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Abstract
The nanoreactors with yolk-shell configuration have been one of the most attractive objects because of their unique
performance in specific reactions. However, complicated synthesis procedures have restricted the truth understanding and
wide application of the yolk-shell architectures. This article presents a universal and facile sol-gel process for fabrication of
mesoporous silica hollow structure and derived yolk-shell composites with extended Stöber resorcinol-formaldehyde resin as
sacrificed template. The crucial influence factors for the morphology of products are investigated. A series of yolk-shell
composites with multitudinous components have been successfully designed and are further catalytic tested by different
reactions. This work has provided a universal avenue for the fabrication of yolk-shell nanoreactors to suit specific reaction
needs.

Graphical Abstract
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Highlights
● The resorcinol-formaldehyde resin is an effective template to construct hollow mesoporous silica.
● Suitable surfactant ligand and solvent composition are crucial.
● Universal yolk-shell architecture can be fabricated by this facile approach.

1 Introduction

Rational design of nanocomposites with unique architecture
is significant to display the promising properties of mate-
rials and to achieve their full potential in diverse applica-
tions [1–6]. The yolk-shell architecture is a typical hybrid
generally consisting of movable core encapsulated in
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heterogeneous hollow outer shell, which is also called
rattle-type structure [7–9]. Compared with conventional
core-shell and other architecture, the yolk-shell systems
usually possess the features of low density, large surface
area, unique interior space and enhanced loading capacity.
Over the past few decades, the controlled preparation,
structural characterization and application of yolk-shell
nanocomposites have attracted much attention [10–20].
Among those reported yolk-shell materials, silica-based
analogs are undoubtedly one of the most popular objects for
their prominent features, such as adjustable porous struc-
ture, abundant porosities, excellent stability and bio-
compatibility, which are widely used in the field of
catalysis, drug storage and delivery [8, 21–30].

To date, the developed preparation strategy for yolk-shell
silica-based composites mainly include template-assisted
(hard- and soft-template) and template-free (post-treatment
of selective etching) method, which have their own
advantage and disadvantage. For the so-called hard-tem-
plate approach, a core-shell hybrid with easily removable
inner shell should be pre-fabricated. After the removal of
the sacrificed inner shell template, the well-defined yolk-
shell architecture is obtained [8, 21, 22]. By contrast, the
soft-template method is simplified process, in which the
core materials are directly covered by hollow silica shell
with assistance of special surfactants [31]. However, only a
small minority of the surfactants are effective to synthesize
yolk-shell composites and it is difficult to adjust the struc-
tural parameters of the final products. Different from the
aforementioned synthesis approaches, the post etching
strategy to construct yolk-shell architecture does not depend
on the presence of template. With the etching effect of
specific solvent, both the core materials and silica shells can
be partial dissolved into hollow cavity of yolk-shell archi-
tecture. Especially the silica shells from sol-gel (Stöber)
process, which are chemically inhomogeneous and can be
selective etched by basic solution or even the hot water
[27, 32, 33]. Although the post-etching strategy avoids
using templates, the synthesis conditions are not easy to
control and the porosities and surface areas of silica shells in
final products are relative scarce. Therefore, the hard-
template method is the most attractive approach to fabricate
the well-defined and adjustable yolk-shell architecture
composites regardless of its multistep procedure nature.

Carbonaceous materials are known as the most widely
adopted hard-templates for constructing hollow cavity of
yolk-shell structure, which can be removed easily through
calcination under air atmosphere [8, 22]. In order to obtain
the well-defined yolk-shell silica-based composites, the
regular shaped carbonaceous-based intermediates should be
prepared first. In addition, an adequate interaction between
silica shells and carbonaceous template is necessary, so that
the silica shells can successfully cover onto the templates.

Since Liu et al. [34] had developed the Stöber system to the
synthesis of resorcinol-formaldehyde (RF) resin and corre-
sponding carbon spheres, many carbonaceous composites
with well-defined yolk-shell architecture have been facilely
prepared through this so-called extended Stöber method
with silica as hard-template [35–38]. Although generated
from similar system of EtOH-H2O-NH3, both silica gel and
RF resin possess same negatively charged surface. There-
fore, a positive charged surface modification is usually
necessary to improve the interaction between silica and RF
resin, and the cationic surfactant is demonstrated to be very
effective for the induction of RF resin coating over other
materials [36, 37, 39]. We had systematically investigated
the effect of surface modifier on RF resin coating over
Stöber silica spheres in previous report [39]. Herein, we
investigate the silica-coating behavior over extended Stöber
RF resin, and further fabricate the silica-based yolk-shell
composites through sol-gel process. The catalytic perfor-
mance of prepared multitudinous yolk-shell composites is
tested in different reactions.

2 Experimental

2.1 Chemicals

Tetraethylorthosilicate (TEOS), cetyltrimethylammonium
bromide (CTAB), resorcinol, formaldehyde aqueous solu-
tion (40 wt %), tetradecyltrimethylammonium bromide
(TTAB), dodecylamine (DDA), nitrobenzene and
o-chloronitrobenzene were purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. Methanol,
ethanol, hydrogen peroxide (H2O2, 30 wt%) and ammonia
hydroxide (NH3·H2O, 25–28 wt %) were purchased from
Tianjin Kermel Chemical Co. Chloroplatinic acid hydrate
(H2PtCl6·6H2O), hexachloroiridium acid hydrate
(H2IrCl6·6H2O), tetrabutylorthotitanate (TBOT), thiophene,
ferric acetylacetonate (Fe(acac)3) and tetrapropylammonium
hydroxide (TPAOH, 25 wt%) were purchased from Beijing
Innochem Science and Technology Ltd. The distilled water
was homemade. All chemicals were of analytical grade and
used as received without any purification.

2.2 Synthesis of materials

2.2.1 RF resin spheres

The RF resin spheres with uniform diameters were syn-
thesized by the reported extended Stöber method [34].
Typically, deionized water (60 mL), ethanol (15 mL), and
NH3·H2O (0.3 mL) were mixed together, followed by the
addition of 0.2 g resorcinol and 0.3 mL formaldehyde
solution. Then, the mixture was further stirred for 24 h. The
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solid product was collected by centrifugation and washed
with ethanol and water for several times and dried at
100 °C.

2.2.2 Hollow mesoporous silica spheres

Hollow mesoporous silica was prepared through sol-gel
process with the obtained RF resin spheres as hard template.
Typically, 0.2 g RF resin spheres was dispersed in 80 mL
water/ethanol mixed solvent (volume ratio at 5/3). With the
addition of 0.106 g CTAB and 2.0 mL NH3·H2O, the
obtained mixture was ultrasound-treated for 30 min. Then,
0.57 g of TEOS was dropwise into the synthetic system
under stirring. The stirring was maintained at 40 °C for 18 h,
and the product was collected by centrifugation and washed
with ethanol and water for several times. After dried at
100 °C, the sample was calcined at 550 °C for 5 h under air
atmosphere to remove the organic components. Finally, the
mesoporous silica hollow spheres, denoted as H-mSiO2,
were obtained.

2.2.3 Yolk-shell MOx-mesoporous silica composites

To prepare the yolk-shell composites, the introduction of
precursors of core materials to the synthetic system is
important. In detail, 0.2 g RF resin spheres and 0.186 g
H2PtCl6 aqueous solution (38.6 mM) were added in 50 mL
water and the mixture was reflux at 80 °C for 24 h to allow
the adsorption of H2PtCl6 molecules on the surface of
template. After centrifugation, the resultant Pt-containing
RF resin spheres were redispersed in water/ethanol and
undergone mesoporous silica coating process and the sub-
sequent drying and calcination treatment through similar
procedures described above. The obtained yolk-shell PtOx-
mesoporous silica composite was denoted as PtOx@H-
mSiO2.

The preparation process for IrOx@H-mSiO2 and
FeOx@H-mSiO2 are similar to PtOx@H-mSiO2 except that
the core precursors of H2PtCl6 were replaced by H2IrCl6 and
Fe(acac)3, respectively.

2.2.4 Yolk shell micro/mesoporous titanium-silica

Firstly, microporous titanosilicate zeolite (TS-1) was
synthesized according to previous reports [40]. TEOS
and TBOT were used as silicon and titanium source,
respectively and were mixed with the template of
TPAOH to form the reaction mixture with composition of
SiO2:0.025TiO2:0.295TPAOH:38H2O. After crystal-
lization at 170 °C for 48 h, the zeolite product was col-
lected by centrifugation and dried at 100 °C and calcined
at 550 °C for 5 h to remove the template. Thus, the nano-
sized TS-1 was obtained.

Then, the calcined TS-1 zeolite (0.25 g) was dispersed in
40mL water and 20mL ethanol containing 0.5 g CTAB and
0.3mL NH3·H2O. The mixture was treated by ultrasound for
30min, followed by the addition of 0.1 g resorcinol and
0.15mL formaldehyde solution under stirring. The final
synthesis mixture was further stirred at room temperature for
24 h and the RF resin coating zeolite products (denoted as TS-
1@RF) were collected by centrifugation and dried at 100 °C.

Finally, the TS-1@RF was further coated by mesoporous
titanium-silica through similar sol-gel process to H-mSiO2

with a little difference. 0.5 g TS-1@RF was used as starting
material and 0.57 g TEOS together with 0.019 g TBOT
were dropwise into synthesis mixture. After the routine
separation, drying and calcination procedures, the yolk-shell
microporous/mesoporous titanium-silica was obtained,
denoted as TS-1@H-mTi-SiO2.

2.3 Selective hydrogenation of nitroarenes
to amines

Selective hydrogenation of nitroarenes to corresponding
amines was performed in a Teflon-lined autoclave. In brief,
5 mL of the solution of nitroarenes in ethanol (0.1 M) and
30 mg of the catalyst were added into the autoclave. It
should be noted that the yolk-shell composites for catalytic
tests and characterization were used without rigorous
grinding to protect the integrality of architecture. Then, the
autoclave was swept by H2 several times to exclude the air
and sealed with pressure at 0.3 MPa. The reaction mixture
was stirred at 40 °C for 2 h and the reaction products were
analyzed by means of GC PerkinElmer AutoSystem XL
equipped with an Elite-5 capillary column and FID detector.

2.4 Oxidative desulfurization reaction

The sulfocompound Th and DBT were dissolved in octane to
act as model oil (1000 ppm). For the oxidative desulfurization
reaction, 10mL model oil, 10mL solvent (water for Th and
methanol for DBT) and 100mg catalysts were added in a
three-neck glass flask. Then the oxidant H2O2 (10 μL) was
injected into the reactor and the reaction mixture was con-
tinuously stirred at 80 °C for 4–6 h. The oil phase was
extracted periodically and analyzed on GC HP6890 equipped
with HP-5 capillary column and FPD detector.

2.5 Characterization

Transmission electronic microscopy (TEM) images, scanning
transmission electronic microscopy (STEM) and EDX element
mapping analysis were taken on a JEM-2100 electronic
microscope with an accelerating voltage of 200 kV. Scanning
electronic microscopy (SEM) images were detected on a
SU8010 field-emission scanning electronic microscope
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operating at an accelerating voltage of 5–8 kV. Small- and
wide- angle X-ray diffraction (XRD) pattern was recorded in a
Bruck D8 Advance powder X-ray diffractometer using Cu Kα
radiation. Nitrogen physical adsorption/desorption isotherms
were measured on Quantachrome Autosorb-IQ2-MP physical
adsorption apparatus. The mesopore size distributions were
calculated from the adsorption branches of the isotherms using
the Barrett-Joyner-Halenda (BJH) model and the specific
surface areas were calculated using the BET method. UV-vis
spectra were obtained on JASCO UV550 spectrometer with
BaSO4 as the standard.

3 Results and discussion

3.1 Synthesis of H-mSiO2 spheres

For the preparations of H-mSiO2 through hard-template
approaches, the choice of template is crucial, including the
facile synthesis, regular and controllable shape and impro-
vable interaction with silica shell. Compared to other car-
bonaceous spheres, the extended Stöber method for
synthesize RF resin spheres is mild and efficient. Due to
generating from same synthesis system, RF resin and silica
have potential interaction each other and can in-situ form
the core-shell structure even without special ligand
[35, 38, 41]. Therefore, the RF resin is thought to be ideal
candidate for constructing hollow silica architecture.
Figure 1 presents the TEM images and small-angle XRD
pattern of RF resin spheres and the prepared H-mSiO2

spheres. Obviously, the RF resin spheres prepared by
extended Stöber method possess uniform morphology with
diameter of about 200 nm. With the assistance of CTAB,
silicon oligomer from TEOS hydrolysis can assemble to
form mesoporous silica layer over the RF resin spheres and
further form the regular hollow sphere structure after
removal of RF resin template (Fig. 1b). During this process,
CTAB not only act as ligand to induce the silica species
depositing onto the surface of RF resin spheres, but also as
the mesopore template of silica shell. The HRTEM image
clearly reveals the wormlike mesostructure of the silica shell
of H-mSiO2 spheres (Fig. 1c). The small-angle XRD pattern
of H-mSiO2 (Fig. 1d) displays single intense reflection at
2θ= 2.5°, which indicates the lower order degree of
wormlike mesostructured silica shell.

Cationic surfactants other than CTAB are also effective to
construct hollow silica spheres. As showed in Fig. 2a,
H-mSiO2 can be synthesized by using TTAB with shorter
alkyl chain as ligand and mesopore template. It was noting that
our previous research has revealed that primary amine (DDA)
cannot induce the RF resin layer deposit onto the surface of
silica sphere, regardless of its positive charge effect [39].
However, one can find that H-mSiO2 with wormlike

mesostructured shell has been obtained with DDA as ligand
(Fig. 2b), which indicates the successful coating of mesopor-
ous silica over RF resin spheres with assistance of DDA. The
different behavior of DDA in two processes may be due to its
different ways to participate in polymerizations of RF resin
and silica. By comparison, CTAB-containing system produces
H-mSiO2 with uniform and regular morphology and is adop-
ted in following research.

The sol-gel process for preparation of H-mSiO2 adopts
mixed solvent of water/ethanol system, which is also called
modified Stöber process. The composition of solvent was
demonstrated to be important during Stöber process in the
previous researches [42]. Herein, the effect of solvent com-
position on the morphology of H-mSiO2 products was
investigated and the results are showed in Fig. 3. The typical
synthesis of H-mSiO2 use mixed solvent of water/ethanol with
volume ratio at 5:3 and can produce uniform and regular
hollow spheres (Figs. 1, 2). Reducing slightly the ethanol
amount (water/ethanol volume ratio 3:1) does not change the
morphology of H-mSiO2 products (Fig. 3b). Although the
organic solvent-free system is the objective for the synthesis of
many materials, the products from entire water system do not
exhibit spheric morphology but irregular hollow structure full
of wrinkle (Fig. 3a). The formation of such morphology may
be because only thin and discrete silicas deposit onto RF resin
templates in the ethanol-free synthetic system. After the
removal of templates, the hollow structure collapsed and
shrank and formed irregular shaped architecture. However, the
ethanol-rich mixed solvent (water/ethanol volume ratio 1:3)
does not yield uniform hollow spheric products either, which
are barely visible hollow structure consisting of discrete silica
particles (Fig. 3c). Therefore, in order to obtain uniform and
regular H-mSiO2 products, water-dominant mixed solvent is
necessary.

3.2 Fabrication of MOx@H-mSiO2 yolk-shell
composites

It is reasonable to expand this powerful synthesis approach
to the fabrications of yolk-shell composites. Figure 4 pre-
sents the TEM, SEM, STEM and element mapping analysis
for PtOx@H-mSiO2 and related Pt-doped RF resin spheres.
For the Pt-doped RF sample, it can be observed that there
are some tiny particles on the surface of RF resin spheres
(Fig. 4a), which indicates that the Pt-species has been doped
into the template through hydrothermal treatment. With the
covering of mesoporous silica shell and subsequent
template-removal process, the final PtOx@H-mSiO2 with
yolk-shell architecture can be obtained. As the TEM image
has shown (Fig. 4b), the clusters composed of many tiny
particles are deposited on the inside of silica hollow
spheres, which indicates that the high-temperature calcina-
tion and the removal of RF resin scaffold do not lead to
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Fig. 1 TEM images of RF resin
sphere (a) and H-mSiO2 (b),
HRTEM (c) and small-angle
XRD pattern of H-mSiO2

Fig. 2 TEM images of H-mSiO2

synthesized with assistance of
(a) TTAB and (b) DDA

Fig. 3 Products from mixed
solvent with (a) entire water, (b)
water/ethanol volume ratio 3:1
and (c) water/ethanol volume
ratio 1:3

Journal of Sol-Gel Science and Technology (2024) 109:421–432 425



obvious sintering of PtOx particles. The SEM image con-
firms the morphology of PtOx@H-mSiO2 more visually
(Fig. 4c). Except the PtOx particles in broken silica shell
(Fig. 4c arrow), no metallic oxide particles can be found on
the outer surface of silica shell. In addition, the STEM-EDX
element mapping (Fig. 4d) show evenly distributed O and
Si elements, whereas the Pt is mainly concentrated at the
core particle within silica shell. These results also identify
the yolk-shell architecture of PtOx@H-mSiO2 with metallic
oxide particles encapsulated in mesoporous silica shell.

Figure 5 shows the small and wide angle XRD patterns
and N2 physical adsorption analysis of prepared PtOx@H-
mSiO2. Similar to the H-mSiO2, the small angle XRD
pattern of PtOx@H-mSiO2 exhibits single diffraction peak
at 2.4°, indicating the mesostructured silica shell. In wide
angle region (Fig. 5a inset), besides the broad reflection of
20–25° assigning to amorphous silica, there are weak signal
at 2θ= 39.5° and 46°, which can be indexed to the (111)
and (200) crystalline plane of cubic Pt2O crystal (03-065-
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Fig. 5 a Small and wide (inset)
angle XRD patterns and (b) N2

physical adsorption-desorption
isotherm and BJH pore size
distribution (inset) of PtOx@H-
mSiO2

Fig. 4 TEM images of (a) Pt-
doped RF resin template and (b)
PtOx@H-mSiO2, (c) SEM and
(d) dark filed STEM images of
PtOx@H-mSiO2 and
corresponding element mapping

Fig. 6 Cataytic performance of yolk-shell Pt@H-mSiO2 in selective
hydrogenation of nitrobenzene and o-nitrochlorobenzene
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5066), respectively. The weak diffraction peak also indi-
cates the absence of large platinum oxide particles. In
addition, the mesoporous shell of PtOx@H-mSiO2 is also
confirmed by N2 physical adsorption-desorption isotherm
(Fig. 5b). Obviously, the PtOx@H-mSiO2 shows type-IV

isotherm with N2 uptake step at P/P0 of 0.2–0.25, sug-
gesting the filling of N2 molecules in mesopores. The
obvious hysteresis at P/P0 range of 0.6–1.0 can be due to the
filling of N2 in cavity of mesoporous silica shells. The BJH
pore size distribution (Fig. 5b inset) displays that the

Fig. 7 TEM images (a, c) and
dark field STEM (b, d) of
IrOx@H-mSiO2 (a, b) and
FeOx@H-mSiO2 (c, d) and
corresponding element mapping

TS-1 TS-1@RF TS-1@RF@mTi-SiO2 TS-1@H-mTi-SiO2

Fig. 8 The schematic
representation of the synthesis of
TS-1@H-mTi-SiO2
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mesopore diameters of PtOx@H-mSiO2 are centered at
around 2.1 nm.

The PtOx nanoclusters encapsulated in permeable porous
silica shell will be an ideal nanoreactor for heterogeneous
catalysis. Herein, the catalytic rests for yolk-shell PtOx@H-
mSiO2 are performed in selective hydrogenation of nitroar-
enes to corresponding amines. The PtOx@H-mSiO2 should
be reduced by H2 to metallic composite (Pt@H-mSiO2)
before reactions. Fig. 6 presents the catalytic results of the

yolk-shell catalyst in selective hydrogenation of nitrobenzene
and o-nitrochlorobenzene. It can be found that the yolk-shell
catalyst exhibits similar activity in two reactions with con-
version of about 90% and different selectivity for target
product (58% for aniline and 77% for o-chloroaniline). The
fabrication strategy for yolk-shell Pt-silica catalyst can be
expanded into other composites. As Fig. 7 has shown, when
the platinum precursor of H2PtCl6 was replaced by H2IrCl6
and Fe(acac)3, the IrOx@H-mSiO2 and FeOx@H-mSiO2 with

Fig. 9 TEM images of (a) TS-1,
(b) TS-1@RF, (c) TS-1@H-
mTi-SiO2 and SEM image (d) of
TS-1@H-mTi-SiO2. Inset: XRD
pattern of TS-1
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Fig. 10 Small and wide angle
XRD pattern of TS-1@H-mTi-
SiO2
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uniform similar yolk-shell architecture to PtOx@H-mSiO2

were prepared, respectively. Therefore, targeted yolk-shell
nanoreactors can be fabricated individually according to
specific reaction needs.

3.3 Fabrication of yolk-shell micro/mesoporous
titanium-silica

Combining of microporous zeolites and mesoporous
materials serves to rectify the inadequate porosity and
active site possessed by each component when it exists
alone [43–45]. The synthesis strategy presented here is
also applicable for fabrication of yolk-shell micro/
mesoporous composites, which is schematically descri-
bed in Fig. 8. Slightly different from the synthesis pro-
cedures described above, the preparation of core
materials of microporous zeolites precedes that of RF
resin template. The microporous TS-1 zeolite prepared
through conventional hydrothermal process is used as
starting material, whose TEM image and XRD pattern are

showed in Fig. 9. It can be observed that the prepared TS-
1 zeolite is uniform monodispersed elliptical particles
with dimension of 200 × 300 nm and possesses MFI
structure with high crystallinity. Then, the TS-1 particles
are coated by RF resin with assistance of CTAB through
extended Stöber process and the uniform core-shell TS-
1@RF has been obtained, as can be seen in TEM image in
Fig. 9b. In the next step, the TS-1@RF is further coated
with mesoporous shell through the similar approach
described in Sections 3.1 and 3.2 with a little difference,
namely the titanium species are incorporated in meso-
porous shell. With the removal of RF resin layer, the
yolk-shell micro/mesoporous composite with TS-1 zeo-
lites encapsulating in mesoporous Ti-silica hollow
spheres is obtained (Fig. 9c). Full view showed by SEM
image also confirm the yolk-shell architecture of the
composite and all the TS-1 crystals were coated by outer
shell (Fig. 9d). The small and wide angle XRD pattern of
TS-1@H-mTi-SiO2 is showed in Fig. 10. The appearance
of reflection in small angle region indicates the long-
range order of mesostructure shell, while the strong dif-
fraction peaks assigning to MFI topology confirm that
TS-1 has been preserved well in the yolk-shell composite.

Figure 11 presents the N2 physical adsorption-
desorption isotherms of TS-1 and TS-1@H-mTi-SiO2

and relevant textural properties are listed in Table 1.
Compared to the type-I isotherm of TS-1 zeolite, the
yolk-shell composite exhibits combined type-I and type-
IV isotherm. Besides the high N2 uptake at low relative
pressure range, there is an obvious uptake step at P/P0 of
0.2–0.3, indicating the existence of mesopores with uni-
form size. The abrupt increase of adsorption and hyster-
esis at high relative pressure region confirm the existence
of hollow interior. The BJH pore size distribution of TS-
1@H-mTi-SiO2 further exhibits that the mesopores are
centered at 2.2 nm (Table 1). The remarkably increased
N2 uptake at high relative pressure may be related to the
hollow structure. It is because the presence of mesopor-
ous shell, the specific surface area and pore volume of
TS-1@H-mTi-SiO2 are greater than that of pure TS-
1zeolite (Table 1). The absorbance band at 210-220 nm in
UV-vis analysis has identified the existence of framework
Ti species in prepared materials (Fig. 12).

The research on desulfurization of fuel has certain
value on the theory research and practical application
[46–48]. Herein, the catalytic performance of the syn-
thesized Ti-containing porous silica was tested in oxi-
dations of organic sulfides and are showed in Fig. 13. For
the oxidation of small molecule Th reactant, the micro-
porous TS-1 zeolite is highly active and reaches the Th
removal as high as more than 95% within 1 h, which is
accordance with previous report. The yolk-shell TS-
1@H-mTi-SiO2 also exhibits high activity in Th
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Table 1 Textural properties of TS-1 and TS-1@H-mTi-SiO2

Sample d100
a

(nm)
a0

b

(nm)
Stotal

c

(m2/g)
Smicro

d

(m2/g)
Vtotal

e

(m3/g)
Vmicro

f

(m3/g)
Dmeso

g

(nm)

TS-1 -- -- 476 453 0.29 0.20 --

TS-1@H-mTi-
SiO2

3.7 4.3 523 381 0.58 0.19 2.2

a Calculated from XRD analysis. ba0= 2d/31/2. cTotal surface area is
calculated by BET method. dMicroporous surface area is calculated
from t-plot analysis. eTotal pore volume is calculated from the volume
adsorbed of P/P0 at 0.99.

fMicroporous surface area is calculated from
t-plot analysis. gMesopore diameter is from BJH pore size distribution.
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oxidation because of the fact that TS-1 particles are
involved in the composite system. Without considering
the reactant molecules accessibility, the Ti-containing
mesoporous silica has no advantage over conventional
microporous zeolites. Therefore, TS-1@H-mTi-SiO2 is
slightly inferior than TS-1 in Th oxidation. As to the
bulky molecule DBT reaction, different from the abso-
lutely inactive pure TS-1, the TS-1@H-mTi-SiO2 exhibits

a certain activity with DBT removal of 64% after reaction
6 h, which indicates that the mesoporous Ti-containing
silica shell contribute to catalyzing bulky molecule
reaction. Therefore, this micro/mesoporous yolk-shell
composite possess wide applicability compared to con-
ventional TS-1 zeolite with mono-microporous channel.
It is noted that the synthesis strategy for micro/meso-
porous yolk-shell composite is universal and can be
expanded to other yolk-shell counterparts. For example,
the acid catalyst of H-β@H-mAl-SiO2 can be fabricated
through this protocol and is showed in Fig. 14. It is worth
expecting that the composite catalytic system with com-
plementary porosities and active sites will be outstanding
in specific reactions.

4 Conclusion

In summary, a versatile and facile sol-gel approach for
constructing uniform mesoporous silica hollow spheres and
derived yolk-shell composites with extended Stöber RF
resin as sacrificed template has been developed. Both
cationic surfactants and primary amine surfactants are
effective to induce the mesoporous silica to coat over RF
resin. The solvent composition of synthesis system is
demonstrated to be influential to the morphology of hollow
products. Yolk-shell architectures including MOx@mSiO2
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and zeolite@mSiO2 micro/mesoporous composites are
fabricated and catalytic tested, which provide valuable idea
for the design of desired catalytic system to meet the
demand of specific reactions.
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