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We report the design and realization of yolk-shell structured nanospheres with periodic mesoporous 

organosilica (PMO) nanospheres or noble metal nanoparticles encapsulated in mesoporous silica shells via a 

selected etching method. These architectures are well controlled in structure, size and morphology. The yolk-

shell structured PMO@SiO2 nanoparticles can be precisely functionalized with different catalytic 

functionalities even incompatible acidic and basic groups: PMO core with amino (-NH2) groups and 

mesoporous silica shell with sulfonic acid (-SO3H) groups. As a nanoreactor, the as-synthesized Au@SiO2 

nanospheres show faster reduction of 4-nitrophenol than nitrobenzene. Furthermore, the prepared PMO-

NH2@SiO2-SO3H nanoparticles can be used as bifunctional catalysts with highly efficient catalytic 

performance for catalyzing the deacetalization-Henry cascade reaction. 

Introduction 

Very recently, many scientific efforts have been directed 
toward the design and fabrication of mesoporous silica 
nanomaterials with controlled morphologies and tailored 
properties.1-7 The yolk-shell nanostructures as an 
interesting family of complex new hollow 
nanoarchitectures have attracted tremendous attention, 
due to their outstanding structures in which a movable 
core is encapsulated inside a mesoporous shell and 
between the core and the outer shell of this material 
contains a void space.8-16 The void space of yolk-shell 
nanoparticles is expected to be useful for chemical 
storage, compartmentation, confinement of host-guest 
interactions and providing a unique environment for 
creating concerted actions between the core and a 
permeable shell.17-19 Furthermore, their unique physical 
and chemical properties such as low density, large surface 
area, high permeability, excellent loading capacity and 
functionality in both the cores and the outer shells, can 

render yolk-shell nanoparticles attractive for applications 
in catalysis,18, 20, 21 drug delivery systems,22-24 and energy 
storage25-27 and surface-enhanced Raman scattering 
technologies.28, 29 

Up to now, several approaches have been developed 
for the synthesis of yolk-shell structured nanomaterials, 
such as selective etching approaches,30-32 bottom-up or 
soft-templating,33-35 ship-in-bottle approach,36 Ostwald 
ripening37 or galvanic replacement process,38 template-
free approaches,39 and Kirkendall effect based methods.40, 

41 A wide range of chemical compositions of yolk-shell 
structured nanomaterials have been obtained, including 
metal NPs@silica,42 metal oxide@silica,43 metal 
NPs@carbon,44 metal NPs@metal oxide,45 metal 
NPs@polymer,46 silica@metal oxide,47 silica@carbon,48 
polymer@polymer49 and so on. However, the yolk-shell 
structured nanomaterials reported to date are generally 
composed of a catalytically active core, such as metal, 
metal oxide, and there are rare works that succeed in 
designing and utilizing catalytically active mesoporous 
shells, which limited their further applications as 
nanoreactors in cascade reactions. Therefore, the 
synthesis of yolk-shell structured nanomaterials with 
precisely located active sites both in the core and on the 
shell is still difficult and remains a great challenge. 

In this work, with the aim of expending the range of 
composition and functionality of the yolk-shell 
nanostructures, here we report on the construction of 
multifunctional yolk-shell structured nanomaterials 
consisting of a core of periodic mesoporous organosilica 
(PMO) spheres or Au nanoparticles, a hollow space 
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between core and shell, and an outer silica shell with 
mesoporous channels. By using the versatile sol-gel 
chemistry, the catalytic functionalities including even 
incompatible acidic and basic groups could be located in 
yolk-shell structured nanoparticles with basic PMO core (-
NH2) and acidic silica shell (-SO3H). These yolk-shell 
structured nanoparticles as nanoreactors show high 
catalytic efficiency for catalyzing the deacetalization-
Henry cascade reaction. Besides, the as-synthesized Au@ 
SiO2 nanospheres were applied in 4-nitrophenol and 
nitrobenzene catalysis, respectively. 

Experimental 

Chemicals 

TEOS was obtained from Sigma-Aldrich. 
Bis(triethoxysilyl)ethane (BTEE) was obtained from Gelest. 
3-Aminopropyltriethoxysilane (APTES), N-[3-
(trimethoxysilyl) propyl] ethylenediamine (TSD), (3-
mercaptopropyl) trimethoxysilane (MPTMS), 
benzaldehyde dimethyl acetal and benzaldehyde were 
purchased from Alfa Aesar. Toluene and malononitrile 
were obtained from Alading. Cetyltrimethylammonium 
bromide (CTAB) was obtained from Huishi Biochemical 
Reagent Company of China. HAuCl4·3H2O (99.7%) was 
purchased from Shanghai Chemical Corp. Ammonia 
solution (27 wt%), 4-nitrophenol, nitrobenzene, sodium 
borohydride (NaBH4), hydrogen peroxide (H2O2, 30 wt%), 
hydrofluoric acid (HF, 40 wt%), hydrochloric acid (HCl, 37 
wt%), ethanol and methanol were purchased from Beijing 
Chemical Works. Deionized water was used in all 
experiments. All reagents were used without further 
purification. 
 

Synthesis of yolk-shell structured PMO@SiO2 and Au@ 

SiO2 nanoparticles 

In a typical reaction, solution A (1.5 mL of TEOS in 13.5 mL 
of ethanol), solution B (20 mL of 27 wt% ammonia 
solution and 60 mL of ethanol) and solution C (100 μL of 
TSD in 8 mL of ethanol) were prepared. 1.5mL of periodic 
mesoporous organosilica (PMO) nanoparticles or 2 mL of 
Au nanoparticles dispersion solution was added into 
solution B and reacted for 10 min under vigorously stirring 
to form the cores. Then, solution C and identical volume 
of solution A were added into the reaction mixture 
synchronously at a rate of 1 mL/min, to form the middle 
layer of organicsilica framework. Lastly, remaining 
solution A was added to form the outer layer of silica shell. 
The reaction was kept for 3 hours at 30 °C. The hybrid 
silica spheres were isolated by centrifugation and washed 
with ethanol and water repeatedly, and lastly 
resuspended in water. Yolk-shell structured PMO@SiO2 or 
Au@SiO2 nanoparticles were produced by etching the as-

prepared hybrid silica spheres with 10 wt% HF (aqueous 
solution). The product was sufficiently washed repeatedly 
with water. The preparation process of PMO and Au 
nanoparticles are shown in the Supplementary 
Information. 
Synthesis of functional PMO-NH2@SiO2-SO3H 

nanoparticles 

In the synthetic procedure of PMO@SiO2 nanoparticles, 
using the same amount of PMO-NH2 nanoparticles 
dispersion solution replaced PMO nanoparticles 
dispersion solution, remaining solution A and 60 µL of 
MPTMS were added to form the outer layer of silica shell, 
functional PMO-NH2@SiO2-SH nanoparticles were 
obtained. Then, 1 g of PMO-NH2@SiO2-SH nanoparticles 
were dispersed in 40 g of H2O2 (30 wt%) and stirred at RT 
for 24 h before centrifugation. 1 g of dried sample was 
then stirred in 200mL of HCl (0.01 M) for 12 h at RT for 
acidification. After being thoroughly washed with 
deionized water, the solid product was dried at 60 °C 
overnight. PMO-NH2@SiO2-SO3H nanoparticles were 
prepared. 
 

Catalytic reduction of 4-nitrophenol and nitrobenzene 

using Au@SiO2 nanoparticles as catalysts 

Ten milligrams of Au@SiO2 nanoparticles were 
homogeneously dispersed in 10 mL of deionized water by 
ultrasonication. 0.3 ml of 4-nitrophenol or nitrobenzene 
solution (1 mM) and 0.65 mL of NaBH4 aqueous solution 
(0.2 M) were added to 2 mL of water. Then, 0.1 mL of 
Au@SiO2 nanoparticles solution was added to the mixture. 
During the reaction, the mixture was taken at regular 
intervals and analyzed by UV-visible spectroscopy. 
 

One-pot deacetalization-Henry cascade reaction 

0.1 g of the solid catalyst, 0.076 g of benzaldehyde 
dimethyl acetal (0.5 mmol), 0.046 g of malononitrile (0.7 
mmol) and 4 mL of toluene were added under nitrogen. 
The mixture was stirred at 90 °C under nitrogen 
atmosphere for 12 h.  
 
Characterisation 

TEM images were obtained on FEI Tecnai G2 F20 s-twin 
D573 field emission transmission electron microscope 
with an accelerating voltage of 200 kV. SEM images were 
obtained on a JEOL JSM-6700F field-emission scanning 
electron microscope. The particle size was measured by 
photon correlation spectroscopy employing a Nano ZS90 
laser particle analyzer (Malvern Instruments, UK) at 25 °C. 
Nitrogen adsorption-desorption isotherms were obtained 
at -196 °C on a Micromeritics ASAP 2420 surface area 
analyzer. Samples were degassed at 150 °C for a minimum 
of 12 h prior to analysis. Brunauer-Emmett-Teller (BET) 
surface areas were calculated from the linear part of the 
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BET plot. Pore size distribution was estimated from the 
adsorption branch of the isotherm by the BJH method. 
Powder XRD patterns were obtained by using a Rigaku 
2550 diffractometer with Cu Kα radiation (λ=1.5418 Å). 
The infrared spectra (IR) of samples were recorded in KBr 
disks using a Bruker IFS 66 V/S FTIR spectrometer. The X-
ray photoelectron measurements were performed using a 
Thermo Escalab 250 spectrometer with monochromatized 
Al Kα excitation. Gas chromatography-mass spectrometry 
(GC-MS) were performed using GCMS-QP 2010 Plus. The 
elemental analyses (C, H, N and S) were carried out with a 
Vario EL cube elemental analyzer. 

Results and discussion 

In this synthesis, our group have succeeded in fabricating 
a kind of yolk-shell structure: a special hollow nanosphere 
with mesoporous silica shell and periodic mesoporous 
organosilica (PMO) or Au inner core by selective etching 
of organic-inorganic hybrid silica spheres with a three-

layer sandwich structure, using N-[3-(trimethoxysilyl) 
propyl] ethylenediamine (TSD) condensed with 
tetraethylorthosilane as an etchable layer. Figure S1a, b 
show the scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) images of PMO 
nanoparticles with size about ~280 nm, prepared by a 
reported method in our group.50 Figure S1c shows that 
PMO nanoparticles possessing highly ordered pore 
structure. The TEM and SEM images of hybrid silica 
spheres with PMO nanoparticles as the inner cores show 
that the nanoparticles have uniform spherical morphology 
in large domains and the particles diameter is ~600 nm 
(Figure 1a and b). After etching with aqueous hydrofluoric 
acid (HF), the hybrid silica spheres were converted into 
yolk-shell structure with mesoporous SiO2 outer shell and 
PMO inner core, the shell thicknesses are roughly 
estimated at about ~25 nm (Figure 1c and d). The 
PMO@SiO2 nanoparticles are reduced compared to those 
of the hybrid silica spheres, resulting from the shrinkage 
of silica during etching process. The present selective 
etching strategy can be also applied for fabricating yolk-

 
 

Figure 1. SEM and TEM images of (a), (b) hybrid silica spheres with PMO inner cores; (c), (d) yolk-shell structured PMO@SiO2 nanospheres; 
(e), (f) hybrid silica spheres with Au inner cores; (g), (h) yolk-shell structured Au@SiO2 nanospheres. 
 

shell structured Au@SiO2 nanoparticles. For example, by 
using Au nanoparticles (Figure S1d) replace PMO 
nanoparticles, hybrid Au/SiO2 nanospheres were first 
synthesized (Figure 1e and f) and then successfully 
converted into yolk-shell structure under etching 
conditions in HF solution (Figure 1g and h). The successful 
encapsulation of Au nanoparticles within the mesoporous 
silica shell could also be evidenced by X-ray diffraction 
(XRD) characterization (Figure S2). Four diffraction peaks 
can be seen in the 2θ range 30-90°, assigned to (111), 
(200), (220), and (311) reflections of the cubic (fcc) Au 
nanoparticles lattice, respectively. It indicates the 
presence of crystalline Au nanoparticles at Au@SiO2 

nanoparticles. The whole synthesis process of the yolk-
shell PMO@SiO2 or Au@SiO2 nanospheres is schematically 
represented in Scheme 1. 
 

 
 
Scheme 1. Schematics of the synthetic procedures of yolk-shell 
structured PMO@SiO2 and Au@SiO2 nanospheres. 

Page 3 of 9 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
2 

Ju
ne

 2
01

8.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

on
ne

ct
ic

ut
 o

n 
12

/0
6/

20
18

 1
0:

00
:3

8.
 

View Article Online
DOI: 10.1039/C8DT02254B

http://dx.doi.org/10.1039/c8dt02254b


Journal Name  

ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 4  

Please do not adjust margins 

Please do not adjust margins 

Dynamic light scattering (DLS) measurements carried 
out in water (Figure 2a) show the hydrodynamic 
diameters of the PMO nanoparticles, hybrid silica 
nanospheres and PMO@SiO2 samples. The DLS curves of 
two different nanospheres show that the hydrodynamic 
diameter of the hybrid silica nanospheres is larger than 
that of the PMO@SiO2 nanoparticles, which are very close 
to those measured by TEM. More importantly, the 
polydispersity index of these samples is approximately 1%, 
thus indicating a high uniformity in the sizes of these 
samples. The DLS results of hybrid Au/SiO2 nanospheres 
and Au@SiO2 nanoparticles are shown in Figure S3. The 
small-angle X-ray diffraction (SXRD) analysis of three 
different nanoparticles is shown in Figure 2b. The PMO 
nanoparticles not only exhibit three well-resolved peaks in 
the range of 1.5°< 2θ < 2.5° that can be indexed as the 
(200), (210), and (211) reflections but also three peaks 
assignable to the (320), (321), and (400) planes (2.5° < 2θ 

< 4°), indicating a typical cubic (Pm3n) mesostructure. For 
the hybrid silica nanospheres, because of the PMO 
nanoaprticles are coated by solid SiO2 shell, there is no 
diffraction peak in SXRD pattern. The PMO@SiO2 samples 
show three diffraction peaks in the 2θ angle range of 1.5°-
2.5°, but the peak intensity weakens, which confirms a 
markedly decreased long-range ordering compared to 
PMO samples with the formation of wormlike 
mesostructured shell. To further confirm the mesoporous 
structure of the three different samples, we use nitrogen 
adsorption/desorption analysis. The N2 sorption isotherm 
(Figure 2c) of PMO nanoparticles and PMO@SiO2 
nanoparticles show a type IV isotherm and the pore size 
distribution (Figure 2d) centered at 3 nm, these results 
further suggest that the obtained samples possess 
mesopores. The hybrid silica spheres show only external 
surfaces. 

                                                                                                   

 
Figure 2. (a) Hydrodynamic diameters; (b) the small-angle XRD patterns; (c) nitrogen adsorption/desorption isotherms and (d) pore size 
distribution curves of PMO nanoparticles, hybrid silica spheres and yolk-shell structured PMO@SiO2 nanoparticles. 
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Figure 3. Kinetic analysis of the catalytic reactions and plot of 
ln(Ct/C0) versus time for 4-nitrophenol and nitrobenzene. 
 

The catalytic activity of yolk-shell structured Au@SiO2 
nanoparticles for the reduction of 4-nitrophenol (4-NP) to 
4-aminophenol (4-AP) and nitrobenzene to aminobenzene 
are examined. The evolution of UV-visible spectra with 
the reaction time for the reduction of 4-NP to 4-AP and 
nitrobenzene to aminobenzene with Au@SiO2 
nanoparticles as catalysts are monitored (Figure S4). In 
the case of 4-NP, the peak at 400 nm, which is due to the 
4-nitrophenolate ions, decreases with reaction time, and 
a new peak appears at 300 nm, which is a result of the 
production of 4-AP (Figure S4a). In the case of reduction 
of nitrobenzene, the characteristic absorption peak of 
nitrobenzene at 275 nm weakens with reaction time and 
the absorption peak of aminobenzene at 232 nm 
increases, which indicates the reduction of nitrobenzene 
to aminobenzene (Figure S4b). The kinetic analysis of the 
reactions can be carried out as described from the 
temporal decay of these peaks. The same amount of 
catalyst was used in each reaction. The ratio of Ct and C0, 
where Ct and C0 are 4-nitrophenol or nitrobenzene 
concentrations at time t and 0, respectively, was 
measured from the relative intensity of the respective 
absorbances, At/A0. The linear relations of ln(Ct/C0) versus 
time indicate that the reactions followed the first-order 
kinetics. The apparent rate constants were estimated 
from diffusion-coupled first order reaction kinetics using 
the slopes of straight lines in Figure 3. The apparent rate 
constant obtained for the reduction of 4-nitrophenol 
(kapp=0.52 min-1) was now one order higher than that of 
nitrobenzene (kapp=0.11 min-1), which suggests that the 
hydrophilic SiO2 shell favors the diffusion of more 
hydrophilic 4-NP into the core region of the yolk-shell 
catalysts.51 Compared with other reported Au/SiO2 based 
catalysts for the reduction of 4-nitrophenol, the prepared 
Au@SiO2 nanoparticles show high catalytic activity, as 
summarized in Table S1.52-60  

By a co-condensation method, the PMO nanoparticles 
could be functionalized with 3-aminopropyltriethoxysilane 
(APTES) and the mesoporous SiO2 outer shell could be 
functionalized with (3-mercaptopropyl)trimethoxysilane 
(MPTMS), we successfully prepare novel PMO-NH2@SiO2-
SH nanoparticles, which make these yolk-shell structured 
nanoparticles owning multifunctional properties. PMO-
NH2@SiO2-SO3H nanoparticles with basic PMO cores and 
acidic SiO2 shells can be facilely obtained through post-
treatment of PMO-NH2@SiO2-SH by oxidation of the SH to 
SO3H groups using H2O2.  

 
Figure 4. (a) IR spectra of PMO@SiO2 and PMO-NH2@SiO2 
nanoparticles; (b) S 2p XPS spectra of PMO@SiO2-SH and 
PMO@SiO2-SO3H nanoparticles. 
 

The incorporated NH2 and SO3H groups in PMO-
NH2@SiO2-SO3H nanoparticles are verified by IR 
spectroscopy and X-ray photoelectron spectroscopy (XPS) 
(Figure 4). The IR spectrum of PMO-NH2@SiO2-SO3H 
nanoaprticles display characteristic peaks at 2850-3000 
cm-1 and 1600 cm-1 attributed to NH vibration of amine 
groups (Figure 4a). The existence of SH and SO3H groups 
are confirmed by XPS analysis. For PMO@SiO2-SH 
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Figure 5. (a) Nitrogen adsorption/desorption isotherms and (b) pore 
size distribution curves of functional PMO-NH2@SiO2-SO3H 
nanoparticles. 

 
nanoparticles, a prominent peak indicative of S2- (located 
at 164 eV) can be observed; for PMO@SiO2-SO3H sample, 
the XPS curve shows a prominent peak at 169 eV 
indicating for the presence of higher oxidized sulphur 
forms (Figure 4b). According to the XPS data, the SH 
groups can be oxidized to SO3H groups in our experiment. 
The successful location of different types of functional 
groups in PMO-NH2@SiO2-SH nanoparticles is attributed 
to the separate steps for preparation of PMO 
nanoparticles and yolk-shell nanoparticles. Thus, it is 
possible to precisely locate the active sites in the PMO 
nanoparticles or on the SiO2 shell of PMO-NH2@SiO2-SO3H 
nanoparticles through controlled addition of functional 
groups at different synthetic steps. The N and S contents 
of the PMO-NH2@SiO2-SO3H samples are 2.17% and 
2.95%, respectively, based on the results of CHNS 
elemental analysis. Since most of the N element comes 
from NH2 groups and the S element comes from SO3H 
groups, the content of NH2 and SO3H is 2.48% and 7.47% 
in PMO-NH2@SiO2-SO3H samples, respectively. 

The SEM and TEM images of PMO-NH2@SiO2-SO3H 
nanoparticles show that the morphology and pore 
structure of bifunctionalized PMO-NH2@SiO2-SO3H 
nanoparticles are the same as for the unfunctionalized 
PMO@SiO2 nanoparticles (Figure S5). The DLS result 
shows that the hydrodynamic diameter of PMO-
NH2@SiO2-SO3H and PMO@SiO2 nanoparticles have 
nearly the same size (Figure S6). The small-angle XRD 
pattern and N2 sorption isotherms of functional PMO-
NH2@SiO2-SO3H nanoparticles further indicate the 
existence of mesoporous structures. For the small-angle 
XRD pattern of PMO-NH2@SiO2-SO3H nanoparticles, the 
peak intensity weakens as the NH2 and SO3H groups adds 
(Figure S7), implying that the NH2 and SO3H groups would 
perturb the self-assembly of surfactant micelles and the 
silica precursors. Figure 5a shows the N2 sorption 
isotherms of PMO-NH2@SiO2-SO3H nanoparticles. 
Compared with PMO@SiO2 nanoparticles, the adsorbed 
amount of PMO-NH2@SiO2-SO3H nanoparticles decrease, 
this is because of the functionalized groups in the 
framework occupy part of the pore. The pore size 
distribution patterns of PMO-NH2@SiO2-SO3H 
nanoparticles shows that the pore diameter is about 2.2 
nm (Figure 5b). 
 
Table 1. Schematic illustration of the multistep reaction sequence 
involving acidic catalysis and basic catalysis for the synthesis of 
benzylidenemalononitrile and acid-base reaction sequences by 
different catalysts. 

     

 

 Owing to its structural features, the yolk-shell 
structured PMO-NH2@SiO2-SO3H nanoparticles can be 
used as a nanoreactor for the acid-basic cascade reaction. 
The catalytic performance of PMO-NH2@SiO2-SO3H, 

 

Catalysts 

 

 
Coversion 

of 1 (%) 

 
Yield 

of 2 

(%) 

 
Yield 

of 3 

(%) 

PMO-NH2@SiO2-SO3H >99 Trace >99 
PMO-NH2@SiO2 Trace Trace Trace 

PMO@SiO2-SO3H >99 >99 Trace 
Physical mixture of  
PMO-NH2@SiO2 and  
PMO @SiO2-SO3H 

 
35 

 
Trace 

 
35 
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PMO@SiO2-SO3H, PMO-NH2@SiO2 and PMO@SiO2 
nanoparticles on the acid-basic cascade reaction of 
benzaldehyde dimethylacetal to benzylidenemalononitrile 
is shown in Table 1. PMO-NH2@SiO2-SO3H nanoparticles 
show superior catalytic activity for the acid-basic cascade 
reaction. 100% conversion of benzaldehyde 
dimethylacetal and >99% yield of 
benzylidenemalononitrile are realized after the reaction. 
However, the PMO@SiO2-SO3H nanoparticles only show 
the highest catalytic activity in the catalytic reaction of 
benzaldehyde dimethylacetal to benzaldehyde, and PMO-
NH2@SiO2 or PMO@SiO2 nanoparticles cannot catalyze 
the acid-basic cascade reaction. This finding suggests that 
acidic SO3H groups on the SiO2 shells and basic NH2 
groups on the PMO yolks are efficiently separated by the 
unique structure, without occurs of neutralization. The 
integration of both the acidic and basic functional groups 
in the yolk-shell nanoreactor can shorten the reaction 
pathway. Furthermore, the high yield and selectivity of 
the PMO-NH2@SiO2-SO3H nanoparticles suggest that the 
appropriate location of the active sites in the yolk-shell 
structure is essential to make different kinds of functional 
groups work efficiently during the catalytic process, 
especially for the groups that are incompatible with each 
other. 

 Conclusions 

In summary, yolk-shell structured nanoparticles with two 
kinds of different compositions: PMO nanospheres and Au 
nanoparticles as the cores encapsulated in mesoporous 
silica shells were prepared. By a co-condensation method, 
the PMO@SiO2 nanoparticles could be functionalized with 
different catalytic groups (even incompatible acidic and 
basic groups) in a controllable manner: PMO cores with 
NH2 groups and mesoporous silica shell with SO3H groups. 
More importantly, as the bifunctional catalysts for 
catalyzing the deacetalization-Henry cascade reaction, the 
prepared PMO-NH2@SiO2-SO3H nanoparticles show highly 
efficient catalytic performance. Besides, the as-
synthesized yolk-shell Au@SiO2 nanospheres were applied 
in 4-nitrophenol and nitrobenzene catalysis, respectively. 
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