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ABSTRACT:We demonstrate that the silica shell on nano-
particles formed by a typical St€ober method is inhomoge-
neous in nature. The outer layer of the shell is chemically
more robust than the inner layer, which can be selectively
etched by hot water. Methods are developed to “harden” the
soft silica shells. These new understandings are exploited to
develop versatile and template-free approaches for fabricat-
ing sophisticated yolk�shell nanostructures.

Core�shell nanostructure is a popular structural scheme for
enhancing the chemical and colloidal stability of nanoparticles

(NPs) and for preventing the dissociation of their surface ligands.1 In
particular, silica has advantages as a shell material for its chemical
inertness, optical transparency, porous structure, and size-selective
permeability.2 The St€obermethodhas attractedmuch interest for the
scalable fabrication of silica shells on NPs via the facile hydrolysis of
tetraethyl orthosilicate (TEOS).3 While the direct analysis of the
resulting nanoscale silica shells is difficult, it is generally believed that
the complete hydrolysis of TEOS and the subsequent condensation
of silicic acid give a network of tetrahedral SiO4 units with shared
vertices. As such, the silica shells are expected to be uniform and
robust, though their uniformity has rarely been explored.

Recently, the advance of synthetic control has led to more
complex core�shell nanostructures, including multilayer NPs.4

In particular, the so-called “yolk�shell” NPs containing a void
space between a core and the outer shell have received much
attention.2b�d,5 An enclosed void space is perceived to be useful
for chemical storage and compartmentation in applications such
as catalysis,2b,c,6 drug delivery,7 and energy storage.8 Most impor-
tantly, the space in the yolk�shell nanostructure provides a unique
environment for creating potentially concerted actions between
the core and a permeable barrier. Thus, shells with controllable
permeability such as silica shells are particularly sought after.

Most of the yolk�shell NPs in the literature were fabricated by
removing the intermediate layer in multilayer NPs.9 The process
was synthetically challenging, since multistep depositions were
often necessary for preparing multilayer NPs, and subsequently,
the intermediate layer has to be selectively removed. The struc-
tural parameters of the yolk�shell NPs were directly obtained
from those of the multilayer NPs, and thus, they were dependent
on the consistency and reproducibility of the prior steps.

There have been several advances in the facile fabrication of
silica-based yolk�shell NPs. Yin and co-workers reported the
direct fabrication of yolk�shell NPs by simultaneous dissolution

and deposition of silica.5b Haes and co-workers reported one-pot
sequential hydrolysis of 3-aminopropyltriethoxysilane (APTES)
and TEOS to give a proposed double-layered shell.10 The
APTES-derived layer was selectively dissolved in NH3 3H2O to
give yolk�shell NPs. In a different approach, Yin's group used
only TEOS to generate core�shell NPs. They showed that
polyvinylpyrrolidone (PVP) can protect the outmost silica layer
to allow selective etching of the inner section.11 Two recent
reports revealed that the inner silica section can also be selectively
etched in the absence of PVP11b or other protective agents,12a but
the origin of this selectivity remained illusive. Since the silica
shells arising from the St€ober method are perceived to be homo-
geneous in nature, engineering them with different composition or
stability becomes critically important for selective etching.

Here, we give unambiguous evidence that the silica shells from
a typical St€ober method are inhomogeneous. As such, we can
choose conditions to directly and selectively etch the inner shell
section to achieve a yolk�shell motif (Figure 1). While direct

Figure 1. (a) Schematics illustrating the formation of yolk�shell NPs.
TEM images of (b) AuNP@silica and (c,d) yolk�shell NPs at high and
lowmagnification, respectively. Normalized UV�vis spectra of (e) AuNPs,
(f) AuNP@silica, and (g) yolk�shell NPs. Raman spectra of (h) AuNPs,
(i) (AuNP-MBA)@silica, and (j) the yolk�shell NPs derived from
(AuNP-MBA)@silica. Scale bars = 50 nm. See large-area views in S1.
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analysis of the shell composition remains challenging, we resort to
detailed reactions to probe the origin of the inhomogeneity. With
this new understanding, yolk�shell NPs can be fabricated by facile
and reproducible syntheses and their structural parameters readily
tailored. For example, “nano-matryoshkas” only 250 nm in
diameter are synthesized with four yolk�shell motives. The
synthesis compares favorably to traditional approaches that would
have required eight-layered NPs before etching.

We used a typical St€ober method as follows: As-synthesized
citrate-stabilized AuNPs (d = 62 nm) were centrifuged to remove
sodium citrate and the aqueous supernatant, before theywere added
to 11-mercaptoundecanoic acid (MUA) in 2-propanol. The solu-
tion was stirred vigorously for 10 min, before TEOS and ammonia
were added.13 The final mixture (2-propanol/water = 2:1, v/v)
was incubated at room temperature (RT) overnight (10�14 h).
The resulting core-shell NPs (AuNP@silica) were isolated by
centrifugation, redispersed in ethanol, and then characterized by
transmission electron microscopy (TEM, Figure 1b).13

Toour surprise, the purifiedAuNP@silica canbe directly turned to
yolk�shellNPs (Figure 1c,d) simply by incubataing inwater at 90 �C
for 30 min. It was clear that the inner section of the silica shell was
etched away, leading to a reduced TEM contrast in the intermediate
layer. In most cases, the AuNPs were displaced from their original
central position as the resulting void gave them freedom. Some of the
shells appeared collapsed in Figure 1d, but for the intact ones, the
overall diameter (108( 8 nm) was barely changed from those before
the etching (113( 6nm).On thebasis of this observation,webelieve
that the outmost layer of the original silica shells persisted.

After the silica encapsulation, the AuNP plasmon absorption peak
shifted from533 to 543 nm(Figure 1e-f), indicating an increase in the
refractive index near Au.14 The absence of an absorption peak at
600�800 nm suggested that the AuNPs were not aggregated.15 After
etching, as the silica near the Au surface was replaced by water, the
AuNP absorption (536 nm, Figure 1g) nearly returned to the original
peak position of citrate-stabilized AuNPs. It is known in the literature
that ligands with terminal carboxylic acid, such as MUA, can render a
Au surface amenable for silica adsorption.1c,16 Thus, MUA can be
replaced by similar ligands such as the SERS-active 4-mercaptoben-
zoic acid (MBA).16a The (MBA-AuNP)@silica can be etched in a
way similar to the etching of NPs functionalized with MUA.
Observation of the MBA signal17 before and after the etching
(Figure 1i,j) confirmed the location of the ligands on the Au surface.

The silica shellsmust be porous and permeable to allow the solvent
to diffuse in and the shell to dissolve out. However, the fact that the
inner silica layer was preferentially dissolvedwas intriguing: the rates of
materials transport must be a factor for the etching, but the inner layer
was obviously less exposed to the solvent than the outer layer.
Previously, silica shells were unevenly etched using two types of silica
precursors10 or using PVP as a protecting agent.11a�d In our system,
the reaction mixture contained only TEOS, ammonia, MUA, citrate,
and AuNPs. In control experiments, silica spheres synthesized in the
absence of MUA, citrate, and AuNPs were able to form hollow
structures12a under similar etching conditions (Figure 2b,c),
indicating that those three ingredients were not the cause of the
selective etching. 2-Propanol can be replaced by ethanol in
preparing AuNP@silica that can be similarly etched to give
yolk�shell NPs. If ammonia were responsible, its effect should
have been uniform throughout the shells. Thus, there is no
likely candidate as the protecting agent. We postulated that the
silica shells must be inhomogeneous in nature, which seems to
be reasonable considering the sequential hydrolysis of TEOS
in water.

From the TEM images, the silica shell of AuNP@silica appeared
to be homogeneous, but chemically it was not. Hence, we must
probe the nature of the shells in a series of reactions. On the basis
of the hypothesis above, one would expect the continuous hydro-
lysis of TEOS to give a smooth gradient in terms of chemical
stability in the shell. Indeed, hot water etched the silica shells in a
progressive manner; over a prolonged period of time (>1 h),
even the harder outmost silica layer in Figure 1d started to dis-
integrate. For the convenience of discussion, we arbitrarily define
the silica shells as follows: We define a “standard test”, whereby the
isolated AuNP@silica was incubated in water at 90 �C for 30 min.
The etchable section under the standard test is defined as “soft”,
whereas the remaining section is defined as “hard”. In Figure 1d,
the hard section was estimated to be about 9.9 ( 0.5 nm thick.

Our first realization was that the stability of the shells depended
on the conditions under which they were formed. The AuNP@
silica that underwent 4 h incubation at RT in the preparative
solutionwas completely etched in the standard test (Figure 2d,e), in
contrast to the NPs that underwent 14 h incubation and gave the
yolk�shell NPs (Figure 2f,g). It appears that the species in the
preparative solution led to the selective hardening of the outer layer,
possibly by additional silica deposition or further cross-linking of the
silica matrix. We searched for a hardening recipe to gain insight in
this chemistry and found that incubation of the AuNP@silica in the
preparative solution at elevated temperature (60 �C) could render
the inner soft section unetchable in the standard test (Figure 2h,i).
Such hardened AuNP@silica can still be partially etched under
harsher conditions (e.g., at 100 �C in water for 17 h).13 Control
experiments established that TEOS or its derivatives were the critical
factor in the hardening chemistry: the soft AuNP@silica isolated after
4 h was incubated with only TEOS in 2-propanol/water (v/v = 2:1)
for 10 h at 60 �C. The entire silica shell was hardened.13

Further experiments were carried out to narrow down the key
conditions for the selective hardening. The soft AuNP@silica was
isolated after 4 h incubation at RT (same as Figure 2d); the sample
was repeatedly centrifuged and redispersed in 2-propanol, so that any
excess chemical in the solution was removed. To our surprise,

Figure 2. (a) Schematic illustrations and (b�i) TEM images showing
the experimental conditions and typical nanostructures before (b,d,f,h)
and after (c,e,g,i) the standard etching tests: (b,c) silica NPs, 14 h at RT;
(d,e) AuNP@silica, 4 h at RT; (f,g) AuNP@silica, 14 h at RT; (h,i)
AuNP@silica, 4 h at RT and 10 h at 60 �C. Scale bars = 50 nm.
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however, when this purified sample of AuNP@silica was heated in
neat 2-propanol at 60 �C for 10 h (Figure 3b), the outer layer of the
shells was hardened: after the standard test, yolk�shell NPs resulted
(Figure 3c). Control experiments confirmed that heating by itself did
not have the hardening effect: a sample of the same purified
AuNP@silica was incubated in water at 60 �C for 10 h, and its shell
was completely removed (Figure 3a). Since all solution chemicals
have been removed, the hardening of the outer section shown in
Figure 3b,c clearly was due not to the additional deposition of
substances but to the chemical transformation (e.g., cross-linking)
within the shell. Most likely, there were preexisting differences in the
chemical composition of the different sections of the silica shell.

However, there is an alternative explanation: the selective
hardening of the outer layer could be due either to its reaction
with the solution species or to the surface recondensation of the
dissolved silica. To investigate this possibility, we prepared AuNP@
silica using three cycles of silica deposition at RT for 4 h each,
with proper isolation and purification steps in between.13 Sub-
sequently, the purified AuNP@silica was incubated in neat
2-propanol at 60 �C for 72 h to ensure the hardening of all three
layers (Figure 3d). After the standard etching test, multilayered
yolk�shell motives can be discerned in the resulting matryoshkas-
like nanostructures (Figure 3e). Thus, the above arguments of pro-
tecting agent (e.g., residue ammonia) or silica recondensation
cannot explain the hardening of the inner sections, particularly
the uniform thickness of all hardened layers. This result was an
unambiguous indication that the chemical compositions of hard
and soft sections were different even before the hardening process.

There is an interesting contrast between panels a and b of
Figure 3: with all other conditions unchanged, heating in 2-propanol
hardened the shell, whereas doing so in water etched it. It is clear
that water played an important role in etching the silica shell;12b the
use of 2-propanol removed water and thus enabled the hardening of
the shell (e.g., by cross-linking). Control experiments showed
that heating in neat DMF had a similar hardening effect.13 Hence,
the two organic solvents probably played a passive role: it is unlikely
that they could both be involved in the same hardening chemistry.

While further studies are imperative to understand the molec-
ular details of the silica shells, the following hypothesis serves well
as a working model that is so far consistent with all of our results.
TEOS undergoes consecutive hydrolysis in water to give 1�4
hydroxyl groups.18 The simultaneous condensation of these
species makes it difficult to examine the reactive intermediates.
Given the slow TEOS hydrolysis, a gradient of increasing chemical
stability forms as the TEOS derivatives deposited on the Au
surface are increasingly hydrolyzed. As such, the outmost layer is
“hardest” (Figure 2f,g), as it is mostly derived from the condensa-
tion of silicic acid and its aggregates. In comparison, the innermost
layer is “softest”, with a porous structure, which could result from a
lower degree of cross-linking and/or a higher degree of swelling
(more solvent was present owing to more ethoxy groups therein).
Such porosity could explain the hardening of the softest layer upon
heating in the preparative solution (Figure 2h,i) and its inability to
be hardened when heated alone in neat 2-propanol (Figure 3d,e).
Obviously, TEOS or its derivatives played a critical role in bridging
and cross-linking the porous section. In the sample that underwent
4 h incubation at RT, the outmost layer has intermediate “hard-
ness”, as it is soft but has enough density to be cross-linked when
heated in neat 2-propanol.

With our new understanding of the selective etching and
hardening conditions, new methods for synthetic control
of yolk�shell NPs can be developed. A variety of yolk�shell

nanostructures can be obtained using different combinations of
the following processes: (a) soft silica shell can be prepared using
2 h incubation at RT in the preparative solution to ensure its
“softness”; (b) partially hardened shell (denoted as h/s) can be
prepared by 10�14 h incubation at RT; and (c) hard shell can be
prepared using 10 h incubation at 60 �C. In addition, postsynthesis
hardening of the soft section is also possible, as discussed
above.

The void space in the yolk�shell NPs can be readily tuned
(Figure 4). Citrate-AuNPs were coated with one h/s layer; after
etching, yolk�shell NPs were obtained with a boundary of∼100 nm
(Figure 4a,b). In comparison, the yolk�shellNPsobtained from three
soft layers and one h/s layer have a boundary of∼200 nm (Figure 4d,
e). Obviously, the void space in theNPs of Figure 4e wasmuch larger
than that of the NPs of Figure 4b. Both types of yolk�shell NPs
appeared collapsed under TEM. The etched NPs (Figure 4b,e) were
isolated and coated with an additional silica layer to preserve the shell
conformation as it was in solution. As shown in the resulting TEM
images (Figure 4c,f), none of the yolk-shell NPs collapsed, suggesting
that the previous collapsing did not occur in solution, but was a result
of the drying process of TEM sample preparation.

The nano-matryoshkas19 in Figure 3e did not show clear bound-
aries, and thus we attempted an improved synthesis (Figure 4g,h):
Citrate-AuNPs were coated with four h/s layers in four consecutive
steps.The isolated productwas then etched in one step in hotwater.13

As shown in Figure 4h, the void/shell contrast in the resulting
matryoshkas-like nanostructure was much better than that of the
NPs in Figure 3e. In general, we found that the hardened layers
created in the preparative solution were better than those created by
heating isolated NPs in 2-propanol. The nano-matryoshkas showed
four layers of yolk�shell motives but have diameters of only 250 nm.

Figure 3. Schematic illustrations and TEM images for analyzing the
hardening chemistry. AuNP@silica (4 h at RT) was isolated and either
(a) incubated in water at 60 �C for 10 h or (b) first incubated in neat
2-propanol at 60 �C for 10 h, and then (c) etched by the standard test. In
a different set of reactions, AuNP@silica was coated with three layers of
soft shell, isolated, (d) hardened in neat 2-propanol at 60 C for 72 h, and
then (e) etched by the standard test. Scale bars = 50 nm.
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In comparison to traditional methods, the simultaneous fabrication of
hard and soft spacer layers leads to easier synthesis, making multiple
yolk�shell motives readily accessible. Moreover, our colloidal meth-
od does not require high-temperature calcination,5d,11e which could
induce NP aggregation and limit the scalability of the synthesis.

In summary, we have provided unambiguous evidence for the
inhomogeneity in the silica shells. The St€ober method is widely
used for passivating various nanoparticles in many applications,
where understanding the chemical stability of the resulting shell
is of critical importance. In particular, awareness of the inhomo-
geneity will improve the control of permeability and the
interpretation of the loading capacity of silica-based nanopar-
ticles. In this report, we provide specific conditions to etch or
harden the silica shells, and we further demonstrate that the
inhomogeneity can be exploited for novel synthetic control of silica
nanostructures.
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