, Z.; Wang, J. Anisotropic Overgrowth
of Metal Heterostructures Induced by a Site-Selective Silica Coating.
Angew. Chem., Int. Ed. 2013, 52, 10344—10348.

(33) Sanz-Ortiz, M. N.; Sentosun, K; Bals, S.; Liz-Marzan, L. M.
Templated Growth of Surface Enhanced Raman Scattering-Active
Branched Gold Nanoparticles within Radial Mesoporous Silica Shells.
ACS Nano 2015, 9, 10489—10497.

(34) Deng, T. S; van Der Hoeven, J. E. S; Yalcin, A. O,
Zandbergen, H. W.; Van Huis, M. A.; Van Blaaderen, A. Oxidative
Etching and Metal Overgrowth of Gold Nanorods within Mesoporous
Silica Shells. Chem. Mater. 20185, 27, 7196—7230.

(35) Hanske, C.; Sanz-Ortiz, M. N.; Liz-Marzan, L. M. Silica-Coated
Plasmonic Metal Nanoparticles in Action. Adv. Mater. 2018, 30,
No. 1707003.

(36) Fan, F.-R;; Liu, D.-Y.; Wy, Y.-F; Duan, S; Xie, Z.-X; Jiang, Z.-
Y.; Tian, Z.-Q. Epitaxial Growth of Heterogeneous Metal Nanocryst-
als: From Gold Nano-octahedra to Palladium and Silver Nanocubes. J.
Am. Chem. Soc. 2008, 130, 6949—6951.

(37) Bauer, E.; van der Merwe, J. H. Structure and Growth of
Crystalline Superlattices: From Monolayer to Superlattice. Phys. Rev.
B 1986, 33, 3657—3671.

(38) Xia, X;; Wang, Y.; Ruditskiy, A,; Xia, Y. 25th Anniversary
Article: Galvanic Replacement: A Simple and Versatile Route to
Hollow Nanostructures with Tunable and Well-Controlled Properties.
Adv. Mater. 2013, 25, 6313—6333.

(39) Goris, B.; Polavarapu, L.; Bals, S.; van Tendeloo, G.; Liz-
Marzin, L. M. Monitoring Galvanic Replacement Through Three-
Dimensional Morphological and Chemical Mapping. Nano Lett. 2014,
14, 3220—3226.

(40) Ma, Y,; Li, W; Cho, E. C,; Li, Z,; Yu, T ; Zeng, ].; Xie, Z.; Xia,
Y. Au@Ag Core-Shell Nanocubes with Finely Tuned and Well-
Controlled Sizes, Shell Thicknesses, and Optical Properties. ACS
Nano 2010, 4, 6725—6734.

(41) Grzelczak, M.; Pérez-Juste, J.; Rodriguez-Gonzédlez, B.; Liz-
Marzan, L. M. Influence of silver ions on the growth mode of
platinum on gold nanorods. J. Mater. Chem. 2006, 16, 3946—3951.

(42) Lin, M;; Wang, Y,; Sun, X,; Wang, W.; Chen, L. “Elastic”
Property of Mesoporous Silica Shell: For Dynamic Surface Enhanced
Raman Scattering Ability Monitoring of Growing Noble Metal
Nanostructures via a Simplified Spatially Confined Growth Method.
ACS Appl. Mater. Interfaces 2015, 7, 7516—7525.

(43) Vanysek, P. CRC Handbook of Chemistry and Physics, 93th ed.;
CRC Press, Taylor and Francis Group, 2012; pp 5—80.

(44) Cai, Q; Luo, Z.-S; Pang, W.-Q.; Fan, Y.-W.; Chen, X.-H.; Cui,
F.-Z. Dilute Solution Routes to Various Controllable Morphologies of
MCM-41 Silica with a Basic Medium. Chem. Mater. 2001, 13, 258—
263.

(45) Gao, Z.; Burrows, N. D.; Valley, N. A; Schatz, G. C.; Murphy,
C. J; Haynes, C. L. In Solution SERS Sensing using Mesoporous
Silica-Coated Gold Nanorods. Analyst 2016, 141, S088—5095.

7046

(46) Busbee, B.; Obare, S.; Murphy, C. An Improved Synthesis of
High-Aspect-Ratio Gold Nanorods. Adv. Mater. 2003, 15, 414—416.

(47) van der Hoeven, J. E. S.; Welling, T. A. J; Silva, T. A. G.; van
den Reijen, J. E.; la Fontaine, C.; Carrier, X.; Louis, C.; van Blaaderen,
A.; de Jongh, P. E. In Situ Observation of Atomic Redistribution in
Alloying Gold-Silver Nanorods. ACS Nano 2018, 12, 8467—8476.

(48) van der Hoeven, J. E. S.; van der Wee, E. B.; de Winter, D. A.
M.; Hermes, M.; Liu, Y.; Fokkema, J.; Bransen, M.; van Huis, M. A,;
Gerritsen, H. C.; de Jongh, P. E,; et al. Bridging the Gap: 3D Real-
Space Characterization of Colloidal Assemblies via FIB-SEM
Tomography. Nanoscale 2019, 11, 5304—5316.

(49) Scarabelli, L.; Hamon, C.; Liz-Marzén, L. M. Design and
Fabrication of Plasmonic Nanomaterials Based on Gold Nanorod
Supercrystals. Chem. Mater. 2017, 29, 15-25.

(50) Kleinman, S. L.; Frontiera, R. R; Henry, A.-L; Dieringer, J. A,;
van Duyne, R. P. Creating, Characterizing, and Controlling Chemistry
with SERS Hot Spots. Phys. Chem. Chem. Phys. 2013, 15, 21-36.

(51) Schatz, G. C.; Young, M. A,; van Duyne, R. P. Surface-Enhanced
Raman Scattering: Physics and Applications; Springer: Berlin,
Heidelberg, 2006; pp 19—4S.

(52) Li, J; Liu, J; Yang, Y, Qin, D. Bifunctional Ag@Pd-Ag
Nanocubes for Highly Sensitive Monitoring of Catalytic Reactions by
Surface-Enhanced Raman Spectroscopy. J. Am. Chem. Soc. 2018, 137,
7039—7042.

(53) Foiles, S. M.; Baskes, M. 1; Daw, M. S. Embedded-Atom-
Method Functions for the Fcc Metals Cu, Ag, Au, Ni, Pd, Pt and their
Alloys. Phys. Rev. B 1986, 33, 7983—7991.

(54) Tyson, W.; Miller, W. Surface Free Energies of Solid Metals:
Estimation from Liquid Surface Tension Measurements. Surf. Sci.
1977, 62, 267—-276.

(55) Kittel, C. Introduction to Solid State Physics, 8th ed.; John Wiley
and Sons, 2005; p 50.

(56) Lide, D. R. CRC Handbook of Chemistry and Physics, Internet
Version 2005; CRC Press: Boca Raton, 2005; 9/52—8/57.

(57) Burgin, J.; Florea, 1; Majimel, J.; Dobri, A.; Ersen, O.; Tréguer-
Delapierre, M. 3D morphology of Au and Au@Ag nanobipyramids.
Nanoscale 2012, 4, 1299—1303.

(58) Xi, M.; Reinhard, B. M. Evolution of near- and far-field optical
properties of Au bipyramids upon epitaxial deposition of Ag.
Nanoscale 2020, 12, 5402—5411.

(59) Berhault, G.; Bausach, M.; Bisson, L.; Becerra, L.; Thomazeau,
C.; Uzio, D. Seed-Mediated Synthesis of Pd Nanocrystals: Factors
Influencing a Kinetic- or Thermodynamic-Controlled Growth
Regime. J. Phys. Chem. C 2007, 111, 5915—5925.

(60) Li, G. G.; Blom, D. A,; Pandey, S.; Koch, R. J.; Misture, S. T.;
Phillpot, S. R; Wang, H. Overcoming the Interfacial Lattice
Mismatch: Geometry Control of Gold-Nickel Bimetallic Hetero-
nanostructures. Part. Part. Syst. Charact. 2017, 35, No. 1700361.

(61) Pinheiro, A; Zei, M.; Luo, M.; Ertl, G. The Epitaxial Growth of
Pd Electrodeposition on Au(100) Studied by LEED and RHEED.
Surf. Sci. 2006, 600, 641—650.

(62) Gorelikov, I.; Matsuura, N. Supporting Information Single-Step
Coating of Mesoporous Silica on CTAB- Capped Nanoparticles.
Nano Lett. 2008, 8, 369—373.

(63) Olmon, R. L.; Slovick, B.; Johnson, T. W.; Shelton, D.; Oh, S.
H.; Boreman, G. D.; Raschke, M. B. Optical Dielectric Function of
Gold. Phys. Rev. B 2012, 86, 9.

(64) Yang, H. H. U,; D’Archangel, J.; Sundheimer, M. L.; Tucker, E.;
Boreman, G. D.; Raschke, M. B. Optical Dielectric Function of Silver.
Phys. Rev. B 20185, 91, 11.

(65) Raki¢, A. D.; Djurisic, A. B.; Elazar, J. M.; Majewski, M. L.
Optical Properties of Metallic Films for Vertical-Cavity Optoelec-
tronic Devices. Appl. Opt. 1998, 37, 5271—5283.

(66) Maxwell Garnet, J. C., XII Colours in Metal Glasses and in
Metallic Films. Philos. Trans. R. Soc, A 1904, 203, 385—420.

(67) Griin, M,; Unger, K. K,; Matsumoto, A.; Tsutsumi, K. Novel
Pathways for the Preparation of Mesoporous MCM-41 Materials:
Control of Porosity and Morphology. Microporous Mesoporous Mater.
1999, 27, 207—216.

https://dx.doi.org/10.1021/acsomega.0c06321
ACS Omega 2021, 6, 7034—7046


https://dx.doi.org/10.1002/jrs.4495
https://dx.doi.org/10.1021/jp102519n
https://dx.doi.org/10.1021/jp102519n
https://dx.doi.org/10.1021/jp102519n
https://dx.doi.org/10.1021/nl401945b
https://dx.doi.org/10.1021/nl401945b
https://dx.doi.org/10.1021/jacs.8b05217
https://dx.doi.org/10.1021/jacs.8b05217
https://dx.doi.org/10.1021/jz401269w
https://dx.doi.org/10.1021/jz401269w
https://dx.doi.org/10.1002/anie.201304364
https://dx.doi.org/10.1002/anie.201304364
https://dx.doi.org/10.1021/acsnano.5b04744
https://dx.doi.org/10.1021/acsnano.5b04744
https://dx.doi.org/10.1021/acs.chemmater.5b03749
https://dx.doi.org/10.1021/acs.chemmater.5b03749
https://dx.doi.org/10.1021/acs.chemmater.5b03749
https://dx.doi.org/10.1002/adma.201707003
https://dx.doi.org/10.1002/adma.201707003
https://dx.doi.org/10.1021/ja801566d
https://dx.doi.org/10.1021/ja801566d
https://dx.doi.org/10.1103/PhysRevB.33.3657
https://dx.doi.org/10.1103/PhysRevB.33.3657
https://dx.doi.org/10.1002/adma.201302820
https://dx.doi.org/10.1002/adma.201302820
https://dx.doi.org/10.1002/adma.201302820
https://dx.doi.org/10.1021/nl500593j
https://dx.doi.org/10.1021/nl500593j
https://dx.doi.org/10.1021/nn102237c
https://dx.doi.org/10.1021/nn102237c
https://dx.doi.org/10.1039/B606887A
https://dx.doi.org/10.1039/B606887A
https://dx.doi.org/10.1021/acsami.5b01077
https://dx.doi.org/10.1021/acsami.5b01077
https://dx.doi.org/10.1021/acsami.5b01077
https://dx.doi.org/10.1021/acsami.5b01077
https://dx.doi.org/10.1021/cm990661z
https://dx.doi.org/10.1021/cm990661z
https://dx.doi.org/10.1039/C6AN01159D
https://dx.doi.org/10.1039/C6AN01159D
https://dx.doi.org/10.1002/adma.200390095
https://dx.doi.org/10.1002/adma.200390095
https://dx.doi.org/10.1021/acsnano.8b03978
https://dx.doi.org/10.1021/acsnano.8b03978
https://dx.doi.org/10.1039/C8NR09753D
https://dx.doi.org/10.1039/C8NR09753D
https://dx.doi.org/10.1039/C8NR09753D
https://dx.doi.org/10.1021/acs.chemmater.6b02439
https://dx.doi.org/10.1021/acs.chemmater.6b02439
https://dx.doi.org/10.1021/acs.chemmater.6b02439
https://dx.doi.org/10.1039/C2CP42598J
https://dx.doi.org/10.1039/C2CP42598J
https://dx.doi.org/10.1021/jacs.5b03528
https://dx.doi.org/10.1021/jacs.5b03528
https://dx.doi.org/10.1021/jacs.5b03528
https://dx.doi.org/10.1103/PhysRevB.33.7983
https://dx.doi.org/10.1103/PhysRevB.33.7983
https://dx.doi.org/10.1103/PhysRevB.33.7983
https://dx.doi.org/10.1016/0039-6028(77)90442-3
https://dx.doi.org/10.1016/0039-6028(77)90442-3
https://dx.doi.org/10.1039/c2nr11454b
https://dx.doi.org/10.1039/D0NR00330A
https://dx.doi.org/10.1039/D0NR00330A
https://dx.doi.org/10.1021/jp0702752
https://dx.doi.org/10.1021/jp0702752
https://dx.doi.org/10.1021/jp0702752
https://dx.doi.org/10.1002/ppsc.201700361
https://dx.doi.org/10.1002/ppsc.201700361
https://dx.doi.org/10.1002/ppsc.201700361
https://dx.doi.org/10.1016/j.susc.2005.10.057
https://dx.doi.org/10.1016/j.susc.2005.10.057
https://dx.doi.org/10.1021/nl0727415
https://dx.doi.org/10.1021/nl0727415
https://dx.doi.org/10.1103/PhysRevB.86.235147
https://dx.doi.org/10.1103/PhysRevB.86.235147
https://dx.doi.org/10.1103/PhysRevB.91.235137
https://dx.doi.org/10.1364/AO.37.005271
https://dx.doi.org/10.1364/AO.37.005271
https://dx.doi.org/10.1016/S1387-1811(98)00255-8
https://dx.doi.org/10.1016/S1387-1811(98)00255-8
https://dx.doi.org/10.1016/S1387-1811(98)00255-8
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c06321?ref=pdf

