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ABSTRACT Ultrasmall gold nanoparticles (us-AuNPs, <3 nm) have been recently -
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recognized as surprisingly active and extraordinarily effective green catalysts. Their
stability against sintering during reactions, however, remains a serious issue for

practical applications. Encapsulating such small nanoparticles in a layer of porous silica

o

can dramatically enhance the stability, but it has been extremely difficult to achieve

using conventional sol—gel coating methods due to the weak metal/oxide affinity. In
this work, we address this challenge by developing an effective protocol for the 50 nm

synthesis of us-AuNP@Si0, single-core/shell nanospheres. More specifically, we take an

alternative route by starting with ultrasmall gold hydroxide nanoparticles, which have excellent affinity to silica, then carrying out controllable silica
coating in reverse micelles, and finally converting gold hydroxide particles into well-protected us-AuNPs. With a single-core/shell configuration that
prevents sintering of nearby us-AuNPs and amino group modification of the Au/Si0, interface that provides additional coordinating interactions, the
resulting us-AuNP@Si0, nanospheres are highly stable at high temperatures and show high activity in catalytic CO oxidation reactions. A dramatic and
continuous increase in the catalytic activity has been observed when the size of the us-AuNPs decreases from 2.3 to 1.5 nm, which reflects the intrinsic size

effect of the Au nanoparticles on an inert support. The synthesis scheme described in this work is believed to be extendable to many other ultrasmall

metal@oxide nanostructures for much broader catalytic applications.
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Itrasmall noble metal nanoparticles,

especially Au, have recently gar-

nered a great deal of interest in
the field of catalysis due to their size-
dependent catalytic activity,"? which makes
them particularly useful in CO oxidation®
and many synthetic reactions.* However,
these nanoparticles are prone to agglom-
eration and sintering, leading to drastic loss
of catalytic reactivity in a short period of
time, especially when an elevated reaction
temperature is employed.>® In this regard, it
becomes highly desirable to stabilize these
ultrasmall catalyst particles on an appropri-
ate support to enhance resistance to sinter-
ing and deactivation.

There have been a number of attempts
to stabilize noble metal nanoparticles in
mesoporous materials.”~'®> As the nano-
particles in these supports are basically in
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a two-dimensionally confined space, espe-
cially when they are positioned in straight
columnar mesopores, the nanoparticles can
still easily undergo migration or ripening
which leads to irreversible sintering when a
harsh condition is imposed.'*'® Alterna-
tively, encapsulation of noble metal nano-
particles in a dielectric material, silica for
example, to form a yolk/shell,'®"” core/shell
(with single core or multiple cores),’® 2" or
sandwich nanostructure®? >* has attracted
increasing attention, which becomes an-
other remarkable strategy to stabilize these
nanoparticles. Among different configura-
tions, the single-core/shell structure is of
particular interest, as no neighboring nano-
particles are available for interparticle sin-
tering. In contrast, a core/shell nanosphere
containing multiple cores can easily undergo
merging of the cores at ambient®' or elevated
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temperatures (Supporting Information Figure S1) and
thus loses the benefit of high active surface area.

Targeting a metal@SiO, single-core/shell nanostruc-
ture, methods are conventionally adopted such as a
modified Stéber process®® 2% and coating within re-
verse micelles.?®*° The former only works with metal
nanoparticles of a sufficiently large size in a low con-
centration, making it difficult to achieve large-scale
production or be extended to coating nanoparticles
with sizes sufficiently small to be of significant interest
to the catalysis community. The latter process broad-
ens the size and concentration range of the noble
metal nanoparticles to be coated, and therefore, nano-
particles of Au,*' Pt,"* Pd,?*>* and Au/Ni*> with vari-
able sizes have been successfully encapsulated in silica
nanospheres with high yield. However, simple exten-
sion of this method for encapsulation of ultrasmall
noble metal nanoparticles (<3 nm) to yield a single-
core/shell nanostructure has been rarely reported due
to a lack of sufficient interaction between the metal
nanoparticles and the silicate oligomers.*"’

In this work, we produce silica-encapsulated ultra-
small Au nanoparticles (us-AuNPs) by taking an un-
conventional route. In contrast with earlier reports, our
efforts were focused on stabilization of us-AuNPs with
sizes of less than 3 nm. These nanoparticles are highly
active in catalysis, but their stabilization issue has not
been well-resolved. In our design, to establish proper
nanoparticle/silica interactions, ultrasmall gold hydro-
xide (Au03-xH,0) nanoparticles are synthesized in
the first place as precursors to Au nanoparticles, which
are expected to have enhanced chemical affinity with
silica, analogous to oxide or chalcogenide (Fe,0Os,
CdTe, etc.) @5i0, cases.>*3” To reduce the size of the
silicate oligomers involved in the silica coating process,
a reverse micelle system is employed to confine the
hydrolysis and condensation reactions of organo-
silanes in discrete reverse micelles notwithstanding
dynamic intermicelle mass exchange. Small segments
of silicate oligomers continuously deposit on the sur-
face of ultrasmall Au,05-xH,0 nanoparticles to form a
single-core/shell configuration. The Au,05-xH,0 nano-
particles are then conveniently converted into well-
protected metallic AuNPs through decomposition in
an annealing process. To further enhance the Au/SiO,
interactions, amino groups are further grafted at their
interfaces. Our results show that the resulting us-
AuNP@SiO, nanospheres are highly stable at elevated
temperatures, which makes them particularly useful as
an efficient catalyst in high-temperature CO oxidation
reactions, and the catalytic activity is found to be highly
dependent on the size of the encapsulated us-AuNPs.

RESULTS AND DISCUSSION

In a typical synthesis, Au,O3-xH,0 nanoparticles
were prepared by precipitating HAuCl, with NH3 in
reverse micelles, which were then coated with silica by
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introducing organosilanes into the reverse micelle
system and allowing their hydrolysis and condensa-
tion. The formation of Au(lll) hydroxide can be con-
firmed by X-ray photoelectron spectroscopy (XPS),
which will be discussed later. Transmission electron
microscopy (TEM) imaging clearly reveals the single-
core/shell configuration (Figure 1a). After annealing at
200 °C, which is higher than the decomposition tem-
perature of Au,0s-xH,0 (140 °C to yield Au,03 and
160 °C to yield Au),*® Au,0;-xH,0 is reduced into
metallic Au, giving rise to Au@SiO, core/shell nano-
spheres. This process is accompanied by an obvious
color change of the material from yellow to dark
brown, indicative of the formation of plasmonic Au
nanoparticles. TEM imaging confirms the intact core/
shell nanostructure, and that the size of the Au nano-
particles encapsulated in silica nanospheres is close to
that before annealing (Figure 1b). It is worth mention-
ing that an organosilane that contains amino groups
(APS) is used to modify the Au,03-xH,0/SiO; interface
during the silica coating,®® which is expected to render
the us-AuNPs additional coordination interactions with
silica and thus improved thermal stability of the
us-AuNPs in silica nanospheres, as discussed later.

The size of the Au nanoparticle cores, which is critical
for their catalytic activities, can be well-tuned by vary-
ing the reaction compositions. A typical reaction yields
Au@SiO, core/shell nanospheres with average core
size of 2.3 nm (Figure 1b). By decreasing the concen-
tration of HAuCl,, the precipitation reaction of HAuCl,
with NH3 produces Au,0s:xH,0O nanoparticles of a
smaller size and consequently Au@SiO, core/shell
nanospheres with a decreased core size (1.8 nm,
Figure 1c). By further decreasing the water/oil ratio,
the size of the discrete hydrophilic phase becomes
even smaller, which eventually affords Au@SiO, nano-
spheres with core size as small as 1.5 nm (Figure 1d).
Therefore, this synthesis route is versatile in obtaining
Au@SiO, core/shell nanospheres with fine-tunable
core sizes. The mean silica shell thicknesses of these
nanospheres with core sizes of 2.3, 1.8, and 1.5 nm
are 11, 10, and 8.6 nm, respectively (Table S1), which
are further tunable by simply adjusting the amount of
silica source during the synthesis (Figure S2).

The evolution of the Au species in the synthesis of
the Au@SiO, core/shell nanospheres has been mon-
itored by core-level XPS spectroscopy (Figure 2a,b).
The as-prepared sample after precipitation and silica
microencapsulation shows clear Au 4f,, and 4fs,,
photoelectron peaks at binding energies of 86.7 and
90.4 eV, respectively, and these values are typical
of a Au(lll) species, consistent with the formation of a
Au,05-xH,0 phase.*° After annealing, the Au 4f,,; and
4fs,, photoelectron peaks shift to lower values, which
are 83.7 and 87.4 eV, respectively, without showing
residual signals at their original positions, which con-
firms that the Au,O3-xH,0O species has been fully
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Figure 1. TEM images of the Au,05-xH,0@SiO, and Au@SiO, core/shell nanospheres. (a) Au,05 - xH,0@SiO, nanospheres as
prepared with average core size of 2.3 nm. (b—d) Au@SiO, nanospheres with average core sizes of 2.3, 1.8, and 1.5 nm,
respectively, obtained after annealing at 200 °C. Inset: size distributions of the cores in nanometers.

reduced into metallic Au, leading to unambiguous
Au@SiO, core/shell nanospheres.

X-ray diffraction (XRD) patterns of the materials were
further investigated to evaluate the crystallinity of the
Au,05-xH,0 and Au nanocrystals in silica nanospheres
(Figure 2c). Both spectra show a broad peak at ~23°
(260) arising from their amorphous silica shells. No extra
peaks are observed in the XRD pattern of the Au,03-
xH,0@SiO, nanospheres, indicating that it is amor-
phous. After annealing, peaks emerge with low inten-
sity that can be indexed as {111} and {200} diffractions
of Au, which again confirms the formation of metallic
Au nanoparticles. The low intensity of the XRD peaks
from the Au@SiO, nanospheres can be ascribed
to the small size of the Au nanoparticles such that
no long-range periodicity can be detected and to
the absence of possible aggregation of Au nanopar-
ticles during the annealing process. The Au@SiO,
core/shell nanospheres thus show pronounced loca-
lized surface plasmon resonance at ~523 nm in
the UV—uvis diffuse reflectance spectrum (Figure 2d),
which is broad, as well, due to the strong electron
scattering at the Au/dielectric interfaces arising from
the ultrasmall sizes.*'
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All of this evidence proves that us-AuNPs have been
encapsulated in a complete thin layer of silica by the pro-
posed scheme. First, the success relies on the formation of
the Au,03 - xH,0 immediate, which possesses much high-
er chemical affinity with silica compared with bare Au. As a
comparison, if the Au,0s-xH,0 nanoparticles in reverse
micelles are reduced into Au nanoparticles prior to silica
coating, silicate species form free nanospheres instead of
growth around Au nanoparticle cores (Figure S3). Second,
reverse micelles act as favorable nanoreactors which supply
small segments of silicate oligomers for successful coating
of silica on the ultrasmall Au,Os-xH,O nanoparticles. Ad-
ditionally, reverse micelles also impart high dispersity to
these nanoparticles at high concentrations, and thus gram-
scale synthesis can be conveniently achieved in the lab
(Figure S4). By contrast, a conventional Stober process
conducted in an ethanolic system produces silica nanopar-
ticles decorated with Au,Os - xH,O nanoparticles instead of
Au,05 - xH,0@SiO, single-core/shell nanospheres, together
with aggregation of the nanoparticles due to the high ionic
strength in the coating solution (Figure S3).

In our design, a complete silica shell serves as a
physical barrier to effectively prevent the ultrasmall Au
nanoparticles from agglomeration. On the other hand,
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Figure 2. (a,b) XPS spectra of the Au,0;5-xH,0@silica and Au@SiO, core/shell nanospheres, respectively. Dots and lines
represent data as acquired and fitted profiles. (c) XRD patterns. (d) UV—vis diffuse reflectance spectra of the nanospheres.

Average core size of the nanospheres is 2.3 nm.

the amorphous silica shell is microporous in nature,
showing ~23 m?/g micropore surface area, which
makes the Au nanoparticles accessible in gas-phase
catalysis (Figure S5). However, the considerably thin
silica shell is not sufficient for limiting migration of the
Au atoms at a high temperature, causing growth of
some AuNPs at the expense of others (Figure 3 and
Figures S6 and S7). To address this issue, an additional
mechanism is required to help improve the thermal
stability of the ultrasmall Au nanoparticles. We discov-
ered that the stability of the Au nanoparticles in silica
nanospheres can be significantly enhanced by intro-
ducing amino groups at the core/shell interface. As the
coating of silica is accomplished by a layer-by-layer
manner, amino group modification can be conve-
niently achieved by first depositing a layer of APS
oligomers before a second layer of silica is deposited.
By this means, additional coordination interaction
between the us-AuNPs (as well as Au,05-xH,0 nano-
particles before reduction) and the amino groups of
the silica shell has been established. As a result, these
us-AuNPs can survive during the annealing process at
200 °C and remain stable at temperatures up to 500 °C.
Figure 4 shows the TEM images and XRD patterns of
the Au@SiO, core/shell nanospheres with different
core sizes which have been annealed at 500 °C for
2 h. Itis clear that the core/shell nanostructure is intact,
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with their core size remaining close to that before
annealing. No obvious growth or agglomeration of
the Au nanoparticles has been observed. In this sense,
these materials are particularly useful in high-temperature
catalysis. Besides amino groups, alternative functional
groups such as thiols can be grafted at the Au@SiO,
core/shell interface to provide coordination interaction
for sintering resistance, which however appear to be too
strong to favor optimal catalytic activities (Figure S8).
The activity of the us-Au@SiO, single-core/shell nano-
spheres in CO oxidation is further explored (Figure 5 and
Table 1). Figure 5a shows the temperature-dependent
catalytic performance of the samples. All the catalysts
showed negligible conversion of CO at room tempera-
ture. However, as the temperature rose, the conver-
sion of CO rapidly increased and eventually reached
~100%. The smaller the size of the Au nanoparticles,
the more rapid increase of the CO conversion was
observed. Specifically, samples with core size of 2.3, 1.8,
and 1.5 nm reached ~100% conversion at tempera-
tures of ~400, 260, and 180 °C, respectively. It is note-
worthy that the same amount of the catalyst (including
silica shell) was employed in this experiment, with Au
loading determined by inductively coupled plasma
mass spectrometry (ICP-MS) to be 2.65, 0.98, and
1.25% for catalysts with core size of 2.3, 1.8, and
1.5 nm, respectively. Although the net amount of Au
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Figure 3. TEM images of the core/shell nanospheres synthesized without addition of APS. (a) Au,03-xH,0@SiO, core/shell
nanospheres as synthesized. (b) Sample after reduction by annealing at 200 °C for 2 h.
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Figure 4. (a—c) TEM images of the Au@SiO, core/shell nanospheres with average core size of 2.3, 1.8, and 1.5 nm, respectively,
after annealing at 500 °C for 2 h. (d) Corresponding XRD patterns of the nanospheres after annealing.

in the catalyst with 1.5 nm cores was only slightly
higher than that with 1.8 nm cores, the CO conversion
increased several fold compared with that of the latter.
At a low temperature of 100 °C, the calculated turnover
frequency (TOF) over the Au@SiO, catalysts with core
size of 2.3,1.8,and 1.5 nm were 6.64, 46.3,and 96.2h ',
respectively. Therefore, the catalytic activity continuously
increases when the size is down to 1.5 nm. This study
involves an inert SiO, support and confined AuNPs with a
narrow size distribution, which suggests that the drama-
tically enhanced catalytic activity may be attributed to
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the intrinsic size effect of these novel AuNPs embedded
in the SiO, support.

Figure 5b—d demonstrates the durability of the
Au@SiO, catalysts in high-temperature catalysis. The
catalytic reactions were conducted at their respec-
tive threshold temperatures of ~100% conversion. In
the 20 h of reaction in our investigation, all the catalysts
showed highly stable performance without significant
decline, due to the protection of the Au nanoparticles
from atomic migration or sintering offered by the
robust amino-modified silica shells. For comparison,
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Figure 5. Catalytic CO oxidation of the Au@SiO, core/shell nanospheres. (a) Plots of CO conversion versus reaction
temperature when Au@SiO, of the same amount (in terms of weight) but different core sizes are employed as the catalysts.
(b—d) Plots of CO conversion versus reaction time. For Au@SiO, with core sizes of 1.5, 1.8, and 2.3 nm, the catalysis is

maintained at 180, 260, and 400 °C, respectively.

TABLE 1. CO Oxidation Activity of the Au@SiO,
Nanospheres with Different Core Sizes

core size 1.5 nm 1.8 nm 2.3 nm
Au content 1.25% 0.98% 2.65%
~100% conversion temperature/°C =180 =260 =400
TOF (at 100 °Q/h~" 96.2 463 6.64

when the us-AuNPs were positioned in the columnar
pores of SBA-15 mesoporous silica, their activity on CO
catalytic oxidation rapidly decreased as a result of
particle agglomeration at an elevated working tem-
perature (Figure S9), which is consistent with earlier
observations in literature.'” Therefore, the silica coat-
ing method reported in this work represents a more
reliable strategy for stabilizing us-AuNPs for the pur-
pose of high-temperature catalysis.

In addition, these us-AuNP@SiO, nanospheres were
found to also be active in catalyzing some solution-
phase reactions (Figure S10). It is believed that these
nanospheres may find much wider use in catalytic
applications by creating additional mesopores in the
silica shells for better accessibility of the us-AuNPs by

METHODS

Synthesis of Au,0; - xH,0@5i0, Core/Shell Nanospheres. In a typical
synthesis of Au,0s-xH,0@SiO, core/shell nanospheres with
core size of 2.3 nm, 4.25 g of polyoxyethylene(10) cetyl ether
(Brij C10) was dissolved in 7.5 mL of cyclohexane and kept at
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bulky molecules and extending this synthesis route to
many other metal@oxide core/shell nanomaterials (for
some examples, see Figure S11).

CONCLUSIONS

In summary, we have developed a synthesis scheme
for silica-protected us-AuNPs (<3 nm) as efficient cat-
alysts for high-temperature catalysis such as CO oxida-
tion. This process takes advantage of the chemical
affinity of Au,0s-xH,0 nanoparticles with silica and a
reverse micelle system which is capable of controlling
the property of silica oligomers for a successful coating
to proceed. The Au@SiO; single-core/shell nanospheres
are highly stable at temperatures up to 500 °C, provided
that additional amino group modification of silica is
made, which has been demonstrated to show good cata-
lytic performance and durability for high-temperature
CO oxidation. Size-dependent catalytic activity of the
encapsulated us-AuNPs has also been observed. We
believe this general synthesis scheme is capable of
affording many other ultrasmall metal@oxide nano-
structures for a variety of catalytic applications.

50 °C. Then, 0.5 mL of HAuCl, (0.25 M) was added dropwise
under stirring. After a transparent solution was formed, 0.8 mL
of NH3-H,0 (25%), 150 uL of 3-aminopropyltrimethoxysilane
(APS) and 2 mL of tetraethyl orthosilicate (TEOS) were added
in order with intervals of 2 min. The reaction was allowed to
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proceed for another 2 h, and the product was collected by
centrifugation and washed with ethanol.

Au,0s3-xH,0@SiO, nanospheres with smaller core sizes
were synthesized following a similar procedure with modifica-
tions. Specifically, nanospheres with core size of 1.8 nm were
prepared with 0.2 mL of HAuCl, (0.25 M), and those with core
size of 1.5 nm were prepared with 0.2 mL of HAuCl, (0.25 M) and
15 mL of cyclohexane, while all the other conditions were kept
unchanged.

Synthesis of Au@Si0, Core/Shell Nanospheres by Annealing. As a
standard procedure, to the Au,05-xH,0@SiO, nanospheres in
20 mL of H,0O was added 1 mL of NaBH, (0.1 M) for partial
reduction of Au,0s:xH,0. The nanospheres were then col-
lected and annealed at 200 °C for 2 h in a muffle furnace for
complete conversion of the Au,05-xH,0 into Au(0). It is note-
worthy that the reduction can also be achieved by mere
annealing at 200 °C for 2 h in air or H, atmosphere (Figure S12).

€0 Oxidation. The catalytic activities for CO oxidation were
evaluated in a fixed-bed quartz tubular reactor. The reactants
were fed with a volume ratio of He/CO/O, = 79/1/20 (total
oxidation). The raw gases were passed over 30 mg of catalyst
with a flow rate of 15 mL/min. The gases were determined by
Agilent 7890 with a TCD detector.

Characterization. Transmission electron microscopy analysis
was performed with a Hitachi HT-7700 microscope equipped
with a tungsten filament, operating at 100 kV. X-ray diffraction
patterns were recorded on a Rigaku SmartLab Powder X-ray
diffractometer equipped with Cu Ka. radiation and D/teX Ultra
detector, scanning from 10 to 70° (20) at the rate of 5°/min.
UV—vis diffuse reflectance spectrum was measured with a
Shimadzu UV-3600 UV—vis—NIR spectrophotometer. X-ray
photoelectron spectroscopy spectra were collected by a Kratos
Ultra DLD spectrometer equipped with monochromatic Al Kot
radiation. The binding energy scales were calibrated using the C
1s peak at 284.6 eV from carbon contamination. Fitting of the Au
4f core-level spectrum was performed by using two spin—orbit
split Au 4f;,, and 4fs;, components which are separated by
3.7 eV with a fixed area ratio of 4/3. Inductively coupled plasma
mass spectrometry was performed with an Agilent 7500CE-ICP-
MS for elemental analysis of the materials.
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