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Controlled Etching of Gold Nanorods Within Mesoporous

Silica Shells at Mild Conditions

Kun-Peng Wang, Tian-Song Deng,* Er-Ji Zhang, Jia-Fei Gao, and Jie Liu

Surface plasmon resonance of precious metal gold nanorods can be tuned by
controlling the aspect ratio, and they find widespread applications in
biotechnology, imaging, sensing, optoelectronics, photonics, and catalysis.
Here, a method is proposed for the controlled etching of gold nanorods within
mesoporous silica shells by using a certain concentration of H,O, at room
temperature. In the experiments, the amount of HCl is varied to adjust the
acidity and/or change the amount of H,0O, to control the speed of corrosion,
achieving controllable adjustment of the aspect ratio of the gold nanorods.
The extinction spectra show that under the action of H,0, and HCl, the
longitudinal plasmonic resonance of the gold nanorods shifted to shorter
wavelengths, and the intensity of the longitudinal plasmonic resonance
decreased. The more hydrochloric acid or hydrogen peroxide added, the faster
the corrosion rate of the gold nanorods, and the faster the blue shift of the
longitudinal plasmonic resonance. In addition, the intensity of the extinction
spectra at 320 nm increased linearly versus time, which can also be used to
monitor the etching process. By corroding gold nanorods to control the
plasmonic resonances, gold nanorods can find broader applications.
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in biochemical sensing, biomedical
imaging, and medical diagnostics.>™]

The diameter of AuNRs serves as a
significant distinguishing factor in their
applications. For instance, the extinction is
primarily determined by the absorption of
thin AuNRs (diameter <15 nm), making
them highly suitable for photothermal ap-
plications requiring high photon-thermal
conversion efficiency.”) In contrast, thicker
AuNRs (diameter >30 nm) are dominated
by scattering, making them advantageous
for applications such as bioimaging and
optical signal enhancement, including
metal-enhanced fluorescence and surface-
enhanced spectroscopy.'”) For AuNRs,
their sizes predominantly imply their as-

1. Introduction

Gold nanorods (AuNRs) are a class of nanomaterials consisting
of elemental gold in rod-like form. Typically, the size of AuNRs
ranges from 80 to 130 nm in length and 10 to 50 nm in diameter,
representing one-dimensional nanomaterials with aspect ratios
ranging from 2 to 25. AuNRs exhibit two distinct surface plasmon
resonances (SPRs), one associated with the longitudinal vibra-
tion mode of conduction electrons, and the other with the trans-
verse vibration mode of conduction electrons. The transverse
SPRs are in the visible spectrum, with a wavelength of ~510-
540 nm, while the longitudinal SPRs can vary from visible light
(~600 nm) to the near-infrared range (>1200 nm).'~* AuNRs not
only demonstrate anisotropic optical properties dependent on as-
pect ratio but also feature excellent biocompatibility, ease of fabri-
cation, and the ability to bind with various biomolecular ligands,
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pect ratio, making the aspect ratio highly

important. AuNRs are typically synthesized

via seed-mediated growth, with a yield of
over 97% and a relative size deviation of <10%. Seed-mediated
growth involves the influence of stabilizing surfactant hexade-
cyl trimethyl ammonium bromide (CTAB) and shape-inducing
agent Ag*, as well as the adjustment of the acidity of the growth
solution, to roughly control the aspect ratio of AuNRs. The use of
silver ion-assisted seed-mediated methods for preparing initial
AuNRs, coupled with a CTAB-NaOL binary surfactant mixture,
significantly extended the size tunability of AuNRs achievable
through a one-pot seed-mediated growth process.''-1*] However,
the seed growth method for synthesis under higher concentra-
tions of CTAB is restricted due to the toxicity of CTAB, limiting
its biomedical applications. Therefore, related studies have con-
firmed that selective etching after the growth of AuNRs can also
more precisely control the aspect ratio of AuNRs.

The etching methods have been successfully demonstrated
through Fe**/Cu?*/H,0,,I" Br~/H,0,,*7] SCN~/H,0,,}82]
e-beam, 22l Au* 1224 0, [5] and H,0,.1228] Etching primar-
ily occurs at the ends of the nanorods, maintaining a con-
stant diameter.[*>172126] Consequently, the nanorods are selec-
tively shortened, achieving more precise control over the as-
pect ratio.[®! Initially, these etching processes were carried
out in AuNRs solutions containing high concentrations of
CTAB.I*% However, the toxicity of CTAB poses issues when
using AuNRs for in vivo studies. Additionally, in catalytic ap-
plications, the dense surfactant layer hinders the interaction

© 2024 Wiley-VCH GmbH
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Figure 1. Schematic of etching AuNRs@meso-SiO, at room temperature.

between reactants and the Au surface. Therefore, different sta-
bilization mechanisms based on non-toxic mesoporous silica
layers address these problems associated with CTAB.BU The
silica coating significantly reduces van der Waals forces and
maintains accessibility to surrounding molecules through sur-
face modification, making AuNRs more compatible with sol-
vents while still allowing AuNRs to be accessible to surround-
ing molecules.®?] For example, Zhang et al. demonstrated
that AuNRs with dyed SiO, shells and polymer layers exhibit
ultra-high colloidal stability and excellent tunability, making
them suitable for in vivo fluorescence imaging, SERS detec-
tion, and photothermal therapy.**] Additionally, The SiO, coat-
ing also has advantages in terms of tunable porosity and optical
transparency.** Thin SiO, shells can also act as spacers to con-
trol the coupling distance between metal particles and molecules,
which can be used to optimize SERS and plasmon-enhanced
fluorescence.3%7]

In our previous study,®! we found that during the pro-
cess of embedding gold nanorods into mesoporous silica shells
(AuNRs@meso-Si0,), heating the dispersion of AuNRs@meso-
SiO, in methanol at boiler temperatures (50-70 °C) resulted
in oxidation of AuNRs by O, in the present of HCI, espe-
cially at the two ends of the AuNRs. However, there are two
main issues with etching AuNRs at such a high temperature.
Firstly, since the reaction speed is sensitive to the temperature,
one must control the temperature accurately. Secondly, the sol-
vent evaporates especially at boiling temperature, thus affect-
ing the reaction speed. We also found the etching can hap-
pen at room temperature, but the speed is rather slow, it takes
>4 days to finish the etching.®®) Therefore, realizing the etch-
ing of AuNRs at mild conditions, e.g., room temperature is still a
challenge.

Here, we report a novel method for controlled etching of gold
nanorods within mesoporous silica shells through oxidation at
room temperature using a small amount of H,O,. The oxidation
processes were monitored by optical extinction spectra and trans-
mission electron microscopy. With increasing the etching time,
the longitudinal SPR blue-shifted and the intensity decreased. It
was found that the longitudinal SPR exhibited a strong linear re-
lationship with time. In addition, the oxidation rate can be ad-
justed by changing the acid concentration and/or the amount of
H,O0,. This suggests the potential for achieving precise and con-
trollable corrosion of gold nanorods at mild conditions.
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Mesoporous SiO, shell

1.1. Results and Discussion

Figure 1 illustrates the schematic diagram of the corrosion pro-
cess of AuNRs@meso-SiO,. The AuNR@meso-SiO, particles
were dispersed in methanol. By adding a certain amount of H,O,
and HCI, corrosion of AuNRs@meso-SiO, began from both ends
nanorod at room temperature, with the length gradually de-
creasing while the width remained almost unchanged. As corro-
sion progressed, the gold nanorods were eventually completely
corroded.

1.2. Controlled Etching Gold Nanorods at Mild Conditions

The method used in this experiment to prepare gold nanorods is
the seed growth method.['?) Among the prepared gold nanorods,
those with relatively uniform distribution and higher measured
spectral intensity are selected for subsequent experiments. Sub-
sequently, the gold nanorod solution is coated with silica, and the
solution of silica-coated gold nanorods is centrifuged, washed,
and dispersed in methanol (MeOH). Finally, the silica-coated
gold nanorods are etched in a hydrogen peroxide and hydrochlo-
ric acid environment (for experimental details, please refer to
the experimental section). A UV-1900i spectrophotometer (Shi-
madzu, Japan) with a 10 mm light path is used to characterize
their extinction spectra. The spectra measured in the experiment
range from 300 nm to 1100 nm, with measurements taken every
1 nm.

Figure 2 depicts the electron microscopy images and UV spec-
tra of AuNRs and AuNRs @meso-SiO,. In Figure 2a, the length of
AuNRs is 98.6 + 10.8 nm, and the width is 22.1 + 2.0 nm, result-
ing in an aspect ratio of ~4.5. In Figure 2b, the thickness of the
SiO, shell was measured to be 18 nm. In Figure 2, it can be ob-
served that AuNRs exhibit two absorption peaks, corresponding
to the transverse resonance peak at 508 nm and the longitudi-
nal resonance peak at 875 nm. Furthermore, the spectrum of the
silica-coated gold nanorods remains largely consistent with that
of the original gold nanorods, with minimal shifts in the posi-
tions of the transverse and longitudinal resonance peaks. Coating
the gold nanorods with mesoporous silica enhances their stabil-
ity and facilitates better preservation. Additionally, mesoporous
silica offers advantages in pore tuning and optical transparency,
making subsequent experimental detection more convenient.
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Figure2. a) TEM image of AuNRs; b) TEM image of AuNRs@meso-SiO,; (c) UV—vis—NIR absorption spectra of AuNRs (black curve) and AuNRs @meso-

SiO, (red curve).

Figure 3a shows the color changes of the solution at intervals
of 5 minutes, from the start (0 min) to the end (30 min) of the
corrosion reaction. Itis evident that as the corrosion reaction pro-
gresses, the color transitions from brownish to ultimately trans-
parent. These changes correspond directly with the spectral data
presented in Figure 3b. As depicted in Figure 3b, the spectra il-
lustrate that under acidic conditions, hydrogen peroxide facili-
tates the rapid oxidation and corrosion of the gold nanorods, re-
sulting in a blue shift in the longitudinal resonance peak and a
noticeable decrease in its intensity. Meanwhile, the position of

the transverse resonance peak of the gold nanorods remains rel-
atively unchanged, with only intensity variations occurring. The
curves in Figure 3c,d respectively depict the trends in the changes
of the longitudinal resonance peak and its intensity, both show-
ing a linear trend. According to the empirical formula:

Anax = 95R + 450 1)

where A, represents the longitudinal resonance peak of the
gold nanorods, and R denotes the aspect ratio (length-to-width
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Figure 3. a) Real-time images showing the corrosion of gold nanorods in a T mL methanol solution with 60 L hydrochloric acid (37 wt.% in water) and
50 uL hydrogen peroxide (30 wt.% in H,O, diluted 25 times in methanol solution), b) spectral graphs illustrating the evolution of the corrosion of gold
nanorods over time, c) Changes in the longitudinal resonance peak position of the gold nanorods over time, d) Variation in the intensity at LSPR of the

gold nanorods over time.
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Figure 4. a) The spectral graph of gold nanorods within the wavelength range of 300 to 350 nm; b) The change of the intensity at 320 nm of gold

nanorods over time.

ratio) of the gold nanorods. Verification reveals that 4., is ~830
to 906 nm, which falls within an acceptable range of error. The
longitudinal resonance peak measured by the spectrophotometer
for the prepared nanorods aligns with the value obtained from the
empirical formula. The slope of the fitted line from Figure 3c re-
vealed the blueshift of LSPR was 9.0 nm min~!, and the decrease
of extinction intensity was —0.061 min~! (Figure 3d).

Figure 4a shows the spectral graph of gold nanorods in the
wavelength range of 300 to 350 nm. By observing the spectrum
from 300 to 350 nm, a significant peak is observed at around
320 nm, with its intensity gradually increasing, while the inten-
sity around 342 nm remains relatively constant. The increase in
intensity at 320 nm is attributed to the oxidation of Au® to Au**
ions, which form AuCl,~ ions (due to the addition of HCI), ex-
hibiting spectral characteristics at 320 nm. By observing the in-
tensity change at 320 nm (the slope is 0.0075 min') during cor-
rosion, the process of the etching could be monitored.

From Figure 5a, it can be observed that the prepared gold
nanorods within mesoporous SiO, shells are relatively uniformly
distributed, with minimal variation in size among individual
nanorods. Figure 5b—e demonstrated that the nanorods within
the mesoporous silica started to corrode from both ends, with
the diameter of the gold nanorods remaining nearly unchanged
while the length gradually decreased, resulting in a reduction in
the aspect ratio of the gold nanorods. As corrosion proceeded, the
gold nanorods were eventually completely corroded. In Figure 5f,
only the empty SiO, shell remained, indicating complete corro-
sion of the gold nanorods. As the length-to-width aspect ratio of
the gold nanorods decreases, a significant change in the corre-
sponding color of the gold nanorods solution could also be ob-
served. As shown in the insets of Figure 5, the color gradually
became lighter, and finally transparent.

AuNRs have a face-centered cubic (FCC) crystal structure, with
a lattice constant of ~4.08 A. Figure Ga shows a high-resolution

Figure 5. Transmission electron microscopy images of AuNRs@meso-SiO, at different stages of corrosion and the changes of gold nanorods in the
bottle. a) Initial gold nanorods (0 min); b—e) Different stages of gold nanorod corrosion: (b) 5 min, (c) 10 min, (d) 15 min, (e) 20 min; f) complete

corrosion of gold nanorods (30 min).
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Figure 6. a) HRTEM image of the initial gold nanorod (0 min); b) HRTEM image of the gold nanorod corrosion (20 min). The inset at the lower left
corner shows a single gold nanorod, where the red square area indicates the HRTEM imaging area.

TEM (HRTEM) image of the initial, unetched gold nanorod, with
a measured crystal plane spacing of 2.41 A, corresponding to the
(111) plane of Au. Figure 6b shows an HRTEM image of the gold
nanorod after 20 min of etching. It is evident that the tips of
the nanorods have been significantly etched, becoming sharper,
while their width remains largely unchanged. This observation is
consistent with the experimental findings mentioned above. Ad-
ditionally, the crystal plane spacing of the etched gold nanorod is
2.43 A, which also corresponds to the (111) plane of Au. There-
fore, it can be concluded that the etching of the gold nanorods
begins along the (111) crystal planes. This HRTEM imaging pro-
vides a clearer understanding of the etching behavior of the gold
nanorods.

According to the standard reduction potentials (vs the normal
hydrogen electrode (NHE)) of the related half reactions!*”!

H,0, + 2e = 20H" E° = 0.867 ()

H,0, + 2H" +2e =2H,0  E°=1.763 3)

Au(0)/Au(III) reaction

noCl™: AUt +3e = Au E'=152V (4)

WithCl:  AuCl,” +3e=Au+4Cl~ E°=1.002V  (5)
We propose the following overall reaction for the oxidative
etching process:

2Au + 8CI™ + 3H,0, + 6H* = 2AuCl,” + 6H,0 6)

Here, H* enhances the reduction potential of the H,0, half-
reaction from 0.867 to 1.763 V (vs NHE), while Cl~ acts as
a complexing agent, which reduces the reduction potential of
Au(0)/Au(ITT) from 1.52 to 1.002 V (vs NHE).
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1.3. The Performance under Different Hydrochloric Acid
Conditions

The amounts of hydrogen peroxide and hydrochloric acid
have a significant impact on the corrosion process of gold
nanorods. We initially investigated the effect of varying the
amount of hydrochloric acid on the corrosion process. The same
amount of hydrogen peroxide (50 uL, 30 wt % in water, diluted
25 times in methanol solution) was added to the AuNRs@meso-
SiO, solution, followed by the addition of 80, 60, 40, and 0 uL of
hydrochloric acid (37 wt.% in water), respectively. The changes in
the extinction spectra of gold nanorods with the addition of dif-
ferent amounts of hydrochloric acid, while keeping the amount
of hydrogen peroxide constant, were compared. These changes
were plotted as curves and linear fitting was performed.

From Figure 7a, the blueshift rates of LSPR are 11.6 nm min~
(80 pL), 9.0 nm min~' (60 pL), 6.3 nm min~! (40 pL), and
0 nm min~! (0 pL), respectively. From Figure 7b, the decrease
rates of LSPR intensity after adding 80, 60, 40, and 0 uL of hy-
drochloric acid are —0.077, —0.061, —0.045, and 0 min~!, respec-
tively. According to Figure 7c, the slopes of the fitted lines (in-
tensity change at 320 nm) after adding 80, 60, 40, and 0 pL of
hydrochloric acid are 0.0098, 0.0075, 0.0054, and 0 min~?, re-
spectively. It can be concluded that when no hydrochloric acid
is added, the gold nanorods are not corroded, which is consistent
with the theoretical analysis based on the standard reduction po-
tentials of the related half-reactions. However, when hydrochloric
acid is added, the gold nanorods begin to corrode, and with in-
creasing amounts of hydrochloric acid, the corrosion rate at both
ends of the gold nanorods increases, leading to a faster blueshift
of the longitudinal resonance peak, a quicker decrease in spectral
intensity, and a more rapid change in the intensity difference at
320 nm. We chose 80 pL of hydrochloric acid as the upper limit
for the control group because we found that adding higher con-
centrations of hydrochloric acid causes the corrosion rate to be
too rapid, shortening the overall reaction time and making it diffi-
cult to achieve gold nanorods with the desired length-to-diameter
ratio in a controlled manner.

1
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Figure 7. Variation of the longitudinal resonance peak position a), intensity of LSPR b), and intensity at 320 nm c) over time with the addition of 80, 60,

40, and 0 pL hydrochloric acid (37 wt.% in water).

1.4. The Performance under Varying Amounts of Hydrogen
Peroxide

Next, we explored the influence on the corrosion process by
varying the amount of hydrogen peroxide. The same amount
of hydrochloric acid (60 pL, 37 wt.% in water) was added to
the AuNRs@meso-SiO, solution, followed by the addition of 70,
50, and 30 pL of hydrogen peroxide (30 wt.% in water, diluted
25 times in methanol solution), respectively. The changes in the
absorption spectra of gold nanorods with different amounts of
hydrogen peroxide, while keeping the amount of hydrochloric
acid constant, were compared. These changes were plotted as
curves and linear fitting was performed to obtain straight lines,
except for the experiment with 30 uL of hydrogen peroxide where
significant curve changes prevented line fitting.

From Figure 8a, the blueshift of LSPR were —14.0 nm min~
(70 pL) and —9.0 nm min~! (50 L), respectively. From Figure 8b,
the decrease of LSPR intensity for the addition of 70 and 50 uL
of hydrogen peroxide was —0.093 and —0.061 min~, respectively.

1

From Figure 8¢, the slopes of the fitted lines (the intensity change
at 320 nm) for the addition of 70 and 50 pL of hydrogen perox-
ide were 0.012 and 0.0075 min~'. Although the experiment with
30 uL of hydrogen peroxide did not fit into a straight line, it still
shows slower curve changes.

It can be concluded that when the amount of hydrochloric acid
is kept constant, a higher amount of hydrogen peroxide leads to
a faster corrosion rate at both ends of the gold nanorods, result-
ing in a quicker blue shift of the longitudinal resonance peak, a
faster decrease in spectral intensity, and a quicker change in the
intensity difference 320 nm.

In comparison with the experimental data of Wen T(**l and
Weng G!1% on the oxidation of AuNRs, they were corroding gold
nanorods using Fe3* /Cu?*/H,0, and Br~/H,0, respectively. It
was observed that none of them exhibited excellent linear rela-
tionships over time. Conversely, our experimental results demon-
strated a strong linear correlation with time. In comparison with
the experimental data of Wu Z!?}] on the oxidation of AuNRs, they
corroded gold nanorods using Au(III), our experimental costs are
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Figure 8. Variation of the longitudinal resonance peak position a), intensity of LSPR b), and intensity at 320 nm c) over time with the addition of 70, 50,
and 30 pL of hydrogen peroxide (30 wt.% in water, diluted 25 times in methanol solution).
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much cheaper. In comparison to Yuan HF’s[?’] experiments on
etching gold nanorods, where the LSPR transfer rate was 110 nm
h~! during the first two hours and then decreased to 26 nm h!
over the following four hours, our etching process has a rate of
40 nm min~!. Not only is our rate faster, but it also remains con-
stant throughout the entire etching process. In comparison with
the experimental data of Wang JF*% on the oxidation of AuNRs,
she corroded gold nanorods with H,O, under high CTAB (0.1 M)
concentration conditions, while our experiment for etching gold
nanorods does not require the addition of CTAB, which is bene-
ficial for the application of the samples in in vivo detection.

2. Conclusion

Gold nanorods were prepared using the seed-mediated growth
method, followed by encapsulation with mesoporous silica. Sub-
sequently, controlled etching of the gold nanorods was achieved
by adding a certain amount of hydrogen peroxide and hydrochlo-
ric acid at room temperature, enabling adjustment of the aspect
ratio and longitudinal resonance absorption peak position. The
corrosion behavior of the gold nanorods was investigated under
different reaction times, concentrations of hydrogen peroxide,
and concentrations of hydrochloric acid. Experimental results
demonstrated that, under the influence of hydrogen peroxide and
hydrochloric acid, the gold nanorods underwent corrosion, re-
sulting in a blue shift of the longitudinal resonance absorption
peak, a decrease in its intensity, and a significant intensity change
at 320 nm, which exhibited a linear relationship with time. Elec-
tron microscopy images revealed that the corrosion of the gold
nanorods initiated from both ends, with minimal change in di-
ameter. This method allows for significant adjustment of the lon-
gitudinal resonance absorption peak position of gold nanorods
at room temperature, offering broader potential applications in
medical imaging, >4 cell detection,[®?°! photocatalysis,**l and
SERS.[833.35,37]

3. Experimental Section

Materials:  All chemicals were purchased and used without further
purification. Hexadecyltrimethylammonium bromide (CTAB, >98.0%),
sodium oleate (NaOL, >97.0%), Chloroauric acid (HAuCl,), sodium hy-
droxide (98%), L-ascorbic acid (AA, >99.5%), silver nitrate (AgNOs,
>99%), sodium borohydride (NaBH,, 99%), hydrochloric acid (HCI,
37.0 wt.% in water), tetraethyl orthosilicate (TEOS, 98%), hydrogen
peroxide (H,0,, 30 wt.% in water), and methanol (MeOH, >99.99%)
were used. Ultrapure water (Millipore Milli-Q grade) with a resistivity of
18.2 MQ was used in all of the experiments. All glassware for AuNRs syn-
thesis was cleaned with fresh aqua regia (HCI/HNOj3 in a 3:1 ratio by vol-
ume; caution! Aqua regia is extremely corrosive and should be handled
with extreme carel) and rinsed with large amounts of water.

Preparation of Gold Nanorods:  Gold nanorods (AuNRs) were synthe-
sized using an improved seed-mediated method.['?] A seed solution was
prepared by adding HAuCl, (0.05 m, 50.0 uL) to CTAB (0.1 m, 10.0 mL)
in a 20 mL scintillation vial. Then, freshly prepared ice-cold NaBH, solu-
tion (0.01 m, 0.60 mL) was rapidly injected into the Au(I11)-CTAB solution
with vigorous stirring (1200 rpm) for 2 min. The seed solution was kept at
30 °C for at least 30 minutes before use. To grow the AuNRs, CTAB (7.0 g)
and NaOL (1.234 g) were dissolved in warm water (x50 °C, 250 mL) until
completely dissolved. The solution was then cooled to 30 °C, and AgNO,
solution (0.01 m, 7.2 mL) was added. After 15 min of standing, HAuCl,
solution (1 mm, 250 mL) was added. The solution was stirred for 90 min
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(400 rpm), followed by the addition of HCl (37 wt.% in water, 2.1 mL)
and stirring (400 rpm) for 15 min. Subsequently, L-ascorbic acid solution
(0.064 m, 1.25 mL) was added, and the solution was vigorously stirred for
30 s. Finally, the seed solution (0.80 mL) was injected into the growth so-
lution. The solution was stirred for 1 min and allowed to stand at 30 °C for
12 hours for AuNRs growth. The extinction spectrum of the gold nanorods
was measured, and those with higher intensity and better spectral curves
were selected for subsequent experiments involving coating with meso-
porous silica and etching, as observed under electron microscopy.

Coating with Mesoporous Silica: Prior to coating with mesoporous
Si0,,141l the synthesized AuNRs solution (20 mL) was centrifuged at
6000 rpm for 30 min and the supernatant was removed. The obtained pre-
cipitate was then redispersed in water until homogeneous and centrifuged
again to remove the supernatant. The precipitate was then redispersed in
a CTAB solution (6 mL, 1.5 mM). While stirring at 400 rpm, NaOH solu-
tion (0.1 m, 0.06 mL) was added, and TEOS solution (20 v% in methanol,
0.018 mL) was added every 60 min, three times in total. The reaction was
allowed to continue for 2 days with stirring to form a mesoporous SiO,
shell with a thickness of ~18 nm. The resulting particles were washed
with water and methanol solutions, and the particles were dispersed in
methanol (30 mL) for subsequent etching experiments.

Etching of Gold Nanorods: A novel method was employed here, where
a certain concentration of hydrogen peroxide was used for oxidation etch-
ing of monodisperse gold nanorods within the mesoporous silica shell
at room temperature, allowing precise control over the aspect ratio. The
oxidation rate can be altered by varying the concentration of acid and/or
temperature. In a glass bottle, the AuNRs@meso-SiO, solution (1.0 mL
in methanol) was mixed with 60 uL of HCI (37 wt.% in water) and 50 pL of
H,0, (diluted 25 times, 30wt.% in H,O). The bottle was sealed to prevent
solution evaporation. As the etching time increased, the color of the solu-
tion changed, observed by taking a photo of the object every minute. The
etching rate was controlled by adjusting the amount of HCI (80, 60, 40, and
0 pL) or H,0, (70, 50, and 30 pL). The oxidation process was monitored
by measuring the extinction spectrum.

Characterizations:  Optical extinction spectra were recorded with a UV-
1900i spectrophotometer (SHIMADZU, Japan) with a 1.0 cm optical path.
The transmission electron microscope (TEM) images were obtained with
an HT-7700 microscope (HITACHI, Japan) operated at 100 kV. HRTEM
images were performed using a JEM-F200 TEM (JEOL, Japan) with a 200 kV
acceleration voltage. The particle sizes of the nanoparticles were measured
from TEM images using Image] software, with measurements taken from
more than 100 nanoparticles for each sample.
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