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We report a promising strategy for the facile synthesis of

ultrasmall nanoparticle-functionalized hollow silica nanospheres

by using a functional cross-linked organic/inorganic hybrid core,

which can be obtained simply through successive spontaneous

reactions in water.

Hollow inorganic nanospheres have emerged as intriguing

materials for applications in drug delivery, catalysis, imaging

and photonic crystals, etc.1 To fully exploit these versatile tiny

containers in these applications, it is essential to invent facile

ways to install diverse functionality in the sphere interior.2 As

a family of advanced materials, inorganic nanoparticles (NPs),

especially with diameters sub-10 nm, have attracted much

attention for their unique properties arising from quantum

confinement or surface effects.3 By incorporating electrical,

optic and magnetic NPs into hollow spheres, multifunctional

nanocomposites can be obtained.

To date, there are mainly two strategies to prepare hollow

silica (H-SiO2) nanospheres encapsulating multiple NPs. One

strategy is via multistep assembly pathway,4 in which the

template core is coated sequentially with pre-synthesized

NPs and silica shell first, and then the core is removed using

a solvent or calcination. While quite flexible, the tedious

assembly procedures are time consuming. Besides, for functio-

nalization of small H-SiO2 spheres this method is rather

limited due to the poor surface interactions and tendency to

aggregation of both the cores and NPs. An alternative strategy

is the so-called ‘‘top-down’’ approach.5 The shells are con-

structed first, followed by formation of the NPs by infiltrating

particle precusors into the cavity. However, it is notable that

this approach has inherent difficulty in ensuring the reaction

takes place exclusively inside the shells, so resulting in a

procedure with low efficiency. Despite the progress made in

the preparation of nanocomposites of H-SiO2 and multiple

NPs, the present methods are complex and of low efficiency.

Furthermore, these methods are often challenging in terms of

preventing ultrasmall NPs from aggregation, which is very

important for maintaining the unique properties of inorganic

NPs. Therefore, synthesis of H-SiO2 nanospheres with well

dispersed ultrasmall NPs inside via a simple, effective and

general way is still a great challenge.

Preparation of NPs in situ in a cross-linked matrix provides

an efficient way to obtain well dispersed NPs with uniform size

and good stability.6 Herein, we designed and synthesized a

functional cross-linked organic/inorganic hybrid core in an

effort to establish a facile strategy for the synthesis of uniform

and well dispersed NPs inside H-SiO2 nanospheres. The multi-

functional cores include three parts and each part plays an

important role. First, the metal ions bonded to carboxyl

groups provide an opportunity to generate uniform NPs

in situ in hollow spheres. Second, the alkyl chains on one hand

act as bridging units to link the metal ions to cross-linked

Si–O–Si networks covalently, while on the other hand are

utilized to create void space inside the spheres by thermal

decomposition. Finally, the cross-linked Si–O–Si networks can

favor formation of uniform NPs in the entire inner shell of

H-SiO2 spheres. More significantly, by rational selection of

reactant molecules, these functional hybrid cores can be

obtained simply through successive spontaneous reactions

in water.

Here, we successfully synthesized Eu2O3 NP decorated

H-SiO2 (Eu2O3@H-SiO2) by the spontaneous formation and

decomposition of a functionalized cross-linked organic/inor-

ganic hybrid core. The entire synthetic pathway is illustrated in

Scheme 1. The first step is the formation of hybrid cores

through two successive spontaneous reactions in water.

(3-Aminopropyl)triethoxysilane (APTES) and europium

bromoacetate (EUBA) were selected as the reactants. It has

been proven that APTES is stable in water without catalyst,7

but when it was mixed with EUBA, nucleophilic substitution

reaction between the terminal bromine group of EUBA and

the amine group of APTES took place8 to afford the complex

Eu-APTES (Scheme 1). The FTIR spectrum of the complex

(Fig. S2, ESIw) provides support for the covalently bound

europium acetate group to APTES. The C–N stretch of

the primary amine (1167 cm�1) of APTES disappears after

addition of EUBA, whereas the C–N stretch of secondary
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amine (1137 cm�1) is obviously observed. More importantly, a

protonated amine group (1635 cm�1) is produced, which acts

as acid catalyst for the hydrolysis of ethoxysilyl groups.9

Therefore, self-catalytic hydrolyzation proceeded spontaneously

without introducing any other catalyst. The –Si(OC2H5)3
groups were hydrolyzed into –Si(OH)3 and further polycon-

densed into cross-linked polysilsesquioxane. The Si–O–Si

stretching band at 1045 cm�1 in the FTIR spectrum (Fig. S2,

ESIw) clearly confirms the inorganic polymerization within

the cores.

The inorganic polysilsesquioxane component endows the

functional cores with significant chemical affinity towards silica.

Thus, silica encapsulation was accomplished by directly adding

tetraethylorthosilicate (TEOS), ethanol and ammonia to the

core suspension. Neither surface treatment nor solvent exchange

is needed. In addition, collection the cores by centrifugation is

also not required, which effectively avoids the conglomeration

of the cores and the final hollow nanospheres. The selective

deposition of silica on the hybrid cores is attributed to the

reactive silanol groups on the core surface.10 Furthermore, the

cross-linked Si–O–Si network can effectively protect the metal

carboxylate groups in the encapsulation process.

Calcination the nanocomposites at 800 1C in air is used to

remove the organic components of the cores and prepare

Eu2O3 NPs in situ. A hollow interior was generated in each

silica nanosphere. Fig. 1A illustrates a transmission electron

microscope (TEM) image of the nanospheres obtained after

calcination of the composites prepared at a molar ratio

of EUBA :APTES : TEOS of 1 : 3 : 5.8. Almost all the

Eu2O3@H-SiO2 nanospheres have a spherical shape with a

smooth shell. The outer diameter of the particles is 30–50 nm,

and the thickness of the wall is 4–6 nm. Energy-dispersive

spectroscopy (EDS) spectrum (inset of Fig. 2A) of the spheres

clearly shows the presence of Si, O and Eu.

Fig. 1B shows a TEM image of a single Eu2O3@H-SiO2

nanosphere. We can see that the Eu2O3 NPs with diameters of

approximately 1 nm are separated from each other and are

well dispersed in the inner shell of the H-SiO2 nanosphere.

This is mainly because, throughout the heating process, the

Eu3+ ions are always surrounded by the cross-linked Si–O–Si

networks, which effectively limit the growth rate of the Eu2O3

particles. On the other hand, the deposition rate of inorganic

components on the internal wall of silica shells was remarkably

accelerated pushed by the expanding gases (generated by

thermal decomposition of the organic components); the

formed compact silica matrix prevents the Eu2O3 particles

from growing further after nucleation, resulting in their small

size and uniform dispersion. To further characterize the

structure of Eu2O3@H-SiO2, scanning transmission electron

microscopy (STEM) measurement was carried out. As shown

in Fig. 1C, the brightness of the inner shell is obviously higher

than that of the outer shell, suggesting the distribution

of Eu2O3 NPs is uniform throughout the entire inner shell

of H-SiO2 nanosphere (the ‘‘bright’’ spots correspond to Eu

in the STEM image). Although small H-SiO2 nanospheres

(o50 nm in diameter) are ideal candidates in intracellular

applications,11 their interior functionalization with multiple

inorganic NPs is here reported for the first time.

The selected-area electron diffraction (SAED) (Fig. 2A)

of the Eu2O3 NPs displays diffraction rings which can be

perfectly indexed to a face-centered cube (fcc) structure of

the Eu2O3 phase with the cell parameter a = 5.44 Å (JCPDS

32-0380). It should be noted that fcc is an uncommon crystal

Scheme 1 Synthetic pathway for the preparation of Eu2O3@H-SiO2

nanospheres.

Fig. 1 (A) TEM image and EDS spectrum (inset) of Eu2O3@H-SiO2

nanospheres. TEM (B) and STEM (C) image of a single

Eu2O3@H-SiO2 nanosphere.

Fig. 2 SAED pattern (A) and emission spectrum (lex = 394 nm) (B)

of Eu2O3@H-SiO2 nanospheres.

Pu
bl

is
he

d 
on

 0
4 

M
ay

 2
01

1.
 D

ow
nl

oa
de

d 
by

 I
ns

tit
ut

e 
of

 M
et

al
s 

R
es

ea
rc

h,
 C

A
S 

on
 1

2/
10

/2
01

5 
11

:2
3:

34
. 

View Article Online

http://dx.doi.org/10.1039/c0cc05510g


This journal is c The Royal Society of Chemistry 2011 Chem. Commun., 2011, 47, 6329–6331 6331

structure for Eu2O3 and has rarely been reported. We speculate

that high pressure within hollow spheres, which results from

thermal decomposition of the hybrid cores, is essential for the

formation of fcc structured Eu2O3. Upon heating, organic

components of the hybrid core decomposed and quickly

oxidized into a mass of gaseous small molecules restricted in

the limited space. As a result, high pressure was undoubtedly

generated in the interior of every hollow sphere.12 It is well

known that pressure and temperature have significant impact

on the crystal structure of materials. Moore and Ferguson

reported fcc structured Eu2O3 with the assistance of high

temperature (41350 1C) and blending with zirconia.13 In

our case, it is assumed that the high pressure decreases the

formation temperature of fcc structured Eu2O3.

To further demonstrate our speculation, naked hybrid cores

without silica encapsulation were calcined under the same

heating conditions. XRD data (Fig. S6A, ESIw) reveals that

only Eu2O3 with cubic body-centered (bcc) structure (cell

parameter a = 10.84 Å and V = 1274 Å3, JCPDS 74-1988)

was obtained from the control experiment, confirming the

significant effect of pressure on the crystal structure of

Eu2O3 NPs. That means in our strategy, the H-SiO2 spheres

serve as high temperature and pressure nanoreactors for

preparation of ultrasmall Eu2O3 NPs with fcc structure. This

convenient synthesis of ultrasmall NPs opens up a new avenue

to synthesis of a broad range of functional nanocomposites.

Fig. 2B shows the room-temperature emission spectrum

of Eu2O3@H-SiO2 powder with an excitation wavelength of

394 nm. The prominent lines are assigned to Eu3+ transitions

from 5D0 to 7Fj (j = 0–4) with the red j = 2 line as the

dominant feature. An interesting phenomenon is that the peak

of 5D0 to 7F2 split into two peaks of 614 and 618 nm. We

consider this unusual behavior is possibly related to the surface

effect resulting from size reduction. It is known that surface

atoms, which have a low coordination number, usually have

lower symmetry than bulk ones. In the present Eu2O3 NPs, the

size is very small and thus the surface fraction of Eu3+ ions is

very high. Since the electric dipole transition of Eu3+ ions is

extremely sensitive to the crystal field, the lower crystal field

symmetry at the surface is considered to be the main

origin of this unusual behavior.14 Magnetic measurement of

Eu2O3@H-SiO2 nanospheres was performed using a super-

conducting quantum interference device (SQUID) magnetometer.

The nanospheres exhibit paramagnetic behavior attributed

to Eu2O3,
15 which further confirms the existence of Eu2O3

nanoparticles in the silica spheres.

In summary, we have shown for the first time that small

(30–50 nm) multifunctional silica spheres, which possess hollow

structure and fluorescent and paramagnetic properties in a

single unit, can be simply synthesized by using a spontaneously

formed cross-linked organic/inorganic hybrid core. The covalent

incorporation of Eu3+ ions as well as the cross-linked structure

of the hybrid cores favor formation of uniform and well-

dispersed Eu2O3 NPs in the entire inner shell of H-SiO2

nanospheres. Since the carboxyl group of bromoacetic

acid can bond not only with europium but also with a wide

range of other metal ions, it is anticipated that this procedure

can be easily broadened to hollow nanocomposites with

diverse functionality. Extension to other morphological and

structured silicon-based nanomaterials will open up a wider

route to various functional materials for promoting the fabri-

cation of new types of optical, electric and magnetic devices.
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Chem. Soc., 2006, 128, 6298; (d) T. Cui, J. Zhang, J. Wang, F. Cui,
W. Chen, F. Xu, Z. Wang, K. Zhang and B. Yang, Adv. Funct.
Mater., 2005, 15, 481.
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