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In this work, novel mesoporous SiO, yolk-shell confined core-satellite Ag nanoparticles (Ag@mSiO,)
synthesized with a simple route were reported. Firstly, the core/shell Ag@C nanospheres whose carbon
shells were doped with Ag nanoparticles, were facilely prepared by using a simple hydrothermal method.
After coating with a uniform layer of hybrid SiO, in the presence of octadecyltrimethoxysilane (C;gTMS),
the Ag@C@h-SiO, composite nanospheres were obtained. The final calcination removed all the carbon

and organic compound and left the yolk shell Ag@mSiO, nanosphere, in which an individually large Ag
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core and many tiny Ag nanoparticles were encapsulated within the mesoporous silica shell. The core-
satellite like Ag nanoparticles exhibited excellent catalytic activity in RhB reduction. Benefited from
the m-SiO; shell with a uniform pore size of 3.5 nm, the bi-mode Ag nanoparticles were very stable, thus
the activity of Ag@mSiO; could keep as high as 92% after five cycles.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Recently, much efforts have been made to design and fabricate
nanomaterials with different morphologies and compositions,
aiming for exploring the desired materials which can provide
powerful platforms for nanocatalysis [1], nanoreactor [2],
controlled drug release [3], sterilization [4], energy storage and
conversion [5], water treatment [6], and so on [7] and [8]. Partic-
ularly, the mesoporous yolk-shell nanoparticles (MYSNs), a special
class of core-shell structure with a distinctive core@void@shell
configuration, with the distinctively movable cores, interstitial
hollow spaces, and the functionalized mesoporous shells have
attracted more and more attention for a variety of applications such
as lithium-ion batteries [9], catalysis [10], biosensors [11], drug/
gene delivery [12] and [13], and surface-enhanced Raman scat-
tering [14], and so on [15] and [16]. Ever since the first
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demonstration of yolk-shell Au@mesoporous polymer shell and
carbon shell by Hyeon et al. [17], a large number of MYSNs with
different core and shell compositions and in wide range of particle
sizes, shapes, and structures have been successfully synthesized,
characterized and utilized in key promising applications, including
metal@silica [18], metal oxide@silica [19], metal@carbon [20],
metal oxide@carbon [21], metal@metal oxide [22], metal oxide@-
metal oxide [23], metal@polymer [17], and so on. The original
intent of the encapsulation is to protect the core so that its func-
tionality will not be diminished upon aggregation or sintering
under hash reaction conditions, or through interaction with sur-
rounding environment [24] and [25].

Many researchers in this area are devoted to developing new
synthetic strategies involving fewer preparing steps for the MYSNs
with different components and shell structures. One of the general
approaches is a template-assisted selective removal in which the
core is coated with double shells consisting of different materials.
The interlayer can be removed by a solvent etching or calcination
[26] and [27], leaving a huge cavity. The mesopores in the outer
layer which distinctly divided into ordered mesopores and disor-
dered mesopores can be obtained by removal of the pore-making
agent through calcination or solvent etching. For example, silane
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coupling agent such as C;gTMS is a kind of pore-making agent for
disordered mesopores [28], and cationic surfactant such as CTAB
and nonionic surfactant Fi23 are contributed to the ordered meso-
pores’ formation [29] and [30].

Mesoporous silica has emerged as one of the most promising
mesoporous nanomaterials owing to its outstanding peculiarities,
such as facile synthesis, tunable pore and particle size, good me-
chanical and thermal stability, easy modification, low toxicity, high
biocompatibility, excellent affinity with other materials, and
extended capacity of loading guest species [31] and [32]. Ag
nanoparticles have acquired more and more interest due to their
relatively cheap sources, high antibacterial activity against a wide
range of bacteria and viruses, and excellent catalytic properties in
many chemical reactions [33] and [34]. However, the rational
combination of two or more different components together to give
novel multifunctional materials with elevated practical perfor-
mances remains a great challenge. Up to now, few reports have
mentioned the mesoporous yolk-shell Ag@mSiO, nanocomposite,
even fewer have involved about the mesoporous SiO; yolk shell
confined core-satellite Ag nanoparticles. Therefore, the demand of
exploring mesoporous yolk-shell Ag@mSiO, nanocatalysts with
higher efficiency and preferable recyclability has driven the
development of our target MYSNs.

In this article, a general strategy for the synthesis of yolk-shell
nanospheres of an individually large Ag core and many tiny Ag
nanoparticles were encapsulated within a mesoporous silica shell
was reported for the first time. As depicted in Scheme 1, firstly, the
core-shell Ag@C nanospheres with plenty of Ag nanoparticles
confined in the carbon shells were easily synthesized through
sonication-assisted hydrothermal treatment. Then the core-shell
Ag@C nanospheres were facilely encapsulated by a uniform layer
of h-SiO; via classical Stober method after the treatment with PVP,
employing a molar ration of TEOS/C;gTMS = 4.7. Finally, the yolk
shell Ag@mSiO, nanosphere, in which an individually large Ag core
and many tiny Ag nanoparticles were encapsulated within the
mesoporous silica shell formed after the Ag@C@h-SiO, endured a
high-temperature calcination to fully remove the carbon interlayer
and the pore-making agent C;gTMS. It was noted that, the original
Ag nanoparticles lurked in the carbon shell of Ag@C gradually grew
up with each preparing step proceeding, entered into the meso-
pores during the calcination, and forming a novel kind of meso-
porous SiO; confined core-satellite Ag nanoparticles. The resultant
disordered pores in SiO; shell have a uniform size of 3.5 nm, which
is smaller than the size of tiny Ag nanoparticles in the Ag@mSiO», so
as to protect the Ag nanoparticles from leaching out. The unique
Ag@mSiO, nanospheres are highly active in the reduction of RhB
with NaBH4 as the reductant, and the catalysts could be facilely
recycled 5 times without obvious deterioration in activity. More-
over, Pal et al. [35]. reported that with decrease in size of noble
metal nanoparticles, the activation energy decreases, leading to
higher reaction rate. It is reasonably believed that the excellent
catalytic activation mainly comes from the tiny Ag nanoparticles. In
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addition, the porous shell allows chemical and biological molecules
to adhere to the surface of the large Ag core and the tiny Ag
nanoparticles for more applications in catalysis and biomedical
fields.

2. Experimental section
2.1. Materials

Silver nitrate (AgNO3), L-ascorbic acid (CgHgOg), hexadecyl tri-
methyl ammonium Bromide (CTAB), polyvinylpyrrolidone (PVP,
30 kDa), tetraethoxysilane (TEOS), octadecyltrimethoxysilane
(C1gTMS), ammonia hydroxide (NH4OH), ethanol (EtOH), sodium
tetrahydridoborate (NaBH4), Rhodamine B dye (RhB), and other
reagents were bought from Sinopharm Chemical Reagent Co. Lt.,
(SCRC). They were of analytical grade and used without further
purification. Deionized water was used in the whole experiments.

2.2. Procedure for the preparation of mesoporous SiO, yolk-shell
confined core-satellite Ag nanocomposite Ag@msSiO,

(1) Preparation of Ag@C core-shell nanoparticles

Ag@C core-shell nanoparticles were synthesized in accordance
with the modified reported method [36]. Typically, AgNO3
(0.1698 g) and CTAB (0.1093 g) were dissolved in 30 mL H,0 under
sonication, then ascorbic acid aqueous solution (0.03522 g/mL,
10 mL) was added slowly with an injection syringe, after sonication
for 10 min, the mixture was sealed in a 50 mL Teflon-lined stainless-
steel autoclave, and then transferred to an autoclave, the temper-
ature was maintained at 160 °C for 24 h. The resultant olive-green
suspension was isolated by centrifugation in water and ethanol, and
then dried in vacuum for more than 6 h.

(2) Surface treatment of Ag@C with PVP

In order to be easily wrapped with amorphous silica, the Ag@C
core-shell nanospheres were modified with PVP in advance. Spe-
cifically, 30 mg Ag@C and 150 mg PVP were dissolved in 120 mL
ethanol, and then the mixture was stirred for 12 h under room
temperature. The PVP modified Ag@C nanospheres were collected
by centrifugation and redissolved in 20 mL ethanol.

(3) Encapsulation of Ag@C in amorphous h-SiO, shell

Amorphous silica was condensed on the surface of PVP modified
Ag@C nanospheres by the classical Stober method. The as-prepared
20 mL PVP modified Ag@C ethanol solution and 10 mL H,0 were
mixed with 100 mL isopropanol and 3 mL ammonium hydroxide
under sonication, and then C;gTMS/TEQS (30 pL/75 pL) mixture was
added dropwise with microsyringe under vigorous stirring. The
reaction system was kept stirring under 30 °C for 6 h. The products

Calcination

Ag@mSiO,

Scheme 1. Synthetic procedure of mesoporous SiO, yolk-shell confined core-satellite Ag nanoparticles Ag@mSiO,.
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were collected by centrifugation with water and ethanol, and then
dried in vacuum for more than 6 h at 30 °C.

(4) Formation of mesoporous SiO; yolk-shell confined core-
satellite Ag nanoparticles Ag@mSiO;

The carbon interlayer and the pore-making agent C;gTMS were
removed via a programmed heating muffle furnace in air atmo-
sphere. The temperature was increased from room temperature to
550 °C with the heating rate was 5 °C/min, and the samples were
treated at 550 °C for 5 h.

2.3. Catalytic application of Ag@mSiO; in RhB reduction

To investigate the catalytic activity of the target Ag@msSiO,
nanocomposites, the reduction of RhB in the presence of NaBH4
was chosen as the model reaction. Typically, RhB (1.25 x 10~> mol/
L, 10 mL) aqueous solution was mixed with a certain amount (60 pL,
80 pL, 100 pL) of Ag@mSiO, ethanol solution (5 mg/2 mL), with the
addition of NaBH,4 (0.0038 g), the color of the bright red RhB so-
lution vanished gradually, demonstrating the successful reduction
of RhB. To investigate their recyclability, the Ag@mSiO; nano-
composites were recycled 5 times in accordance with the above
method. The RhB (1.25 x 10> mol/L, 30 mL) aqueous solution was
mixed with 250 pL of Ag@mSiO; ethanol solution (5 mg/2 mL).
Then, the NaBH,4 (0.0114 g) was added and the reduction of RhB
processed. After the reaction, the Ag@mSiO, was recovered by
centrifugation.

2.4. Characterization

The crystal structures of the samples were obtained by X-ray
powder diffraction patterns (XRD) in a Japan Rigaku DMax-yA
rotating anode X-ray diffractometer using graphite mono-
chromatized Cu Ka radiation (A = 0.154178 nm). The field emission
transmission electronic microscopy (FETEM) images of the samples
were observed on a JEM-2100 F with an accelerating voltage of
200 kV. The field emission scanning electronic microscopy (FESEM)
images were obtained on a JEOL JSM-6700 F SEM. The UV—vis ab-
sorption spectra of the samples were measured on a DUV-3700 UV-
VIS-NIR Recording Spectrophotometer. The Raman spectra of the
samples were obtained on a LABRAM-HR confocal laser microra-
man spectrometer. FTIR spectra of the samples in the wavenumber
range 4000—400 cm~' were recorded on a TENSOR Model 27
Fourier transform infrared (FT-IR) spectrometer with KBr pellets. X-
ray photoelectron spectra (XPS) of the samples were taken on an
ESCALAB 250. Thermogravimetric (TG) analysis were performed on
a DTG-60H thermogravimetric instrument, the samples were put in
alumina pans at a heating rate of 10 °C/min to 700 °C in the at-
mosphere of air flowing at 50 mL/min. The Ag contents of the target
products were determined by an Optima 7300DV inductive coupled
plasma atomic emission spectrometer (ICP-AES). The UV-—vis
spectra during the catalyzed process of the reaction system were
recorded on a TU-1901 spectrophotometer.

3. Results and discussion

3.1. Synthesis and characterization of mesoporous SiO, yolk-shell
confined core-satellite Ag nanoparticles Ag@msSiO»

Crystalline phases of the samples were investigated by X-ray
powder diffraction (XRD). The reflection planes of (111), (200),
(220) are observed in the three curves in Fig. 1, indicating a face-
centered cubic structure of silver (JCPDS 04—0783) with calcu-
lated cell parameter a = 4.08 A. No other peaks appeared finely
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Fig. 1. XRD patterns of the as-synthesized products (a) Ag@C, (b) Ag@C@h-SiO,, (c)
Ag@mSiO,.

echoes the high purity of Ag nanoparticles. A weak and broad band
at 20—30° in 26 showed in Fig. 1b can be assigned to the amphorous
silica layer, indicating the successful encapsulation of h-SiO, on the
carbon layer of Ag@C.

Fig. 2 shows the typical TEM and SEM images of the products
synthesized in the sequential reactions. All the products show a
spherical morphology, and they are free of surface cracks and
intersphere adherence. As shown in Fig. 2a and Fig. 2d, each core-
shell Ag@C nanosphere has an individually large Ag core, and a
carbon shell with the thickness ranging from 35 to 45 nm. The
diameter of Ag@C is about 130—170 nm. Although no clear Ag
nanoparticles are clearly observed in the carbon shell, the suc-
cessful reduction of RhB catalyzed by Ag@C (Fig. S1, ESIt) indicates
the existence of Ag-related substance in the carbon shell, for the
large Ag core within the thick carbon shell has poor catalytic
capability [37]. In consideration of the reductant L-ascorbic acid was
excessive and the reaction time was long enough in the preparing
process, so the Ag-related substance is most probably Ag nano-
particles. From Fig. 2b and Fig. 2e, the well-defined Ag@C@h-SiO,
with much rougher surface are well dispersed in the Cu grid
without any conglomeration, and its diameter is about 240 nm.
Most importantly, apparent tiny Ag nanoparticles in the carbon
shells can be seen distinctly, which could further demonstrates the
existence of Ag nanoparticles in the carbon shell of Ag@C com-
posites. The Ag nanoparticles in the carbon shell gradually grew up
during the silica coating process, and the maximum size of the tiny
Ag nanoparticles is approximately 5 nm. It is reasonable to specu-
late that there were also some smaller Ag nanoparticles existed in
the carbon shell after silica coating, however, they couldn’t be
detected in such condition. After the removal of the carbon inter-
layer and the pore-making agent C;gTMS in the hybrid silica shell of
Ag@C@h-SiO;, through high-temperature calcination, the meso-
porous yolk-shell Ag@mSiO, nanospheres (Fig. 2c and Fig. 2e) were
produced. Here, an individually large Ag core and many tiny Ag
nanoparticles were encapsulated within the mesoporous silica
shell. The emerging tiny Ag nanoparticles in the huge cave and
mesoporous silica shell may cause from aggregating for those who
locate closely under high-temperature calcination in air. The core-
satellite like Ag nanoparticles without any aggregation would be
much favored in their future applications because conglomeration
of nanoparticles has been deemed as one of the main obstacles in
the preparation. The TEM images of single Ag@C, Ag@C@h-SiO»,
Ag@mSiO;, and the corresponding enlarged area were shown in
Fig. S2, ESI4.

X-ray photoelectron spectroscopy (XPS) was utilized to charac-
terize the surface elemental components of the as-prepared sam-
ples. As shown in Fig. 3a, the peak of Cys is attributed to the carbon
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Fig. 2. TEM and SEM images of the as-synthesized products (a), (d) Ag@C; (b), (e) Ag@C@h-SiO; (c), (f) Ag@mSiO,.
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Fig. 3. XPS spectra of the as-synthesized products (a) Ag@C, (b) Ag@C@h-SiO,, (c) Ag@mSiO,. High-resolution Ag 3 d XPS spectra in (d) Ag@C, (e) Ag@C@h-Si0,, (f) Ag@mSiO,.

shell of Ag@C, the peak of Ny; is derived from the residual of CTAB,
and the peak of Oy is attributed to L-ascorbic and dehydroascorbic
acid. From Fig. 3d, the binding energy at 368.75 eV corresponding
to Ag 3ds); arises from elemental Ag in Ag@C can be detected with
low intensity, the result is in good agreement of that the Ag cores
are well confined into the carbon shells with the carbon shells are
thicker than 10 nm, and there are Ag nanoparticles confined in the
carbon shells. From Fig. 3b, the obvious peaks of Siys and Sipp, and
the higher relative intensity of O to C compared with that in Ag@C,
synchronously demonstrates the successful coating of h-SiO; on
the surface of Ag@C. The thickness of the h-SiO, is about 40 nm,
therefore, the peak of Agsq in Ag@C@h-SiO, can't be detected

(Fig. 3e). The distinct Ag 3dsj; and 3dz peaks shown in Fig. 3f
responds to the existence of core-satellite Ag nanoparticles in the
mesoporous yolk-shell Ag@mSiO,, and the sharply increased rela-
tive intensity of O to C matches well with the complete removal of
the carbon interlayer (Fig. 3c).

TGA was applied to verify the compositions of the as-prepared
products. The whole weight loss process was performed from 25
to 700 °C. As shown in Fig. 4, the total weight loss of the Ag@C,
Ag@C@h-Si0;, and Ag@mSiO, are 57.34%, 56.03%, 3.47%, respec-
tively. The minor differential of the weight loss between Ag@C and
Ag@C@h-SiO; further confirms the thin thickness of silica on the
surface of Ag@C, which matches well with the above TEM and SEM
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Fig. 4. TG curves of the as-synthesized products (a) Ag@C, (b) Ag@C@h-SiO,, (c)
Ag@mSiO,.

analysis. Meanwhile, on account of the incombustibility of SiO», the
removal of C1gTMS could not compensate for the weight addition of
Si0,, so the weight loss of Ag@C@h-SiO, is merely a little lower
than that of Ag@C. The nearly invariable weight of Ag@mSiO,
during the weight loss process demonstrates the complete removal
of carbon interlayer and pore-making agent CigTMS in Ag@C@h-
SiO, during the high-temperature calcination, which is crucial to
the configuration of Ag@mSiO; and its catalytic properties.

Fig. 5 shows the FTIR spectra of the products synthesized in each
step. The obvious absorption bands at 1620 cm~' and 1705 cm™!
are attributed to the C=0 vibrations, which are belong to the re-
sidual of L-ascorbic acid. The two distinctive peaks at 2854 cm ™!
and 2924 cm™! arise from C—H and C=O0 vibrations (Fig. 5b) are
assigned to PVP, demonstrating the successful attachment of PVP to
the carbon surface of Ag@C nanospheres. The strongest peak
located at 1100 cm™! in Fig. 5b and Fig. 5¢ reveals the antisym-
metric stretching vibration of Si—O, and corresponding to the
successful h-SiO, coating. All the results indicate that the meso-
porous SiO, yolk shell confined core-satellite Ag nanoparticles
were successfully prepared.

As shown in Fig. 6a and Fig. 6b, the Raman bands at 1365 cm™!
(D band) and 1587 cm~! (G band) are attributed to the two in-plane
vibration modes of sp? C—C bonds in disordered carbon and crys-
talline graphitic carbon, respectively. The broad nature of the
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Fig. 5. FTIR spectra of the as-synthesized products (a) Ag@C, (b) Ag@C@h-SiO,, (c)
Ag@mSiO,.
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Fig. 6. Raman spectra of the as-synthesized samples (a) Ag@C, (b) Ag@C@h-Si0,, (c)
Ag@mSiO,.

vibrational peaks indicates the low graphitization degree of the
carbon shells, and the results clearly demonstrate the complete
carbonization of r-ascorbic acid and dehydroascorbic acid during
the hydrothermal synthesis. The relative intensity of G band to D
band shown in Fig. 6¢ is much lower than that in Fig. 6a and Fig. 6b,
indicating the sufficient calcination of the carbon shells, and thus
forming the yolk-shell Ag@mSiO, nanospheres.

The UV—vis absorption spectra of the as-synthesized products
dispersed in ethanol are displayed in Fig. 7. The absorption peak
locates at 451 nm shown in Fig. 7a and Fig. 7b is corresponding to
the plasma resonance of Ag nanoparticles. However, as shown in
Fig. 7¢, the maximum absorption of Ag@mSiO; shifts to 412 nm, the
obvious blue-shift compared with Ag@C and Ag@C@h-SiO, is
mainly due to the removal of carbon shells [38]. In consideration of
the completely vanish of 585 nm peak absorption in Ag@mSiO,
UV—vis absorption, it is reasonable to deduce that the peak ab-
sorption of 585 nm is caused by the amorphous carbon.

From Fig. 8a and Fig. 8b, the disordered but uniform pores in the
silica shell of Ag@mSiO; could be clearly observed. The nitrogen
adsorption—desorption isotherm curve and the corresponding
Barret-Joyner-Halender pore size distribution curve of the as-
synthesized Ag@mSiO, is shown in Fig. 8c. The isotherm exhibits
a type IV characteristic with a distinct hysteresis loop in the P/Pg
range of 0.4—1.0, indicating the existence of uniform nanopores.
The pore size distribution curve reveals that the Ag@mSiO; has a
homogeneous pore size of 3—4 nm. Moreover, it is reasonable to
deduce that the size of the tiny Ag nanoparticles in the mesoporous
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Fig. 7. UV—vis absorption spectra of the as-synthesized products (a) Ag@C, (b)
Ag@C@h-Si0,, (c) Ag@mSiO,.
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SiO; shell and huge cavity is a little larger than that of nanopores in
the silica shell, which is of crucial importance to the recyclability of
Ag@mSiO,.

3.2. Plausible formation mechanism of mesoporous SiO, yolk shell
confined core-satellite Ag nanoparticles Ag@mSiO,

A plausible formation mechanism of the mesoporous SiO, yolk
shell confined core-satellite Ag nanoparticles Ag@mSiO;. As illus-
trated in Fig. 9, in our typical synthesis of Ag nanoparticles deco-
rated Ag@C core-shell nanospheres, CTAB may probably self-
assemble into two kinds of micelles with different sizes under
sonication, and well distributed in the aqueous solution. The
mixture solution became bright yellow, indicating the formation of
AgBr, and the AgBr confined in the micelles followed with a
reduction reaction in the presence of r-ascorbic acid reductant,
forming elemental Ag. Since L-ascorbic acid was excessive, it acted
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not only as a reductant, but also the resource of carbon layer. During
the hydrothermal treatment process, the elemental Ag in the
micelle restrict could aggregate into larger particles, and acted as
seeds to induce the growth of carbon layer. Therefore, the
carbonized L-ascorbic acid and dehydroascorbic acid clung to the
preformed Ag nanoparticles, forming the Ag nanoparticles deco-
rated Ag@C core-shell nanospheres.

The Ag@C nanospheres were pretreated with PVP for the suc-
cessful silica coating. With a highly polar amide group in the pyr-
rolidone ring, the amphiphilic PVP can absorb on the surface of
carbon shell, making it possible for carbon shell to be efficiently
encapsulated by h-SiO,. It has sufficient affinity of the carbon sur-
face to the TEOS precursor, so as to restrain secondary nucleation of
h-SiO; [39]. Notably, in the silica coating process, the Ag nano-
particles in the carbon shell of Ag@C nanosphere gradually grew up
with the maximum size is about 5 nm. The nanoparticles gradually
self-assembled into larger ones in the presence of PVP, for the size
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Fig. 9. Plausible formation mechanism of mesoporous yolk-shell Ag@mSiO, with mesoporous SiO, confined core-satellite Ag configuration.
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of Ag nanoparticles could be adjusted to some extent by the use of
PVP as a stabilizer. The residual NO3 can interact with the Ag
nanoparticles as well as pyrrolidone ring of PVP, that is the PVP-NO3
polymer chains act as a soft binder for anchoring of Ag nano-
particles during the silica coating process [40] and [41].

In the calcination process, all the carbon and organic compound
are removed, leaving the yolk shell Ag@mSiO, nanosphere with
core-satellite Ag configuration, in which an individually large Ag
core and many tiny Ag nanoparticles were encapsulated within the
mesoporous silica shell. The tiny Ag nanoparticle whose size is
smaller than the mesopores would enter into the disordered
channel and the particles which locates closely would self-
assembled into larger ones under high-temperature treatment.
Therefore, the mesoporous silica with confined core-satellite Ag
nanoparticles was obtained. The content of Ag in the Ag@msSiO,
nanocomposite is 11.46%, which was measured by ICP-AES.

3.3. Catalytic properties of the as-prepared Ag@mSiO, yolk-shell
nanospheres

The reduction of RhB was chosen to evaluate the catalytic per-
formance of Ag@mSiO,, whereas the concentration change of RhB
could be easily monitored by using a UV—vis absorption spectros-
copy. No byproducts were formed. Here, the nanocatalyst is of great
importance for the reduction reaction. According to the previous
report [42], in the absence of nanocatalyst, the reduction of RhB
proceeds very slowly that the RhB possesses only 30% conversion
within 100 min with an excess of NaBH4. Whereas, as soon as
appropriate amount of Ag@mSiO; is added to the reaction system,
the color of the reaction system changes gradually from pink to
colorless. Fig. 10 shows the typical catalytic performance of the tiny
Ag dotted mesoporous yolk-shell Ag@mSiO; nanospheres on the
reduction of RhB. As shown in Fig. 10a, with increasing reaction
time, the concentration of RhB decreases sharply, indicating a
successful reduction catalyzed by Ag@mSiO,. The reaction rate
decreases slowly over time, which could be attributed to pseudo-
first-order kinetics that had been reported before [43]. Mean-
while, the catalyzed reaction rate increases with increasing catalyst
concentration (Fig. 10b). The recyclability of the Ag@mSiO, was also
studied to evaluate their catalytic performance. As shown in Fig. 11,
the conversion rate of RhB changes from 100% to 92% after five
recycles, indicating the distinguished reusability of Ag@mSiO,. In
comparison to other reported Ag-based nanocatalysts such as
Ag@Si0,@Ag, Ag—Fe304@C, the unique mesoporous SiO; yolk shell
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Fig. 11. Conversion of RhB in five successive cycles of reduction with Ag@mSiO,.

confined core-satellite Ag nanoparticles Ag@mSiO, was synthe-
sized in a much more simple route, and exhibited higher catalytic
rate and superior recyclability, which could be ascribed to its
unique morphology and excellent dispersity and homogeneity
(Fig. 12). The huge cavity and the disordered mesopores in the SiO;
shell provide a large space for the efficient loading of RhB, and the
uniform 3—4 nm mesopores in the silica shell protect the tiny Ag
nanoparticles from leaching. The sufficient contact of RhB with the
tiny Ag nanoparticles brings up the excellent catalytic activity of
Ag@mSiO,. It is reasonable to believe that the distinguishingly
catalytic activity mainly comes from the tiny Ag nanoparticles for
the size-selective catalysis of noble metal [35].

4. Conclusions

In summary, the mesoporous SiO- yolk shell with confined core-
satellite Ag nanoparticles Ag@mSiO, were successfully synthesized.
Firstly, the Ag nanoparticles decorated Ag@C core-shell nano-
spheres were synthesized via a simple sonication-assisted hydro-
thermal method, followed with h-SiO, encapsulation with Stober
method to prepare the Ag@C@h-SiO,, and high-temperature
calcination to remove the carbon interlayer and the pore-making
agent C;gTMS to form the target products with an individually
large Ag core and many tiny Ag nanoparticles confined in the
mesoporous SiO; shell. The Ag nanoparticles gradually grow up
during the silica coating and high-temperature calcination process,
safely reside in the huge cavity and the mesopores of silica shell due
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Fig. 10. (a) UV—vis spectra of the reduction of RhB during the reduction catalyzed by Ag@mSiO, nanocomposites. [RhB]o = 1.25 x 10~ mol/L, [NaBH]p = 1 x 102 mol/L,
[Aglo = 1.06 x 10~ mol/L. The arrow marks the increase of reaction time, showing the gradual reduction of RhB with Ag@mSiO catalysts. (b) Plot of conversion (%) of RhB versus
time (t, min) at different concentrations of Ag nanocatalyst (a) [Ag]o = 7.95 x 10~® mol/L, (b) [Ag]o = 1.06 x 107> mol/L, (c) [Ag]o = 1.32 x 10> mol/L [RhB], = 1.25 x 10> mol/L and

[NaBHg4]o = 1 x 1072 mol/L keep constant.



Y. Mao et al. / Journal of Alloys and Compounds 680 (2016) 406—414 413

Fig. 12. (a) SEM and (b), (c), (d) TEM images of Ag@mSiO, with different magnifications.

to their diameter is a little larger than the size of mesopores in the
silica shell. The mesoporous yolk-shell configuration of Ag@mSiO,
nanocomposites provides a wonderful platform for the catalysis of
RhB with ultra-fast catalytic rate and outstanding recyclability.
Most importantly, these results offer a simple approach to construct
mesoporous yolk-shell nanocomposites with nanocatalysts stably
confined in the mesopores and cavity, which would endow wide
applications in catalysis, energy storage, and other aspects.
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