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ABSTRACT: The Stober method for forming spherical silica colloids is
well-established as one of the pillars of colloidal synthesis. In a modified
form, it has been extensively used to deposit both porous and protective
shells over metal nanomaterials. Current best-practice techniques
require that the vitreophobic surface of metal nanoparticles be primed
with a surface ligand to promote silica deposition. Although such
techniques have proved highly successful in forming core—shell
configurations, the site-selective deposition of silica onto preselected
areas of faceted metal nanostructures has proved far more challenging.
Herein, a primer-free TEOS-based synthesis is demonstrated that is
capable of forming architecturally complex nanoframes and nanocages
on the pristine surfaces of faceted gold nanostructures. The devised
synthesis overcomes vitreophobicity using elevated TEOS concen-
trations that trigger silica nucleation along the low-coordination sites where gold facets meet. Continued deposition sees the
emergence of a well-connected frame followed by the lateral infilling of the openings formed over gold facets. With growth
readily terminated at any point in this sequence, the synthesis distinguishes itself in being able to achieve patterned and
tunable silica depositions expressing interfaces that are uncorrupted by primers. The so-formed structures are demonstrated as
template materials capable of asserting high-level control over synthesis and assembly processes by using the deposited silica
as a mask that deactivates selected areas against these processes while allowing them to proceed elsewhere. The work, hence,
extends the capabilities and versatility of TEOS-based syntheses and provides pathways for forming multicomponent
nanostructures and nanoassemblies with structurally engineered properties.
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ulticomponent nanostructures composed of metal

I \ / I and oxide segments express chemical, optical, and
electrical properties that radically differ from those

of their constituent materials.'~ Synergistic or collective
behaviors can arise from the formation of (i) mesoporous or
impermeable chemical layers, (ii) diffusion barriers, (iii)
Schottky barriers, (iv) interfacial strain, (v) new or obstructed
electron transfer pathways, and (vi) optically coupled
responses. Derived from these emergent properties are a host
of enabling capabilities that allow nanomaterials to operate in
harsh chemical and thermal environments, attain biocompat-
ibility, achieve colloidal stability and dispersibility, and realize
enhanced light-harvesting capabilities. With a combined
oxide—metal materials set that is both vast and complemented
by a well-established group of mutually reliant and
independent synthetic pathways, these multicomponent
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systems have become an indispensable class of nanomaterials
ith e . 36 L 10-12 ¢ 2,13
with applications in catalysis,” " sensing, biomedicine,
. 1415 . 4,8
plasmonics, > environmental remediation,”” and photo-
voltaic energy production, storage, and chemical conversion.
. 16,17 P . s
The Stober method ™ for synthesizing monodisperse silica
nanoparticles utilizing a sol—gel process is a foundational
approach for forming oxides in liquid media. The use of this

method as a means to form silica shells over citrate-capped Au
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Figure 1. (a) Schematic of the self-assembly process used to form substrate-bound Au cores. (b) SEM images of the assembled cores where
the insets show an individual structure from top and tilted views. Schematics showing a Wulff-shaped nanostructure that is (c) freestanding
and (d) substrate-truncated where facets are identified. (e) Histogram of the Au core size distribution (SD is standard deviation). (f)
Extinction spectrum for the assembled structures that shows a prominent plasmon resonance at 589 nm.

nanoparticles, however, faced significant hurdles because the
vitreophobic nature of the Au surface favors the formation of
core-free silica particles over the desired core—shell config-
uration and the tendency for citrate-capped Au nanoparticles
to aggregate when transferred from aqueous to organic
solvents. Liz-Marzan et al.'® addressed these challenges by
carrying out a citrate-to-aminosilane ligand exchange prior to
silica deposition. The substitution offered colloidal stability
while simultaneously priming the Au surface for silica growth.
The devised scheme, commonly referred to as a modified
Stober process, now encompasses many variations to the
approach”"” and proved instrumental in laying the foundation
for the entire field dedicated to the formation of inorganic
oxide shells on metal nanoparticles.

Current best practices for the modified Stober process see
presynthesized Au nanoparticles primed unless the nano-
particle stabilizing agent can provide this functionality (e.g.,
CTAB). Although numerous primers have been demonstra-
ted,” polyvinylpyrrolidone (PVP) is widely accepted as a
general-purpose primer because it has proven effective for a
wide range of nanomaterials.”’ From the standpoint of the
current investigation, it is noteworthy that there now exist
several reports where thick silica shells have been formed on
citrate-terminated Au nanoparticles despite the fact that citrate
is considered ineffective as a primer.”' >° Notwithstanding, a
typical synthesis proceeds through the addition of primed Au
nanoparticles to a mixture of tetraethyl orthosilicate (TEOS),
ammonia, water, and an alcohol (e.g, ethanol, methanol,
isopropanol). The ensuing reaction sees the ammonia-
catalyzed hydrolysis of TEOS generate silica sols that condense
upon the nanoparticle surface. A sufficient number of Au
nanoparticles must exist within the growth solution to provide
enough nucleation sites to suppress the formation of unwanted
core-free silica nanoparticles. Also of significance is that the
primer remains incorporated in the final core—shell product.
The overall methodology has been applied to a broad range of

metal nanostructures of varying size, shape, and composi-
tion.”’

Although considerable progress has been made in the use of
the modified Stober method as a means to form concentric
shells around metal nanostructures, the site-selective growth of
silica onto preselected areas”” has proved far more challenging.
The importance of tailoring the deposition, such that portions
of both the metal and oxide surfaces remain exposed, is that
these configurations allow for the (i) synthesis of complex
nanostructures using hard mask techniques whereby a
secondary metal is deposited onto the exposed metal surface
and (ii) selective etching of the metal component. Such
strategies have allowed for the synthesis of symmetry-breaking
nanomaterials,”®>’ bimorphic nanostructures,”® Au nanoc-
ages,”’ and standalone oxide shells.””*’ Additionally, Meyer
et al.’* have recently demonstrated that anisotropic silica
coatings can give rise to enhanced SERS signals by
concentrating analytes at the tips of Au nanorods. Currently,
few examples exist where the TEOS-based syntheses have been
used to selectively deposit silica onto metal nanostruc-
tures.””’* "' The strategies that have been put forth rely
upon (i) competing ligands,”>* (i) the dissimilar capping
occurring between high- and low-curvature metal surfa-
ces,”" 7% and (iii) the segregation of copolymers on
nanometals.*" For each case, silica deposition is preferred on
one of the two contrasting areas of the functionalized
nanometal surface. The silica formations derived from these
methods are, however, somewhat unsophisticated in that they
either form hemispherical coatings on spherical nanoparticles
or roundish structures that protrude from the surface of faceted
nanometals.

The modified Stober process, while well-established in
colloidal synthesis, has rarely been practiced on substrate-
immobilized nanometals.*” Much of this can be attributed to
atomic layer deposition (ALD)*’ being highly amenable to the
wafer-based processing of nanomaterials** while providing
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similar and often superior capabilities in terms of generating
conformal oxide layers over materials that are able to resist
corrosion and oxidation,™*” withstand harsh thermal environ-
ments,"””** and allow for electrically insulating™* or Schottky
barriers.** ALD, however, also proves challenging from the
standpoint of obtaining site-selective oxide formations,
requiring either highly specialized techniques’”" or postsyn-
thesis alterations such as directional ion milling.52 Herein, a
TEOS-based synthesis is presented that is capable of a highly
controlled site-selective deposition over well-defined regions of
faceted Au nanostructures in the absence of a primer layer. The
so-formed structures are demonstrated in synthetic and
assembly processes that utilize the oxide as a means to
chemically deactivate selected areas while allowing these
processes to proceed on the exposed Au surfaces. The work,
hence, extends the versatility of the Stober methodology and
expands the techniques required to form structurally
engineered nanomaterials.

RESULTS

Solid-state dewetting””>* was utilized as a straightforward
method for generating the substrate-bound cores needed for
silica depositions. The process, which is shown schematically in
Figure la, sees an ultrathin Au film sputter-deposited onto a
[0001]-oriented sapphire substrate followed by a heating
regimen that sees it rapidly heated to temperatures in excess of
its melting point and then slow-cooled to room temperature
over a 3 h period. The overall process sees the Au film break
up into irregularly shaped nanoscale islands that, upon melting,
realize droplet shapes that then go on to adopt well-formed
facets during the cooldown period. The so-formed structures
are well-bonded to the substrate and, as a result, are able to
withstand sonication. Figure 1b shows an SEM image of the
self-assembled Au cores where the insets display top and tilted
views of a single structure. The observed faceting is consistent
with the equilibrium shape expected for a substrate-bound
face-centered cubic (fcc) single-crystal nanostructure™ in that
it appears as a Wulff shape expressing eight {111} and six
{100} facets (Figure 1c) but where this shape is truncated
where it intersects the surface of the substrate (Figure 1d). The
structures show a strong tendency toward aligning on the
substrate with their [111]-axis normal to the surface due to a
heteroepitaxial relationship formed between (111) Au and
(0001) sapphire.*® It is, however, noted that heteroepitaxy is
imperfect in that misaligned structures having their [100]- and
[110]-axis normal to the substrate surface also appear in small
quantities (vide infra). The assembly process gives rise to a
Gaussian-like size distribution centered at a diameter of 112
nm with measured values ranging from 10 to 160 nm (Figure
le). Spectroscopic characterization reveals a prominent
localized surface plasmon resonance (LSPR) centered at 589
nm (Figure 1f).

When the core component is immobilized on the surface of
a substrate, it becomes possible to carry out syntheses that
profoundly differ from those used to form silica shells on Au
colloids. A key difference is that the Au cores have pristine
surfaces because they have never been exposed to a chemical
environment other than air and Ar and, as such, can enter the
reaction without stabilizing agents or be functionalized as
desired. This difference allows cores to enter the reaction
under conditions that, if applied to colloids, would lead to
severe and irreversible aggregation. Maintaining core stability
is, therefore, paramount for colloid-based synthesis whereas for

substrate-supported structures it is a nonfactor. In colloidal
syntheses, cores are added at the concentrations needed to
consume silica precursor species at a rate that forms core—shell
structures while suppressing the unwanted formation of
coreless structures.”” There must, hence, be a delicate balance
between reactant concentrations and core densities within the
growth solution. In contrast, the formation of coreless silica
structures is inevitable at any workable reactant concentrations
for substrate-based syntheses because the number of cores on a
reasonably sized substrate is orders of magnitude smaller than
that typically used in colloidal synthesis. This seeming
disadvantage is, however, made inconsequential by virtue of
the fact that the populations of core—shell and coreless
structures are easily separated by merely removing the
substrate from the growth solution. This ease of separation
turns out to be advantageous in that it allows for substrate-
based syntheses to be carried out under conditions that are
problematic for colloid core—shell formation and, as such,
broadens the permissible parameter space under which
syntheses can be performed. The process by which the
reaction is terminated is also fundamentally different in that
substrate removal from the growth solution followed by a rapid
rinse causes a near-instantaneous end to silica deposition
whereas colloidal syntheses are terminated either by allowing
the reaction to run to completion or through chemical
quenching procedures”’ that make further deposition unlikely.
A modified Stober method was used to deposit silica onto
substrate-bound Au cores where reaction conditions were
chosen to operate outside of the parameter windows typically
used in the synthesis of colloidal Au@silica core—shell
structures. Of specific importance is that the cores enter the
reaction without the application of a primer and that TEOS
concentrations greatly exceed those typically used in other
primer-free syntheses (Table S1).”'7>° A standard synthesis
proceeds by first placing one or more substrates supporting Au
cores at the bottom of the 30 mL beaker containing ethanol
(18.75 mL). Room-temperature silica growth is then initiated
through the sequential addition of H,O (2.39 mL), ammonium
hydroxide (28% NH,, 0.25 mL), and TEOS (0.34 mL) under
constant stirring. For any given sample, the reaction is
terminated through its removal from the growth solution
whereupon it is rinsed in ethanol and air-dried. It should be
noted that reactants are oversupplied to such an extent that the
simultaneous growth of multiple samples does not create any
sort of competition for reactants since less than 0.005% of the
Si within the growth solution is deposited onto a single sample.
The use of multiple samples, which are removed from the
growth solution at set intervals, is advantageous in that it
allows for a time series that is representative of a growth
progression in a manner that is analogous to the aliquot
extraction procedure commonly used in colloidal syntheses.
Numerous syntheses were carried out where multiple
substrates were placed in the silica growth solution and then
sequentially removed to obtain an understanding of the growth
mode. SEM imaging was then used to examine the as-grown
structures as well as identical structures that were exposed to
an aqua regia etch that selectively removes the Au component.
The etching procedure, whose viability is demonstrated over
large areas in Figure S1, was adopted in this study because the
remaining standalone silica structures more clearly highlight
the site-selective nature of the silica deposition. The earliest
stages of silica deposition onto the Au cores results in a
discontinuous patchwork of islands (Figure S2) that lack
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Figure 2. (a) Schematics showing the time evolution of silica deposition onto Wulff-shaped Au cores occurring for synthesis times of 36, 38,
and 40 min as well as the standalone silica structures obtained when the Au component is removed with aqua regia. SEM images of the Au@
silica and standalone silica structures expressing the (b,c) nanoframe, (d,e) nanocage, and (f,g) nanoshell geometry. The insets to Figure
2b,d,f show top-view SEM images of individual structures along with BSE images whereas those of Figure 2c,e,g show individual structures

from top and tilted views.

structural integrity when the etching procedure is carried out.
As deposition continues, there is, however, a 4 min time
interval between 36 and 40 min where the depositing shells
become continuous while rapidly undergoing morphological
transformations. Figure 2 provides both SEM images and
schematic illustrations of the structures formed for silica
depositions that are terminated at critical time points occurring
at the beginning, middle, and end of this period. Observed are
three distinct shell morphologies that are referred to as
nanoframes, nanocages, and nanoshells. It should be noted that
these critical time points are repeatable in duration from
synthesis-to-synthesis provided that the size distribution and
spacing of the Au nanostructures remains constant. Alterations
to these parameters can significantly shift optimal timing
requirements (Figure S3). Additionally, there exists a size
dependence whereby smaller diameter structures follow the
same growth pathway but where the {100} and {111}
openings fill in at a faster rate, a result that is not surprising
given that the openings are smaller in size and, hence, require
less deposition to become sealed.

The site-selective nature of the silica deposition is most
apparent for the nanoframe geometry in that it closely follows
the topography defined by the ridge pattern where the various
facets of the Wulff-shaped Au core intersect (Figure 2b). At

this stage, there exist two distinct sets of openings where the
larger corresponds to the locations that {111} Au facets occupy
while the smaller corresponds to the {100} facets. The
nanoframe morphology becomes more easily discernible when
the Au component is etched away, leaving behind standalone
silica structures that remain bonded to the substrate surface
(Figure 2c). The transformation from a nanoframe to a
nanocage structure occurs as a result of the {100} facet
openings filling in laterally from their perimeter such that the
remaining silica structures only have openings at the Au {111}
facet locations (Figure 2d,e). It is noteworthy that a
comparison of the backscattered electron (BSE) SEM images
for individual structures (Figure 2b,d, insets) indicates that the
nanoframe-to-nanocage transformation occurs without any
significant thickening of the silica layer. Further deposition sees
the {111} openings close to form a continuous conformal shell
but where the silica deposited on these facets is significantly
thinner (Figure 2f). The BSE SEM images, once again, indicate
that the overgrowth of these openings is achieved without
significant shell thickening (Figure 2f, inset). The nanoshells,
while encapsulating the entire core, remain sufficiently porous
to facilitate the complete removal of the Au core with an
etchant, albeit at significantly longer etching times (Figure 2g).
An examination of the spectroscopic response for each of these
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Figure 3. Standalone silica (a) nanoframes and (b) nanocages showing distinctive architectures depending upon the crystallographic
orientation of the Au core relative to the surface of the substrate. (c) Schematics showing top-down perspectives of the same Wulff-shaped
Au core when its [111]-, [100]-, and [110]-axis is perpendicular to the surface of the substrate. It should be noted that the openings in the
silica nanoframes and nanocages closely follow the displayed facet pattern.

(a) Uniform Attachment of Au Satellites to Au Cores  (b) Site-Selective Attachment of Au Satellites to Au Cores

Etch silica frame
with NaOH

(d) Before NaOH Etch

Figure 4. SEM images of Au core—satellite structures that were assembled using (a) as-formed Au cores and (b) identical cores onto which
silica nanoframes are deposited. (c) Schematic illustration of the silica nanoframe removal process using a NaOH etch. Tilted-view SEM
images of the core—satellite configurations (d) before and (e) after silica removal.
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Figure S. (a) SEM and BSE images of Au@Ag core—shell nanocubes. (b) Schematic showing the morphological progression occurring when
a Wulff-shaped Au core is coated with a nonuniform silica shell and then immersed in a growth solution that causes silica hydrolysis followed
by Ag deposition. (c) SEM and (d) BSE images of the nanostructures formed. EDS analysis performed on a single structure in the form of

elemental (e) line scans and (f) maps.

three structures indicates that the plasmon shifts are all
similarly valued at approximately 20 nm (Figure S4), a result
that is consistent with a lack of shell thickening as the topology
transforms from nanoframe to nanoshell. It should be noted
that these syntheses are accompanied by a silica deposition
onto the sapphire substrate and the formation of silica colloids
with mean diameters of 36 nm (Figure SS).

Syntheses were carried out where the concentrations of
TEOS, H,0O, and NH; were varied. It was determined that the
use of high TEOS concentrations is the critical requirement for
the site-selective growth of silica onto pristine Au surfaces,
without which silica growth is patchy and irregular even for
syntheses lasting 24 h (Figure S6). At this point, the reactants
are highly depleted since an additional 24 h sees little increase
in the diameter of the spherical silica colloids within the
growth solution (dy,, = 79 + 7 nm, d,g, = 82 + 6 nm). At
high TEOS concentrations, the high reaction barrier for the
adsorption of silica precursors onto the vitreophobic surface of
Au is overcome but only at sites of high curvature where there
exists an abundance of low-coordination sites caused by the
rounding that occurs where dissimilar facets meet on dewetted

Au structures.”® Once silica islands are formed, lateral growth
proceeds in a manner that follows the surface energy landscape
of the Au core in that high surface energy ridges are coated
first, followed by the infilling of the openings on the {100} and
{111} facets. The anisotropy in the silica growth is highlighted
by the fact that the silica shell remains quite thin (Figure 2f,
red arrows) when compared to the extent of the lateral growth
that is needed to, for example, overgrow the {111} facets
(Figure 2g, green arrows). Lateral silica growth along the Au
facets is, hence, preferred over silica-on-silica growth that is
normal to the Au surface. Variations to the H,O and NHj;
concentrations reveal fairly wide parameter windows where the
growth mode remains intact (Figure S7).

The Au@silica nanoframes and nanocages formed through
this site-selective deposition of silica onto Wulff-shaped Au
cores stand out as being the most architecturally complex
structures ever grown using a modified Stober process and, as
such, have no colloidal analog. They also distinguish
themselves in that the Au-—silica interface is uncorrupted by
primers or stabilizing agents. Moreover, the removal of the Au
core through a selective etch leaves behind amorphous silica
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structures that express some of the same geometric symmetries
as fcc crystals. This point is exemplified by the set of silica
nanoframes and nanocages shown in Figure 3a,b. These images
show standalone silica structures that take on different
geometric forms depending on whether the initial Au core is
oriented with its [111]-, [100]- or [110]-axis perpendicular to
the surface of the substrate as shown in the schematics in
Figure 3c. All the structures shown, hence, follow the same
growth pattern in that the openings on the nanoframes are at
the locations occupied by the {111} and {100} facets of the Au
core whereas the openings on nanocages appear at just {111}
facet positions. This collection of structures, from a purely
morphological standpoint, emulate the nanometal architectures
derived from the galvanic replacement of substrate-based
single-crystal Ag nanostructures with Au and share common-
alities with a host of metal nanoframe and nanocage
architectures realized through various colloidal chemis-
tries.”” ™%

The site-selective deposition of silica onto Wulff-shaped Au
nanostructures offers the opportunity to deterministically
position nanoscale objects on just the exposed Au surfaces.
As an initial demonstration, a core—satellite assembly process
was carried out in both the presence and absence of silica
nanoframes. The core—satellite motif consists of a central core
structure onto which many smaller satellite nanoparticles are
tethered using molecular linkers. This configuration allows for
the formation of numerous plasmonic nanogaps with nano-
meter-scale widths on a single structure and, as such, has
become one of the most often synthesized and applied
multicomponent nanoassemblies.”> ** The core—satellite
assembly process sees dewetted Au structures (ie. the
cores) functionalized with 1,8-octanedithiol (C8DT) linkers
and then immersed into a Turkevich-synthesized®® colloid of
Au nanoparticles that, once attached, serve as satellites. This
assembly process, in its unadulterated form, realizes substrate-
bound Au cores that are densely populated with satellites
(Figure 4a). It is important to note that the sapphire substrate
remains free of satellite particles because the C8DT linker is
unable to bind to the oxide surface. When the same assembly
process is carried out using Au cores onto which silica
nanoframes are deposited, the C8DT linker functionalizes the
exposed Au surfaces while showing no affinity for the silica-
coated areas. As a result, satellite attachment occurs only on
the unprotected Au surfaces while being obstructed elsewhere
(Figure 4b). After assembly, core structures having their
[111]-, [100]- and [110]-axis normal to the substrate surface
each exhibit a distinctive core—satellite morphology (Figure
4b, insets). The amorphous nature of the deposited silica
makes it susceptible to etching in aqueous NaOH. This allows
for the postassembly process shown schematically in Figure 4c
in which the silica nanocage is completely removed, leaving
behind Au cores that exhibit both bare and satellite-laden
areas. Figure 4d,e shows top-down and tilted-view SEM images
of core—satellite structures that are intricately decorated with
satellite particles using this methodology. The overall assembly
process, when spectroscopically tracked, sees a red shift in the
plasmon resonance resulting from the addition of silica
nanoframes and Au satellites followed by a blue shift when
the nanoshell is removed (Figure S8).

In a second proof of concept demonstration, Au@silica
nanostructures were used in a synthesis that sees the oxide act
as a barrier to growth while allowing metal deposition to
proceed on exposed Au surfaces. The overall scheme shares

similarities with Janus structure syntheses that proceed through
the site-selective growth of a silica mask onto one side of a
metal nanostructure followed by the reduction of a second
metal onto the unmasked areas.””*”°° The synthesis presented
here, however, leads to a far more sophisticated product due to
the topographical complexity of the deposited silica. For this
demonstration, a synthesis was chosen that, in its unadul-
terated form, realizes Au@Ag core—shell structures with a
cube-like morphology. The aqueous synthesis, which is
described in detail elsewhere,””®” sees Ag" ions reduced by
citrate onto substrate-bound Au nanostructures at 95 °C. The
so-formed structures, which are displayed as SEM and BSE
images in Figure Sa, exhibit crisp (100) faceting, a sharp Au—
Ag interface, and a nanocube orientation that sees one corner
of the cube point away from the substrate surface due to the
[111]-orientation of the Au core relative to the underlying
substrate.

When the same synthesis is carried out on Au cores onto
which silica nanoframes are deposited, it is challenged by the
fact that silica grown by the modified Stober method is prone
to a hydrolysis process that results in a loss of material when
exposed to H,0.°® Thus, when silica nanoframes are exposed
to the 95 °C aqueous Ag growth solution, the structures
disintegrate over the course of the synthesis to the point that it
no longer acted as an effective mask. To circumvent this issue,
Au nanostructures were coated with silica nanoshells instead of
nanoframes using deposition times of 1 h. When exposed to
the Ag growth solution, silica is still lost to hydrolysis but, in
this case, the {111} Au facets become exposed because the
silica layer is thinner at these locations while the remaining
framework is sufficiently thick to endure the entire duration of
the synthesis (Figure Sb). The overall process, when
spectroscopically tracked, sees a 30 nm red shift in the LSPR
resulting from silica deposition, followed by a 31 nm blue shift
due to the combined influences of Ag deposition and the
partial loss of silica (Figure S9).

Figure Sc displays an SEM image of the reaction product
obtained when the Au@Ag core—shell nanocube synthesis is
practiced on silica-protected Au cores where the insets show
high-resolution images of a single structure from top and tilted
views. The product deviates from the core—shell morphology
in that Ag deposition appears as weakly faceted pyramids at the
sites where the {111} Au facets were exposed to the growth
solution. Deposition elsewhere is inhibited either by the silica
nanoframe or through the capping of any Ag deposited on the
exposed {100} Au facets (denoted by green arrow). Despite a
considerable variation in size, the structures shown in Figure Sc
exhibit a high degree of uniformity in terms of shape. Also
evident is their in-plane alignment relative to the underlying
substrate, consistently appearing in one of two orientations
offset by 180° (denoted by yellow arrows). This alignment
originates from the two equivalent heteroepitaxial relationships
formed between Au and the [0001]-oriented sapphire
substrate.”® Apart from the four prominent pyramids appearing
in top-down images, there also exist three smaller Ag pyramids
at the base of the structure (locations denoted by magenta
arrows). The BSE image of the same structures, shown in
Figure 5d, more clearly highlights the elemental distribution, as
both the Ag pyramids and silica shell stand out against the
high-Z Au core. The overall morphology is confirmed by
elemental line scans and mapping derived from energy-
dispersive spectroscopy (EDS) measurements (Figure Sef).
The Ag line scan, which was chosen to follow the path denoted
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by the red arrow in the inset of the figure, shows two
prominent peaks corresponding to the side and top pyramids
as well as a smaller peak that is associated with the pyramid at
the base of the structure. The Au and Si scans, as anticipated,
both show a dip near the center of the structure. The elemental
maps show a well-defined Au core, Ag pyramids, and a rather
weak Si signature that, when overlaid, reveal the overall
configuration of the structure. It is, however, difficult to discern
from this data whether the {100} facets are exposed. To
demonstrate that this is indeed the case, a core—satellite
assembly process identical to that described in Figure 4 was
carried out. The resulting nanoassembly not only shows
satellite attachment to both the Ag pyramids and exposed
{100} facets (Figure S10) but also realizes a multicomponent
system with added architectural complexity. Taken together,
these results show the effectiveness of the silica mask in
deterministically steering growth modes toward otherwise
unrealizable end points through site-selective depositions.

DISCUSSION

The current report describes a TEOS-based deposition of silica
onto Au nanostructures that distinguishes itself in terms of the
synthesis performed, the product obtained, and the growth
mode observed. Using substrate-bound nanostructures instead
of Au colloids, syntheses are carried out in a regime where (i)
nanostructure aggregation is avoided, (ii) TEOS concen-
trations are maintained at unusually high levels, (iii) unwanted
silica colloids form but prove inconsequential, and (iv)
reactions are terminated in a near-instantaneous manner.
Operating within this regime allows for silica to be deposited
on Au in the absence of primers and, as such, provides a more
mechanistically pure depiction of the interactions between
TEOS-generated silica sols and Au nanostructures. Standout
features of the silica deposition include a curvature-driven
nucleation process that leads to the site-selective deposition of
a framework that follows the contours formed by the
intersection of Au facets and a subsequent Au encapsulation
process that is characterized by the lateral infilling of openings.
The fact that lateral infilling proceeds at a rate that exceeds
silica-on-silica growth that is normal to the surface stands out
in relation to a literature that consistently shows site-selective
growth that is characterized by isotropic growth fronts from
which roundish nodules emerge.”"*”**~*" This lateral growth
is somewhat surprising given that silica, because it is
amorphous, has no inherent growth direction. The most likely
explanation is that silica precursor adsorption is strongly
favored at the locations where the high-curvature edges of the
silica nanoframe meet the surface of the Au facets. Such a
preference would allow for the radial infilling of openings that
would see {100} facets fill in first because the openings are
smaller to begin with. The subsequent overgrowth of the {111}
facets then rids the surface of strongly curved features without
significant nanoshell thickening. This overall tendency toward
growth patterns that lower curvature is consistent with the
observation that extended TEOS-based depositions realize
spherical core—shell structures even when the Au core is as
architecturally complex as a nanostar.”

With the site-selective deposition of silica nanoframes and
nanocages onto faceted Au nanostructures yielding structures
that present two chemically distinct surfaces, the resulting
configuration is readily exploited in the formation of designer
nanoparticles and assemblies that utilize silica as a masking
material. The so-formed structures, when compared to those

demonstrated using previously demonstrated masking techni-
ques, realize exposed metal surfaces that present specific facets
and, hence, allow for asymmetric growth modes. Such growth
modes have proved decisive in generatin; an entire class of
nanomaterials with coveted properties.”” This work also
provides the impetus for determining whether the observed
growth mode is adaptable to other oxides and metals. Such
capabilities would allow for the synthesis of hybrid
nanostructures composed of select metal components that
are framed by semiconductor oxides (e.g.,, TiO,, CeO,) and, in
doing so, provide an alternate design space for a class of
materials that are renowned for their light-harvesting and
photocatalytic capabilities.*””"

CONCLUSIONS

In summary, we have demonstrated a primer-free TEOS-based
synthesis that enables the deposition of architecturally complex
silica formations on faceted Au nanostructures. By using
substrate-bound nanostructures with pristine surfaces instead
of ligand-capped Au colloids, syntheses are carried out in a
regime where silica nucleation and growth are driven by the
topography of the Au surface. As a consequence, silica
depositions onto Wulff-shaped Au nanostructures give rise to
distinctive nanoframe, nanocage, and nanoshell architectures.
The ability of such structures to steer synthesis and assembly
processes toward previously unrealizable, yet predictable, end
points is demonstrated. Taken together, this work advances the
solution-based techniques needed for the site-selective
deposition of oxide materials and highlights their use in the
rational design of multicomponent nanostructures and nano-
assemblies.

METHODS

Chemicals and Materials. [0001]-oriented sapphire substrates
were sourced from MTI Corporation as double-side polished, 100
mm diameter wafers that were then diced into 10.5 mm X 10 mm X
0.65 mm pieces. Au films were deposited from a 19 mm diameter
target that was punched from a 1.0 mm thick foil with 99.9985%
purity (Thermo Scientific). Au core assembly was carried out in
ultrahigh purity Ar (Airgas). Chemical reagents used in syntheses and
assembly processes include tetraethyl orthosilicate (TEOS, Milli-
poreSigma), ammonium hydroxide (28% NH;, Thermo Scientific),
deionized water (DI H,0, VWR), ethanol (Denatured, HPLC grade,
VWR), hydrogen tetrachloroaurate(IlI) trihydrate (HAuCl,-3H,0,
99.99% trace metal basis, Beantown Chemical), trisodium citrate
dihydrate (NayC¢H;O,-2H,0, 99% pure, Thermo Scientific),
potassium chloride (KCl, Sigma-Aldrich), 1,8-octanedithiol (C8DT,
Fisher Scientific), silver nitrate (AgNO; reagent ACS, Ward’s
Science), hydrochloric acid (6 M HCl, VWR), nitric acid (2 M
HNO;, Beantown Chemical), and sulfuric acid (H,SO,, 95—98%
ACS Reagent, VWR).

Au Core Assembly. Immediately prior to use, sapphire substrates
are pretreated with a 60 s H,SO, etch, rinsed in DI H,0, and dried
under an N, gas flow. Polycrystalline Au films are sputter-deposited
onto the substrates to a layer thickness of 18 nm. As many as 6
substrates are placed in an alumina boat, inserted into a tube furnace,
and heated to elevated temperatures under an Ar gas flow of 170 cm*:
min~". After a 2 h room-temperature Ar purge of residual air within
the tube, Au core assembly proceeds by rapidly raising the
temperature to 1085 °C (27 min) and then slow cooling the
assembled structures using a 3 h linearly ramped cooldown. Samples
are typically cleaved into smaller pieces such that multiple silica
syntheses can be carried out on identically assembled cores.

Silica Nanoframe, Nanocage, and Nanoshell Synthesis. The
optimized synthesis of silica onto Wulff-shaped Au cores begins with
the addition of 18.75 mL of ethanol into a 30 mL Pyrex beaker
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containing a 1.5 cm Teflon magnetic stir bar. Up to four substrates are
then placed at the bottom of the beaker at locations that do not
interfere with the motion of the stir bar. The room-temperature silica
synthesis is then initiated through the sequential addition of H,O
(2.39 mL), ammonium hydroxide (28% NH;, 0.25 mL), and TEOS
(0.34 mL) under continuous stirring (600 rpm). Silica deposition is
terminated for each sample at preset time intervals (nanoframe: 36
min, nanocage: 38 min, nanoshell: 40 min) through its removal from
the growth solution whereupon it is rinsed in ethanol before being air-
dried. For instances where standalone silica nanoframes, nanocages,
and nanoshells were desired, Au core removal occurred through the
placement of the sample in an aqua regia etch (Hazard: highly toxic
and corrosive). Etch times of 5 min sufficed for nanoframes and
nanocages whereas nanoshells required up to 20 min. Visible during
Au core removal is a loss of sample color as the plasmonic response of
the steadily shrinking cores is extinguished. Due to the fragility of the
standalone shells, it is important that they be first submerged in DI
H, 0 and then, while wet, be transferred to acetone. The displacement
of H,0 with acetone allows for a far gentler drying process since the
capillary forces, which can cause damage, are significantly reduced.*

Core—Satellite Assembly. The Au nanoparticles that serve as
satellite structures were prepared as a colloid using the Turkevich
method.” The reaction proceeds through the rapid injection of
trisodium citrate (12.5 mL, 34 mM) into a boiling mixture of HAuCl,
(1.25 mL, 100 mM) and H,0 (220 mL) that is continuously stirred at
350 rpm using a S cm PTFE-coated magnetic stir bar. After 10 min,
the wine-red colloid is removed from the hot plate and allowed to
naturally cool to room temperature under overnight stirring. Core—
satellite assembly proceeded along a stepwise pathway that sees
substrate-bound cores (i) immersed in an ethanolic solution of the
C8DT linker (0.2 mM, 1.5 mL) for 30 min, (ii) sequentially rinsed in
ethanol and water, (iii) immersed for 1 h in the Turkevich-
synthesized Au colloid (2 mL) to which aqueous KCI (10 mM, 0.1
mL) was added, and (iv) removed from the colloid and rinsed in
ethanol and dried under a N, gas flow. Detailed procedures for both
the Turkevich synthesis and core—satellite assembly process are
described elsewhere.*®

Site-Selective Ag Depositions. Au—silica core—shell structures
were prepared using the aforementioned procedures except that the
growth time was extended to 1 h to obtain silica structures that are
able to withstand the hydrolysis that occurs throughout the synthesis.
The synthesis proceeds in 10 mL Pyrex beakers by first preheating
aqueous solutions of (i) AgNO; (1 mM, 3 mL), and (ii) trisodium
citrate (10 mM, 1 mL) to which nitric acid (0.2 mM, 0.6 mL) is
added. When the latter reaches the growth temperature of 95 °C, the
substrate supporting the Au—silica core—shell structures is placed at
the bottom of the beaker. After 30 s, the reaction is initiated through
the addition of the AgNO; and allowed to proceed for 105 s. It is then
terminated by removing the substrate from the growth solution, after
which it is sonicated for a few seconds in room-temperature DI H,O
to remove unwanted Ag colloid and dried under a N, gas flow. Details
regarding this synthesis as it relates to the formation of substrate-
based Au—Ag core—shell nanocubes are described elsewhere.”>®”

Instrumentation. Au core assembly utilized a model 681 Gatan
high resolution ion beam coater and a Lindberg Blue M furnace fitted
with a quartz tube and an Ar gas handling system. A Helios G4 Ux
SEM/FIB workstation (FEI) was used for SEM imaging and EDS
analysis. Spectroscopic characterization utilized a JASCO V-730 UV—
visible spectrophotometer.
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