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Yolk—shell nanoparticles based on mesoporous SiO, (MSIO,) coating of Au nanoparticles (Au NPs) hold
great promise for many applications in e.g., catalysis, biomedicine, and sensing. Here, we present a single-
step coating approach for synthesizing Au NP@mSiO, yolk—shell particles with tunable size and tunable
hollow space between yolk and shell. The Au NP-mSiO, structure can be manipulated from core-shell to
yolk—shell by varying the concentration of cetyltrimethylammonium chloride (CTAC), tetraethyl orthosili-
cate (TEOS), Au NPs, and NaOH. The growth mechanism of the yolk—shell particles was investigated in
detail and consists of a concurrent process of growth, condensation, and internal etching through an
outer shell. We also show by means of liquid-cell transmission electron microscopy (LC-TEM) that Au
nanotriangle cores (Au NTs) in yolk—shell particles that are stuck on the mSiO, shell, can be released by
mild etching thereby making them mobile and tumbling in a liquid-filled volume. Due to the systematical
investigation of the reaction parameters and understanding of the formation mechanism, the method can
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be scaled-up by at least an order of magnitude. This route can be generally used for the synthesis of
yolk—shell structures with different Au nanoparticle shapes, e.g., nanoplatelets, nanorods, nanocubes, for
yolk—shell structures with other metals at the core (Ag, Pd, and Pt), and additionally, using ligand
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Introduction

The scientific interest in Au based nanoparticles (NPs) has
vastly increased in recent decades, due to their widespread
application in various fields, such as catalysis,"”
biomedicine,”® sensing,”'* and energy conversion.>™*°
Generally, the performance of Au nanoparticles (Au NPs) is
dependent on various factors, like size, morphology, and type
of surface ligands.”®> Among all strategies that have been
developed to achieve a better performance of Au NPs, coating
with mesoporous SiO, (mSiO,) is one of the most popular
approaches, as this can significantly enhance the colloid’s
stability of Au NPs, act as morphological stabilizer,*>*” miti-
gate the barrier/poisoning effects from ligands for catalysis,
and makes them biocompatible.'*?*° Several typical kinds of
Au NP-mSiO, structures have been developed for various
applications. They are Au NP@mSiO, core-shell NPs,***' Au
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exchange with other nanoparticles as cores and for synthesizing hollow mSiO, spheres as well.

NP@hollow-mSiO, yolk-shell structures,®® Janus-type struc-
tures,”® and other complex mSiO,-Au structures.>*3°

In comparison with the core-shell and other hybrid struc-
tures, the yolk-shell structure has several advantages as dis-
cussed in several reviews.’”*° First, the tunable hollow space
between core and shell provides a faster mass transfer and less
impact on the core surface during catalytic reactions.**
Furthermore, yolk-shell particles can serve as carriers used for
the transport and controlled release of drugs, which is an
important strategy for cancer therapy.’’ A yolk-shell mor-
phology also has several advantages for surface enhanced
Raman scattering sensing, amongst which increased
reproducibility.”>*® Lastly, with an outer mSiO, shell, the
ligands or surfactants used for the synthesis of Au NP cores
can be removed more easily without inducing aggregation of
the Au NPs.>®*”3>% pDuring the past few years, several strat-
egies have been developed for synthesizing Au
NPs@hollow@msSiO, yolk-shell structures.****> However, most
of these methods are comprised of multiple steps, such as
hard template methods, or do not allow morphology-con-
trolled synthesis of the cores.”*%°

Here, we report a single-step coating approach which origi-
nated from a previous protocol for synthesizing Au
NRs@mSiO, core-shell NPs,** based on a simultaneous
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growth-etching mechanism, to the synthesis of Au
NPs@hollow@msSiO, yolk-shell structures. Moreover, various
factors that impact the growth and final structure could be
controlled via the reaction parameters. By varying the reaction
conditions, the structure of the mSiO, core-shell particles was
switched between core-shell and yolk-shell. Additionally, the
size of the yolk-shell particles can be easily tuned by changing
the concentration of the core particles. Our experiments also
show that this strategy can be adopted irrespective of the
core’s morphology; it is universal for all shapes of Au NPs and
can be used even for preparing hollow mSiO, spheres. Using
ligand exchange (e.g. through a very general and elegant pro-
cedure developed recently®), we found that the surface ligands
on the NPs also influence the final structure of the resulting
Au NP@mSIO, structures. Furthermore, liquid-cell TEM
(LC-TEM) experiments revealed that the Au NT cores can be
released easily upon mild etching creating freely diffusing NP
systems inside the mesoporous silica shells. Such ‘rattle-type’
systems are of interest for photonic applications as well.*®***

Results and discussion

The Au nanotriangles (Au NTs) were synthesized via a modifi-
cation of the method reported by L. M. Liz-Marzan et al.*®
After purification, the percentage of Au NTs having an average
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size of 67 nm was more than 90%, and others are mainly
spheres (Fig. Sla-cf). The UV-VIS spectrum of the Au NTs
(Fig. S1dt) shows that the main localized surface plasmon
resonance (LSPR) band is at 669 nm. Using these Au NTs as
seeds, a single-step coating method was developed which was
partially based on previous work in which Au NRs can be
coated by mesoporous silica layers using the ligands used for
the Au NR synthesis, CTAB, as pore inducing template mole-
cules*® in order to produce Au NT@hollow-mSiO, yolk-shell
nanoparticles. Fig. 1a shows the morphology of the yolk-shell
nanoparticles having Au NT cores inside a mSiO, outer shells.
The edge length of the Au NTs used for the synthesis of these
yolk-shell nanoparticles was about 68 nm on average while the
overall particle diameter for the particular synthesis shown in
Fig. 1 was about 205 nm, where the thickness of the shell was
around 33 nm (Fig. 1c). We found a weak positive correlation
between the diameter of the yolk-shell particles and the edge
length of the Au NT cores, and there was no correlation found
between the shell thickness and the diameter of whole par-
ticles or with the edge lengths of the Au NTs (Fig. 1d).

In order to understand the effect of the reaction parameters
on the morphology of the Au NT@mSiO, products, a series of
control variable experiments were performed with precise
tuning of the reaction conditions. First of all, we found that
the concentration of CTAC plays an important role in the for-
mation of the yolk-shell structure. We assume that all cetyltri-

Fig. 1
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(a) Bright-field transmission electron microscopy (BF-TEM) images of Au NT@hollow—-mSiO, yolk—shell nanoparticles; (b) schematic of Au

NT@hollow-mSiO, yolk—shell nanoparticle morphology; (c) size distribution of Au NT@hollow—-mSiO, yolk—shell nanoparticles; (d) the relationship

between Au NT edge length and shell thickness and diameter.
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methylammonium (CAT") ions are forming a double layer on
the surface of the Au NTs after washing and resuspension in
water. The concentration of this surfactant is around the criti-
cal micelle concentration (CMC) 1.3 mM in water.>® As shown
in Fig. S2,f the morphology and structure of the Au
NT@mSiO, particles changes as different amounts of
additional CTAC are added to the growth solution. Au
NT@mSiO, core-shell particles were formed both at low
(0.5 mM) and relatively high (>3.0 mM) concentrations as
compared to the CMC value of 1.3 mM.’® When the concen-
tration of additional CTAC was between 1.0 mM to 2.0 mM, Au
NT@hollow-mSiO, yolk-shell particles were obtained.
Moreover, both the way of injecting TEOS and the amount of
TEOS was found to influence the final structure of the par-
ticles. Fig. S31 indicates that 200 pl of 20 vol% TEOS (in
methanol) injected separately into three shoots lead to a core-
shell structure. Also 200 pl injections in one shot of 15 vol%,
10 vol%, and 5 vol% TEOS resulted in core-shell Au
NT@mSIO, particles (Fig. 2).

To investigate the influence of the number of Au NTs cores,
different concentrations of Au NTs were used for the yolk-shell
synthesis. As shown in Fig. 3, the TEM images indicate that
the hollow space in the Au NT@hollow-mSiO, yolk-shell par-
ticles was reduced when the concentration of Au NTs increases
from 112 pM to 900 pM (Fig. 3a). The diameters and shell
thicknesses of the Au NT@mSiO, yolk-shell particles obtained
using different concentrations of Au NTs were determined by
averaging the dimensions of more than 100 yolk-shell par-
ticles in the acquired TEM images. The average diameters of
the yolk-shell particles were 210 nm, 175 nm, 145 nm, and

Fig. 2 Influence of the concentration of TEOS on the morphology of
the Au NT@mSiO, structures. Here the concentrations of TEOS precur-
sor solution used for the reaction were: (a) 20 vol%, (b) 15 vol%, (c) 10
vol%, and (d) 5 vol%.

This journal is © The Royal Society of Chemistry 2021
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120 nm, decreasing with increasing Au NT concentration
(Fig. 3b and d). This trend was also observed for the shell
thickness, although it changed only slightly. The four mSiO,
shell average thicknesses were 33 nm, 32 nm, 30 nm, and
29 nm, respectively. Notably, secondary nucleation of silica
particles was only observed when the concentration of Au NTs
was 112 pM. Fig. 3d and e show the relationship between Au
NT concentrations and diameters and shell thickness, the bars
in the bar graphs are providing the min-max range, the block
center indicates the average size, and the block range denotes
the standard deviation. Furthermore, we studied the effect of
the surface ligands on the synthesis via ligand exchange. The
CTA" double layers on the Au NT surface were exchanged by
other ligands that have been commonly used for noble metals
nanoparticles synthesis or surface decoration. They are CTAB,
PEG-SH, and PVP, respectively.”’ The UV-VIS spectra of the Au
NTs with different ligands recorded after ligand exchange indi-
cate that the Au NTs were still well dispersed in water except
for the Au NTs coated by-PVP where the particles were slightly
aggregated (Fig. S51). It is not surprising that Au NT-CTAB
form Au NT@hollow-mSiO, yolk-shell structures similarly to
those obtained with Au NT-CTAC (Fig. S6at), considering that
the same CTA" ions double layers are covering the Au NTs sur-
faces. However, mSiO, shells failed to grow on Au NT-PEG-SH
and Au NT-PVP surfaces, and consequently growth of hollow
empty mSiO, nanospheres (NSs) was found instead (Fig. S6b
and cf¥).

To elucidate the formation mechanism of the Au
NT@hollow-mSiO, yolk-shell structures, we monitored the
growth process in time by recording TEM images at various
stages of the growth process. The reaction was stopped by cen-
trifugation after specific reaction times after which TEM grids
were prepared. Fig. 4a shows the shape evolution of the Au
NT@mSiO, particles. After the first 20 min, mSiO, shells are
seen to have grown on the Au NTs’ surfaces. In the second
stage, mSiO, shells became visible, accompanied by etching of
the mSiO, silica interior, which occurred from 20 min to
80 min. Subsequently, etching of mSiO, became the dominant
process in the next stage until a well-defined ‘yolk-shell’ Au
NT@mSO, morphology was obtained. This growth-etching
mechanism can be summarized as shown in the schematic in
Fig. 4b. The sol-gel reactions for the growth and etching pro-
cesses can be expressed by the following chemical equations.*®

=Si-OR + H,0 = =Si-OH + ROH (1)
=Si-OR + OH-Si= = =Si-0O-Si= + ROH (2)
=Si-OH + OH-Si= = =Si-0-Si= + H,0 (3)

The forward reaction of eqn (1) shows the hydrolysis of
TEOS, and the forward reactions of eqn (2) and (3) demon-
strate the polymerization of SiO,, namely, the growing of the
-Si-O-Si- network in mSiO, silica growth template onto the
surfactant molecules.’® The etching of mSiO, occurs when the
-Si-O-Si- network is destroyed by OH™, following the three
reaction equations in reverse direction. The possible reason

Nanoscale, 2021,13,10925-10932 | 10927
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Fig. 3 BF-TEM images and analysis showing the influence of the concentration of Au NTs. In all panels, the magenta, green, cyan, and yellow
colors correspond to Au NT concentrations of 112, 225, 450, and 900 pM respectively. (a) TEM images of Au NT@hollow—-mSiO, yolk—shell nano-
particles obtained at the different Au NTs concentrations; (b) histograms of the diameter distribution of Au NT@hollow—mSiO, yolk—shell nano-
particles; (c) histograms of the shell thickness of Au NT@hollow—mSiO, yolk—shell nanoparticles; (d) the relationship between the diameter and Au
NTs concentrations; (e) the relationship between shell thickness and Au NTs concentrations.

that mSiO, can be etched from inside out is that the amount
of Q2 (Si(Si0),(0X),, X = H or Et) is higher than the amount of
Q4 (Si(Si0),) in the inner part of the mSiO,,"" as has been
found as well for the famous Stoeber process in which ultra-
microporous silica particles can be grown®”*%>*>* while the
opposite is the case for the outer part of mSiO,. This makes
the etching faster at the interior than at the exterior, and con-
sequently mSiO, is etched from the inside, finally resulting in
the formation of the yolk-shell structure. Our experiments
show that reducing the concentration of NaOH for the syn-
thesis leads to the formation of Au NT@mSiO, core-shell par-
ticles instead of hollow particles, also providing evidence that
the etching speed of the mSiO, plays an important role on the
formation of yolk-shell particles (Fig. S47).

The understanding of the growth mechanism as discussed
above raises the question of whether the Au NT cores stick on
the mSiO, shell, when the particles remain in solution and/or
when the particles are dried and redispersed. To investigate

10928 | Nanoscale, 2021, 13,10925-10932

this further, we performed liquid cell TEM (LC-TEM) experi-
ments on the Au NT@hollow-mSiO, yolk-shell NPs. As shown
in ESI Movie S1,T under the imaging condition with a low elec-
tron dose rate of 215 e~ nm™2 s™%, the Au NT cores did not
move at all which means that the Au NTs stick to their mSiO,
shells, because the particles were kept in solution and never
dried during the whole experiments since being synthesized.
When the electron dose rate was increased to 3940 e~ nm™>
s™!, part of the Au NTs in the field of view loosened from their
mSiO, shells and started to move and tumble in the liquid
that is also present in between the core and the shells (ESI
Movie S21). The reason that the higher electron dose rate
induced the release of the Au NTs is due to the interaction
between the electron beam and water, forming OH™ anions by
radiolysis, which etch the inner mSiO, shell and thus released
the Au NTs. Thus, mild etching with a NaOH was also
observed to obtain freely moving colloids in an outer silica
shell as we observed before in previous work.***”>>

This journal is © The Royal Society of Chemistry 2021
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[ 40 min ‘.

Fig. 4 The growth process of Au NT@hollow—mSiO, yolk—shell nanoparticles. (a) Evolution in time of the morphology of Au NT@mSiO, particles at
different reaction times in the synthesis. (b) Schematic of the mSiO, growth-and-etching process.

It is widely known that most nanoparticle synthesis proto-
cols, especially those of NPs, are hard to scale up. Sometimes
slightly changing the volume of the growth solution will lead
to dramatic changes in the products, especially if a thorough
mixing step is part of the synthesis protocol as this is much
harder to achieve with larger volumes of a dispersion. With the
above understanding of the formation mechanism and influ-
encing factors, the method provided here should be scalable.
To verify this, a scaling-up synthesis experiment was per-
formed by enlarging the growth solution to 300 mL which is
enlarging it by 30 times compared to the typical syntheses we
typically performed. As shown in Fig. S7,1 all Au NT@mSiO,
nanoparticles clearly have a yolk-shell structure similarly as
was observed for the smaller scale syntheses, showing that the
method demonstrated here is up-scalable by at least an order
of magnitude.

The localized plasmon resonance property is one of the
most attractive features of Au NTs and is sensitive to the local
dielectric environment of the metal surface.”® The main LSPR
band of the Au NT@hollow-mSiO, yolk-shell NPs and Au
NT@mSiO, core-shell NPs was acquired via measuring the
UV-VIS spectra. In comparison to the Au NTs-CTAC, the LSPR

This journal is © The Royal Society of Chemistry 2021

bands of the yolk-shell and core-shell NPs were found to be
slightly (~15 nm) red-shifted as shown in Fig. 5, which is
attributed to the higher refractive index of the mSiO, shell
with respect to that of H,0 (1.33).>%**

With the mechanism proposed above and the finding that
other shapes of Au NPs in Au NTs can also form Au
NP@mSiO, yolk-shell structures (Fig. S8at), and even hollow
nanospheres (NSs) (Fig. S8bt), we assume that this synthesis
protocol is a core-shape-independent method. To verify our
hypothesis, Au nanorods (Au NRs, Fig. 6a) and Au nanocubes
(Au NCs, Fig. S9t) were synthesized and used as seeds repla-
cing Au NTs for the synthesis. In line with our expectation,
well-defined yolk-shell particles were also formed when using
Au NRs and Au NCs as seeds for the synthesis (Fig. 6¢ and
Fig. S10aft).

Moreover, even without using any Au NPs as seeds, hollow
mSiO, NSs were still obtained (Fig. S10b¥). In addition, both
Au NR@mSiO, core-shell and yolk-shell particles can be
acquired by simply tuning the concentration of the Au NRs
(Fig. 6b and c), which further corroborates our findings on the
influence of the concentration of the Au NTs. The LSPR band
of Au NRs with and without mSiO, are shown in Fig. 6d, and

Nanoscale, 2021,13,10925-10932 | 10929
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Fig. 6 (a) BF-TEM image of Au NRs, (b) BF-TEM image of Au NR@mSiO,
core—shell NPs, (c) BF-TEM image of Au NR@hollow—-mSiO, yolk—shell
NPs, and (d) UV-VIS spectra of Au NR, Au NR@mSiO, core—shell and
yolk—shell NPs.

similarly to the case of the Au NTs, the mSiO, shells caused
the LSPR bands of Au NRs to be slightly red-shifted in com-
parison to Au NR-CTAB. Lastly, the synthesis method demon-
strated here was proven to be equally applicable for preparing
Au NT@M (Ag, Pd, & Pt)@hollow-mSiO, yolk-shell NPs
(Fig. S11-S147%). Thus, it is safe to conclude that the method
will work well for synthesizing yolk-shell NPs of mSiO, and
other metal NPs, as long as the metal surface is protected by

10930 | Nanoscale, 2021,13,10925-10932
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CTAC or CTAB molecules and it is even likely that also other
NPs, as long as their ligands can be replaced with CTAB/CTAC
can be used as cores as well.

Conclusions

In summary, we have developed a scalable single-step coating
method for the synthesis of Au NP@hollow-mSiO, yolk-shell
structures. It features a single-step coating, using CTAB or
CTAC as pore inducing agent and its suitability for various
shapes of Au NPs, tunability of the hollow space between the
core and the shell, and opportunity for scaled-up synthesis
have been demonstrated. In addition, we showed that the Au
NP@hollow-mSiO, yolk-shell structure forms via a growth-
etching synergistic mechanism that was revealed by time-
resolved TEM images. Compared to the LSPR band of Au NT-
CATC, the LSPR bands of Au NT@mSiO, core-shell particles
and Au NT@hollow-mSiO, particles show a slight red shift
and mild etching allows the metal NPs to be freely diffusing in
the mesoporous silica shell. Considering the generality of this
method, it can very likely also be used for synthesizing mSiO,
based shell yolk-shell particles for other kinds of NPs cores,
e.g., semiconductors quantum dots, upconversion rare earth
doped NPs, and metallic oxide NPs. As such, this versatile syn-
thesis method of yolk-shell particles helps realizing appli-
cations of these NPs in catalysis, targeted drug delivery, in vivo
imaging, and sensing.

Experimental
Synthetic procedures of Au NT@mSiO,

A volume of 10 mL of Au NTs storage solution was centrifuged
at 9000 rpm for 10 minutes. After centrifuging, the suspension
was removed and the sediment was suspended in 10 mL of de-
ionized water and transferred into a 20 mL glass vial. 150 pL of
0.1 M CATC and 100 pL of 0.10 M NaOH were added into
above Au NTs solution. Lastly, 200 uL of 20 vol% TEOS in
methanol was injected into the above solution in one shot
under stirring. The solution was stirred for 45-48 hours. More
details of changing the reaction conditions synthesis and their
corresponding figures are shown in Table S1 in ESI.{

More details of Experimental section, e.g. chemicals,
characterization, and liquid-cell TEM experiments, can be
found in ESL¥
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