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H
ollow mesoporous structures have
emerged as rapidly growing research
themes and have been widely ap-

plied in many important research fields,1�8

such as catalysis,3 controlled release,4 con-
fined synthesis,5 optics and electronics,6,7

and energy storage,8 owing to their proper-
ties of low density, high surface areas, and
interstitial hollow spaces. As a special class
of hollow mesoporous structures, the inter-
ior of hollow mesoporous structures deco-
rated by encapsulating guest species, which
are called “yolk-shell” or “rattle” structures,
has attracted tremendous interest in recent
years.9�25 With permeable shells and the
unique structures of functional cores, yolk-
shell mesoporous structures can provide
opportunities to render and advance the
applications of hollow mesoporous mate-
rials.9�25 Significantly, since each functional
core in the yolk-shell mesoporous structure
is isolated by a permeable shell and has a
relatively homogeneous surrounding envi-
ronment, sintering between functional cores
can be effectively hindered even under
harsh conditions. Hollowmesoporous struc-
tures incorporated with catalytically active
cores (i.e., sintering-resistant yolk-shell meso-
porous structures) have therefore presented
promising applications as nanoreactors for
catalysis.11�16

In the past decade, efforts have been
made in the design and synthesis of hollow/
yolk-shellmesoporous structureswithdesired
components.9�24 Several synthetic strate-
gies for hollow/yolk-shell mesoporous struc-
tures have been developed, including well-
knownhard/soft-templatingmethods,11�21,26,27

Kirkendall28 or Ostwald ripening effect,29

ship-in-bottle techniques,30 and selective
etching.31�34 Among these strategies,
hard-templating is an effective method
through which the shape and cavity sizes

of hollow/yolk-shell mesoporous structures
can be easily and precisely controlled by
preprepared templates.35 Silica nanospheres,
including core�shell structure, have been
widely used as hard templates.11�16 The
success in the synthesis of hollow/yolk-shell
mesoporous structures with various shell
components and functional cores makes
silica-based templating methods general
and effective routes to synthesize hollow/
yolk-shell mesoporous structures. However,
like other synthetic strategies, silica-based
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ABSTRACT The design and synthesis of

hollow/yolk-shell mesoporous structures with

catalytically active ordered mesoporous shells

can infuse new vitality into the applications of

these attractive structures. In this study, we

report that hollow/yolk-shell structures with catalytically active ordered mesoporous

aluminosilica shells can be easily prepared by using silica spheres as the silica precursors.

By simply treating with a hot alkaline solution in the presence of sodium aluminate (NaAlO2)

and cetyltrimethylammonium bromide (CTAB), solid silica spheres can be directly converted

into high-quality hollow mesoporous aluminosilica spheres with perpendicular pore channels.

On the basis of the proposed formation mechanism of etching followed by co-assembly, the

synthesis strategy developed in this work can be extended as a general strategy to prepare

ordered mesoporous yolk-shell structures with diverse compositions and morphologies simply

by replacing solid silica spheres with silica-coated nanocomposites. The reduction of

4-nitrophenol with yolk-shell structured Au@ordered mesoporous aluminosilica as the catalyst

has clearly demonstrated that the highly permeable perpendicular pore channels of

mesoporous aluminosilica can effectively prevent the catalytically active yolk from aggregat-

ing. Furthermore, with accessible acidity, the yolk-shell structured ordered mesoporous

aluminosilica spheres containing Pd yolk exhibit high catalytic activity and recyclability in a

one-pot two-step synthesis involving an acid catalysis and subsequent catalytic hydrogenation

for desired benzimidazole derivative, which makes the proposed hollow ordered aluminosilica

spheres a versatile and practicable scaffold for advanced catalytic nanoreactor systems.

KEYWORDS: hollow structure . ordered mesoporous aluminosilica .
perpendicular pore channels . yolk-shell structure . nanoreactor .
multiple catalyst
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templating methods were ineffective for controlling
pore structures, resulting in hollow/yolk-shell meso-
porous structures with disordered pore arrange-
ments.9�24 Ordered mesoporous structures are attrac-
tive because their large surface areas, high porosities,
and uniform adjustable pore dimensions have been
shown to have desired properties in catalysis and
biomedical applications.36�38 Until now, there are,
however, only a few examples of hollow/yolk-shell
mesoporous materials with ordered mesoporous silica
shells which were synthesized using vesicles26 or
polystyrene spheres39 as templates. It remains a great
challenge to develop simple and effective synthesis
strategies for preparing hollow/yolk-shell mesoporous
materials with ordered pore structures using silica-
based templates.
Moreover, although yolk-shell materials with various

compositions have been prepared, most studies focus
on syntheses of desired catalytically active cores, and
rare work succeeds in designing and utilizing catalyti-
cally active mesoporous shells.11�16 Since the core is
the sole catalytic component and the permeable shell
is only responsible for preventing aggregation from
cores, yolk-shell nanoreactors previously reported
were usually applied in single-step reactions.11�16 In
modern synthetic chemistry, syntheses of complex
molecules are in general multistep reactions. If multi-
step reactions could be carried out using a multifunc-
tional catalyst to give desired products in high yields, it
can significantly reduce the number of purification and
separation steps, the amount of wastes and solvents,
and thus the cost of final products.40 The design and
synthesis of a multifunctional nanoreactor system
employing yolk-shell mesoporous structures with cat-
alytically active ordered mesoporous shells would
open new opportunities for their applications in one-
pot multistep catalysis.
Herein, we report a facile, effective, and scalable

route to prepare catalytically active hollow mesopor-
ous aluminosilica spheres (designated as HMAS) with
ordered pore arrangements. Simply by alkaline etching
of solid silica spheres in the presence of cationic
surfactant and aluminate species, size-controllable
HMAS with perpendicular pore channels can be easily
obtained. Since silica spheres are used as the template,
the synthetic strategy developed in this work can be
extended as an effective route to produce yolk-shell
mesoporous structures with diverse compositions and
morphologies. To the best of our knowledge, it is the
first time that yolk-shell mesoporous structures are
prepared with catalytically active ordered mesoporous
aluminosilica shells. The as-synthesized hollow and
yolk-shell mesoporous aluminosilica spheres were ap-
plied in heterogeneous acidic catalysis and confined
catalysis, respectively. On the basis of available acid
activity, the yolk-shell structures reported here can be
used as multiple catalysts for multistep reactions in

one-pot reactions. From the viewpoint of fundamental
research and practical application, such a yolk-shell
catalyst system provides a powerful platform for de-
signing novel nanoreactors for catalysis.

RESULTS AND DISCUSSION

Synthesis and Characterization of HMAS. Ordered meso-
porous silica with robust mechanical and thermal
stability, high surface areas, and pore volumes have
been successfully used as ordered mesoporous shells
for hollow and yolk-shell mesoporous structures. It is
well-known that incorporation of aluminum into the
silica network can provide ordered mesoporous silica
with preferable properties in acidity and stability in
various chemical and physical environments.41�44

Therefore, catalytically active ordered mesoporous
aluminosilica shells are a benefit for upgrading and
applications of hollow and yolk-shell mesoporous
structures. However, hollow and yolk-shell mesopor-
ous structures with ordered mesoporous aluminosilica
shells have received only limited success due to the
lack of an effective route for controlling morphologies
and sizes in mesoporous aluminosilicas.45 In previous
studies, conventional ordered mesoporous aluminosi-
licas, such as Al-MCM-41, were usually obtained by co-
assembly of cationic surfactants, aluminate species,
and silicate species in a hot alkaline solution.43,44

Tetraethyl orthosilicate (TEOS) and sodium silicate
(Na2SiO3) were the most widely used silica precursors.
Although these approaches are easy to control the
structure parameters of mesopores, the morphologies
of as-synthesized ordered mesoporous aluminosilicas
are always irregular. We have recently reported that
hollow mesoporous silica spheres can be obtained by
alkaline etching solid silica spheres (designated as
sSiO2) in the presence of cationic surfactants through
co-assembly of cationic surfactants and silicate species
produced by etching sSiO2.

33 In this study, we have
now revealed that it is also feasible to use premade
silica spheres as the silica precursor to fabricate hollow
mesoporous aluminosilica spheres.

For the first time, sSiO2 (Figure 1a) obtained by the
Stöber method were used as the silica precursor for
syntheses of orderedmesoporous aluminosilicas. After
going through a facile reaction condition in which
sSiO2 were treated with a hot alkaline solution in the
presence of NaAlO2 and CTAB, sSiO2 were directly
converted into uniform hollow mesoporous alumino-
silica spheres/CTAB complexes (designatedas [Na]-HMAS/
CTAB). This proposed approach is highly repro-
ducible and scalable. Grams of products can be easily
prepared in a facile one-pot reaction. The photo-
graph (Figure 1b) shows a dish containing ∼2 g of
[Na]-HMAS/CTAB. After the hydrothermal treatment
and the template removal process, the as-synthesized
mesoporous aluminosilica spheres (designated as
[Na]-HMAS) possess well-defined spherical shells and
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cavities (Figure 1c,d). The high-magnification TEM im-
age (Figure 1e) reveals that the shells of the [Na]-HMAS
display uniform and orderly mesoporous structures.
The mesoporous channels in the shell run perpendi-
cular to the surface of [Na]-HMAS. As revealed in the
SEM and TEM images, the as-synthesized [Na]-HMAS
have a uniform shell with an average thickness of
40 nm. More interestingly, the average inner diameter
of the [Na]-HMAS was measured to be 270 ( 10 nm,
consistent with the outer diameter of initial sSiO2

(Figure S1 in the Supporting Information).
As revealed in the energy-dispersive X-ray spectros-

copy (EDX) spectrum (Figure 1f), [Na]-HMAS contains
not only Si and Al elements but also Na elements,
which agrees well with the conventional sodium form
of Al-MCM-41 obtained using sodium-containing pre-
cursors [e.g., NaAlO2, sodium hydroxide (NaOH), so-
dium carbonate (Na2CO3)]. The Al/Si ratio of [Na]-HMAS
evaluated from inductively coupled plasmamass spec-
trometry (ICP) is 0.3, about the maximum Al/Si ratio
that can be achieved in [Na]-HMAS. Trying to increase
the Al/Si ratio in [Na]-HMAS by supplying more NaAlO2

led to the formation of irregular mesoporous alumino-
silica particles as the byproduct of the reaction. It has
been reported that the proton form of Al-MCM-41
materials can be obtained by exchanging sodium-
containing Al-MCM-41 materials with ammonium ca-
tions (NH4

þ) followed by calcination, and the proton
form of Al-MCM-41 materials exhibits superior acidity
over the sodium form of Al-MCM-41.43,44 By a similar
strategy, we have successfully converted [Na]-HMAS
into the proton form of HMAS ([H]-HMAS). TEM analysis
(Figure S2) reveals that [H]-HMASmaintained the initial
feature of [Na]-HMAS after the ion exchange and
calcination processes. As shown by the EDX spectrum

(Figure S2), [H]-HMAS contains Si and Al elements but
no Na elements.

The degree of silica/aluminosilica condensation in
the series of HMAS materials was hypothesized to be
altered during different post-synthesis treatments, which
was monitored by solid-state 1D 29Si{1H} cross-polar-
ization (CP) magic-angle spinning (MAS) nuclear mag-
netic resonance (NMR) spectroscopy. The 29Si CPMAS
NMR spectrum of the sSiO2 (Figure 2a(i)) shows three
partially resolved 29Si signals centered at �91, �101,
and �112 ppm, assigned as Q2(0Al), Q3(0Al), and
Q4(0Al) 29Si moieties, respectively. The Qn(mAl) repre-
sents a tetrahedral silica unit covalently bonded with n

next-nearest neighbor Si or Al atoms and m next-
nearest neighbor Al atoms specifically (an integer value
between 0 and n) through bridging oxygen atoms.46,47

The presence of significant 29Si intensity at �101 ppm
fromQ3(0Al) 29Si species demonstrates the incomplete
cross-linking of silanol species in the silica nanospheres
(designated as sSiO2). On the other hand, the signifi-
cantly reduced intensities of Q3(0Al) and Q4(0Al) 29Si
signals in the 29Si CPMASNMR spectrumof [Na]-HMAS/
CTAB (Figure 2a(ii)) show decreased cross-linking
among 29Si species in frameworks and the changes
of 29Si environments by Al incorporation, supported by
the ICP result (Si/Al = 3.32) and the fact that the 29Si
CPMAS NMR spectrum (Figure 2a(ii)) could be contrib-
uted fromQ3(0Al),Q4(1Al), andQ4(2Al) 29Si species. The
cross-linking of the aluminosilica frameworks was
further increased after the hydrothermal treatment
(designated as [Na]-HMAS/CTAB after the hydrother-
mal treatment), as established by the broad 29Si
signal centered at �97 ppm that appears at slightly
lower frequency in the 29Si CPMAS NMR spectrum
(Figure 2a(iii)). Similarly, a broad 29Si signal at �99
ppm in the 29Si CPMAS NMR spectrum (Figure 2a(iv))
supports that the degree of aluminosilica condensa-
tion was also increased after the subsequent calcination
(designated as [Na]-HMAS). In addition, the 29Si{1H}
CPMAS NMR spectrum of [Na]-HMAS (Figure 2a(iv))
shows a broad skewed signal at�99 ppm correspond-
ing to a broad distribution of 29Si environments in
aluminosilica frameworks. Compared with [Na]-HMAS,

Figure 2. (a) Solid-state 1D 29Si{1H} CPMAS NMR spectra: (i)
sSiO2, (ii) [Na]-HMAS/CTAB, (iii) [Na]-HMAS/CTAB after the
hydrothermal treatment, (iv) [Na]-HMAS, and (v) [H]-HMAS.
(b) N2 sorption isotherms of sSiO2 and [Na]-HMAS. Inset:
pore size distribution.

Figure 1. (a) Transmission electronmicroscopy (TEM) images
of sSiO2, (b) photo of the as-synthesized [Na]-HMAS/CTAB in
a dish, (c) scanning electron microscopy (SEM) image of the
as-synthesized [Na]-HMAS (d), and (e) TEM images of the as-
synthesized [Na]-HMAS (inset: high-magnification image
corresponding to the dashed region), (f) EDX spectrum of
the as-obtained [Na]-HMAS.
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the 29Si{1H} CPMAS NMR spectrum of [H]-HMAS
(Figure 2a(v)) with the increased intensity of the signal
at �92 ppm in lower frequencies (i.e., larger parts per
million in the 29Si chemical shift) reflects the evidence
of reduced cross-linking and increased amounts of
protons in the aluminosilica frameworks following
the NH4

þ ion-exchange procedure.
The porosity of [Na]-HMAS was investigated by N2

adsorption�desorption measurements. [Na]-HMAS
exhibits a type IV isotherm with a type H2 hysteresis
loop (Figure 2b), characteristic of mesoporous materi-
als. The BET surface areas andpore volumes of [Na]-HMAS
are 428.0 m2 g�1 and 0.34 cm3 g�1, respectively. The
mesoporous feature of [Na]-HMAS is thermally stable
at a temperature up to 800 �C. In comparison, the
BET surface areas of sSiO2 are only 22.0 m2 g�1. In
addition, [Na]-HMAS has a rather narrow pore size
distribution centered at 2.3 nm, as shown by the pore
size distribution from the analysis of the adsorption
branch of the isotherm using the BJH method. Such
a pore size distribution of [Na]-HMAS is similar to
conventional Al-MCM-41 materials synthesized using
CTAB to direct the formation of mesopores.43,44 It is
noteworthy that, after the ion-exchange and calcina-
tion processes, [H]-HMAS still retained the same por-
osity as [Na]-HMAS, indicating that the ion exchange
and calcination treatments did not change the pore
structures of HMAS.

Formation Mechanism of HMAS. The formation of HMAS
is hypothesized to occur by etching silica cores of
sSiO2 under alkaline conditions and meanwhile by
co-assembling CTAB, silicate, and aluminate species.
To understand such amechanism, we carried out time-
dependent experiments in which samples were col-
lected at different time intervals. After reaction for
0.5 h, sSiO2 were converted into a core�shell structure
with an incompact silica sphere covered by a thin layer
mesoporous shell (Figure 3a). As reaction time in-
creases, mesoporous shells became thicker, and silica
cores were continuously shrunk (Figure 3b�d). The
shrinkage of the silica core indicated that sSiO2 were
etched gradually under the alkaline reaction condition.
We previously reported that the silicate species etch-
released from sSiO2 can co-assemble with cationic
surfactants in the alkaline solution to form hollow
mesoporous silica spheres.33 It is also believed that
the co-assembly of continuously generated silicate
species, cationic surfactants, and aluminate species is
responsible for the growth of the mesoporous alumi-
nosilica shell on the surface of sSiO2 observed during
the formation of HMAS.

To further demonstrate that mesoporous shells
were directly produced from such redeposition of
silicate species etched from the sSiO2 templates, an
elaborate experiment was designed to capture rede-
position products by adding ellipsoid-shaped R-Fe2O3

into the synthesis procedure. At the end of the reac-
tion, the formation of an ellipsoid-shaped core�shell
structure can be clearly observed by TEM (Figure 3e).
As revealed by the high-magnification TEM image
(Figure 3f), the ellipsoid-shaped R-Fe2O3 core was
coated by an orderedmesoporous shell. The elemental
mapping by EDX analysis confirms the presence of a
homogeneous aluminosilica layer on R-Fe2O3 particles
(inset of Figure 3f). On the basis of the growth process
of HMAS, the formation mechanism of HMAS is pro-
posed as illustrated in Figure 3g: (1) The sSiO2 tem-
plates were slowly etched under the alkaline condition
to provide soluble silicate species. (2) The released
soluble silicate species were then co-assembled with
cetyltrimethylammonium cations (CTAþ) and alumi-
nate species on the surface of sSiO2 to form thereon
the ordered mesoporous aluminosilica shell. (3) As the
silica cores of sSiO2 were etched, the ordered meso-
porous aluminosilica shell continuously grew until the
silica cores of sSiO2 were entirely etched, forming HMAS
in the end. On the basis of the proposed formation
mechanism, the size of HMAS should be tunable by
varying the size of sSiO2 templates. HMAS with hollow
interior sizes of 470 and 100 nm were successfully
obtained by the same synthesis procedures simply
using sSiO2 with particle sizes of 470 and 100 nm as
templates, respectively (Figure S3).

Yolk-Shell Structures with Ordered Mesoporous Aluminosilica
Shells. Fabricating yolk-shell structures with functional

Figure 3. (a�d) TEM images of themorphological evolution
in the time-dependent experiments carriedout byusing50mg
of sSiO2: (a) 0.5 h, (b) 1 h, (c) 2 h, and (d) 3 h. (e,f) TEM images
of the products obtained by the addition of ellipsoid-
shaped R-Fe2O3 particles. Inset: mapping of elements by
EDX analysis under the STEM mode. (g) Schematic illustra-
tion for the formation of the HMAS, (I) alkaline etching of
silica template, (II) co-assembly of cationic surfactant, alu-
minate species, and silica species.
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nanoparticles encapsulated in hollow porous shells has
been recently demonstrated as an effective method to
take advantage of porous materials to broaden appli-
cations of nanoparticles.9�24 Since the simple approach
developed in this study allows the direct conversion of
sSiO2 into hollow ordered mesoporous structures,
functional yolk-shell structures with ordered mesopor-
ous shells can be easily prepared by replacing sSiO2

with silica-coated composites. For instance, when
gold-containing silica spheres (designated as Au@SiO2)
were used as templates, well-defined yolk-shell struc-
tures with the movable Au yolk nicely encapsulated
with aluminosilica shells were obtained (designated as
yolk-shell Au@[Na]-HMAS). As revealed by the TEM
images (Figure 4a,b and Figure S4), similar to HMAS
prepared from sSiO2, aluminosilica shells in obtained
yolk-shell structures also consist of ordered pore chan-
nels perpendicular to surfaces. It is well-documented
that one-in-one encapsulation of noble metal nano-
particles in hollow porous spheres can effectively
prevent the aggregation of catalytic particles and
therefore significantly improve their catalytic stability.11�16

Compared with disordered pore channels, perpendi-
cular pore channels in hollow mesoporous shells can
shorten diffusion paths of substances and thus fasten
their diffusion during catalysis. Accordingly, yolk-shell
Au@[Na]-HMAS are expected as promising nanoreac-
tor systems for confined catalysis.

Yolk-shell structures with ordered mesoporous alu-
minosilica shells can be functionalized for desired
applications by encapsulating specific nanoparticles
into shells. For example, spherical Fe3O4 particles built
up from superparamagnetic Fe3O4 nanocrystals are a
class of desirable magnetic materials for magnetic
separation applications.48,49 Using silica-coated super-
paramagnetic iron (II, III) oxide (Fe3O4) core�shell
nanocomposites as the templates, we have success-
fully obtained yolk-shell structures with superpara-
magnetic Fe3O4 cores inside hollow ordered alumino-
silica shells (designated as yolk-shell Fe3O4@[Na]-HMAS)
shown in Figure 4c,d. The as-synthesized superpara-
magnetic yolk-shell particles dispersed in solutions can
be easily collected by applying an external magnetic
field (Figure S5). The combination of magnetic Fe3O4

cores and ordered mesoporous aluminosilica shells
makes such a material applicable as a magnetically
recyclable catalyst and a sorbent. In addition to sphe-
rical silica-coated particles, nonspherical silica-coated
particles were also applied as the templates for fabri-
cating nonspherical yolk-shell mesoporous structures.
As shown in Figure 4e,f, elliptical yolk-shell R-Fe2O3

hollow mesoporous aluminosilica particles (designated
asR-Fe2O3@[Na]-HMAS)were successfullyprepared from
ellipsoid-shaped R-Fe2O3-containing silica core�shell
particles.

The synthesis strategy of yolk-shell materials with
ordered mesoporous aluminosilica shells functiona-
lized by specific nanoparticles can be applied to not
only silica-based but also carbon-basedmaterials. Such
carbon-based yolk-shell materials with functional
nanoparticles encapsulated in hollow carbon shells
have found many applications in catalysis and Li-ion
batteries.16,21 Although mesoporous silica spheres
have been successfully used as templates to prepare
hollow mesoporous carbon spheres by the incipient
wetness impregnation strategy, the chemical decora-
tion of the silica templates with aluminum sites is
typically required for carbon deposition.50,51 The in-
herent aluminum sites in the ordered mesoporous
shells of HMAS make it possible to directly use our
aluminosilica-based yolk-shell particles for preparing
carbon-based yolk-shell materials. For instance, when
yolk-shell Au@[Na]-HMAS was used as the templates
and furfuryl alcohol as the carbon precursor, uniform
yolk-shell Au-containing carbon particles were suc-
cessfully obtained by the incipient wetness impregna-
tion strategy (Figure S6). We therefore believe that the
synthetic approach reported here is applicable to the
syntheses of yolk-shell structures with diverse compo-
sitions, morphologies, and functionalities.

Catalytically Active Yolk Protected by Permeable Perpendi-
cular Pore Channels. Yolk-shell structures have been
recognized as ideal frameworks to stabilize metal
nanoparticle catalysts owing to the structural feature
that functional cores are isolated by a permeable

Figure 4. TEM images: (a,b) yolk-shell Au@[Na]-HMAS,
(c,d) yolk-shell Fe3O4@[Na]-HMAS, and (e,f) yolk-shell
R-Fe2O3@[Na]-HMAS.
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porous shell and have relatively homogeneous sur-
rounding environments. Yolk-shell Au@[Na]-HMAS
were chosen to demonstrate such stable structures in
our yolk-shell materials. The reduction of 4-nitrophenol
by sodiumborohydride (NaBH4) to 4-aminophenol was
chosen as a model reaction to evaluate the catalytic
ability and stability of yolk-shell Au@[Na]-HMAS. The
reduction process was monitored by UV�vis absorp-
tion spectroscopy (Figure 5a). The reduction reaction
did not proceed in the absence of Au catalysts, which
was evidenced by a constant absorption peak at
400 nm. When yolk-shell Au@[Na]-HMAS were intro-
duced as catalysts into the solution, the intensity of the
characteristic absorption peak at 400 nm correspond-
ing to 4-nitrophenol quickly decreased and the char-
acteristic absorption of 4-aminophenol at 295 nm
appeared accordingly. The reduction of 4-nitrophenol
into 4-aminophenol was completely finished in 12min,
and the color change of bright yellow to colorless was
observed. The presence of two isosbestic points at 279
and 313 nm reveals that the reduction proceeded
without producing byproducts. A linear relation of
ln(Ct/C0) versus time, where Ct and C0 are 4-nitrophenol
concentrations at time t and 0, respectively, were
observed for yolk-shell Au@[Na]-HMAS catalysts
(Figure 5b), indicating that the reduction reaction
can be considered as a pseudo-first-order reaction,13

and the rate constant is estimated to be 0.31min�1. In
comparison, as solid silica shells are evidently im-
permeable to 4-nitrophenol, no measurable catalytic
activity of Au@SiO2 core�shell structures can be
detected in the same reduction reaction. These results
clearly reveal that ordered mesoporous shells in our
yolk-shell Au@[Na]-HMAS are highly permeable to the
reaction substances.

In addition to catalytic activity, the structural stabi-
lity of yolk-shell Au@[Na]-HMAS was also examined.
The catalytic recyclability was first investigated by
conducting the catalytic reduction of 4-nitrophenol
to demonstrate the excellent stability of yolk-shell
Au@[Na]-HMAS. As shown in Figure 5c, yolk-shell Au@
[Na]-HMAS were still highly active with a conversion
over 99% at 12 min even after 10 successive cycles of
reactions. The TEM images of the final catalysts reveal
that the mesoporous channels and the Au yolk were
well retained after 10 repeating catalytic cycles
(Figure 5d and Figure S7). More interestingly, we also
found that the alkali resistance of orderedmesoporous
aluminosilica shells is higher than that of pure silica.
The structures of yolk-shell Au@[Na]-HMAS were not
destroyed after an alkaline treatment (pH = 12) at 50 �C
for 24 h. In contrast, when treating Au@SiO2 under the
same condition, the collapse of silica shells and the
aggregation of Au particles were observed (Figure S8).
The high catalytic performance and favorable stability
of yolk-shell Au@[Na]-HMAS makes the developed
synthesis strategy useful for the design of active and
stable catalytic nanoreactors.

Acid Activity of Mesoporous Aluminosilica Shells. It is known
that orderedmesoporous aluminosilicas have been well-
demonstrated as versatile solid acid catalysts owing to
their acidity properties.41�44 In general, the acidity of
aluminosilicas depends on the amount of aluminum in
frameworks as well as their structures (e.g., four-, five-, or
six-coordinate). Here, the acidity properties of HMAS alter
with their different preparation conditions, as supported
by their varied acid strengths and aluminum structures.
27Al MAS NMR was used to identify coordinations of
aluminum in the series of HMAS, and the 27Al MAS NMR
spectra show that the only resonancewas at∼58 ppm in
the as-synthesized [Na]-HMAS/CTAB (Figure 6a(i)), [Na]-
HMAS/CTAB after hydrothermal treatment (Figure 6a(ii)),
and [Na]-HMAS (Figure 6a(iii)). This indicates that all 27Al
species in these types of HMAS are four-coordinate.
On the other hand, the [H]-HMAS ([Na]-HMAS after the

Figure 5. (a) UV�vis spectra showing gradual reduction of
4-nitrophenol with yolk-shell Au@[Na]-HMAS. (b) Plot of
ln(Ct/C0) versus time for yolk-shell Au@[Na]-HMAS and
Au@SiO2. (c) Conversion of 4-nitrophenol in 10 successive
cycles of reduction with yolk-shell Au@[Na]-HMAS. (d) TEM
image of the finally retrieved yolk-shell Au@[Na]-HMAS.

Figure 6. (a) Solid-state 1D single-pulse 27Al MAS NMR
spectra: (i) [Na]-HMAS/CTAB, (ii) [Na]-HMAS/CTAB after the
hydrothermal treatment, (iii) [Na]-HMAS, (iv) [H]-HMAS. (b)
NH3-TPD of [Na]-HMAS and [H]-HMAS. (c) Scheme of acid-
catalyzed deprotection of benzaldehyde dimethyl acetal to
benzaldehyde.

A
RTIC

LE

http://pubs.acs.org/action/showImage?doi=10.1021/nn3011703&iName=master.img-005.jpg&w=192&h=187
http://pubs.acs.org/action/showImage?doi=10.1021/nn3011703&iName=master.img-006.png&w=199&h=125


FANG ET AL. VOL. 6 ’ NO. 5 ’ 4434–4444 ’ 2012

www.acsnano.org

4440

NH4
þ ion-exchange process followed by calcination)

have four-, five-, and six-coordinate 27Al species, as
evidenced by the three separated 27Al signals at ∼58,
∼28, and ∼3 ppm in the 27Al MAS NMR spectrum,
respectively (Figure 6a(iv)). In ordered mesoporous alu-
minosilicas, four-coordinate 27Al species and five/six-co-
ordinate 27Al species are typically associated with
Brønsted and Lewis acid sites, respectively.43,44 The acid
strengthof [Na]-HMASand [H]-HMASwasexperimentally
investigated by temperature-programmed ammonia de-
sorption (NH3-TPD). The TPD profile of [Na]-HMAS shows
a dominant peak around 400�600 K (Figure 6b), indicat-
ing the presence of the Brønsted acid sites in
[H]-HMAS.43,44 The noticeable increase of Brønsted acid
sites and the appearance of Lewis acidic sites (peak
around 650�750 K)43,44 observed in the TPD profile of
[H]-HMAS (Figure 6b) suggest that both [H]-HMAS and
[Na]-HMAS should provide active sites for acid catalysis
due to their acidic aluminum sites in the framework, but
[H]-HMAS have much more acid sites.

[H]-HMAS are hypothesized to be more acidic than
[Na]-HMAS by considering their available protons for
donation. To validate the acid catalytic activity of
[H]-HMAS and [Na]-HMAS, the acid-catalyzed deprotec-
tion of benzaldehyde dimethyl acetal to benzaldehyde
was chosen as a probe reaction (Figure 6c). As the
acetal is stable in neutral and alkaline conditions, the
deprotection reaction does not proceed without acid
catalysts.52 When [Na]-HMAS were used as the acid
catalysts, nearly 90% of the benzaldehyde dimethyl
acetal was converted into benzaldehyde after a 4 h
reaction. In contrast, a full conversion (>99%) of the
benzaldehyde dimethyl acetal was achieved within 2 h
when the same dosage of [H]-HMAS was used as the
catalyst. The higher acid-catalyzed activity of [H]-HMAS
can therefore be nicely explained by the superior
acidity of [H]-HMAS over [Na]-HMAS. On the basis of
these results, [H]-HMAS obtained in this work are
promising candidates for solid acid catalysts.

Yolk-Shell Structures for Multistep Reaction Sequences. Mi-
mic natural catalysts (e.g., many enzymes can manip-
ulate a multistep reaction sequence in a single vessel
for syntheses of structurally complex organic molecules)
have attracted synthetic researchers.40 Recently, ef-
forts have been made to use base- and acid-functio-
nalized silica as bifunctional catalysts for multistep
reaction sequences.52�55 However, the design of new
multifunctional catalysts with either cooperative or
independent catalytic performances is still a challenge.
In a catalyst for multistep reactions, different reactions
are typically catalyzed at different catalytically active
sites. With available catalytic activity of the permeable
mesoporous aluminosilica shells and adjustable cores,
the yolk-shell structures obtained in this work are poten-
tial candidates for site separations of multiple catalyst.

Benzimidazole derivatives have attracted increas-
ing interest over recent decades due to their antiviral,

antiulcer, and anticancer properties.56�58 Recently,
using recyclable ordered mesoporous aluminosilica
(e.g., Al-KIT-5) to replace traditional acid catalysts pro-
vides a mild and economical synthesis route to the
syntheses of benzimidazole derivatives.59 To demon-
strate that the yolk-shell structures in this work can be
used as catalysts for multistep reactions, a synthesis
route involving an acid catalysis and catalytic hydro-
genation was chosen as a model one-pot reaction
sequence for the synthesis of benzimidazole deriva-
tives (Figure 7a). Biologically active compound 2-(4-
aminophenyl)-1H-benzimidazole, a key intermediate
in the syntheses of benzimidazole derivatives,56�58

was proposed as the target compound.
As the ordered mesoporous aluminosilica shells

would serve as acid catalysts, we therefore introduced
Pd species for catalytic hydrogenation. In our studies,
yolk-shell Au@[Na]-HMAS were chosen as the precur-
sors to simplify Pd incorporation into hollowmesopor-
ous aluminosilica spheres since Au nanoparticles
in Au@[Na]-HMAS can serve as the seeds to facilitate
the Pd deposition only inside the hollow spheres.17

Typically, an aliquot of potassium tetrachloropallidate
(K2PdCl4) was added to an aqueous suspension con-
taining Au@[Na]-HMAS and ascorbic acid under con-
stant stirring at room temperature. During the reaction,
the change of the originally reddish suspension into a
final dark red one can be directly observed. The TEM
images of the isolated final dark red suspension con-
firmed the confined growth of fine Pd nanoparticles on
Au nanoparticles inside the hollow cavity (Figure 7b
and Figure S9).

The as-synthesized Pd/Au@[Na]-HMAS were then
used as the catalysts for the one-pot two-step synthesis
of 2-(4-aminophenyl)-1H-benzimidazole from 4-nitro-
benzaldehyde and 1,2-phenylenediamine. The inter-
mediate 2-(4-aminophenyl)-1H-benzimidazole and the

Figure 7. (a) Schematic illustration of themultistep reaction
sequence involving an acid catalysis and subsequent cata-
lytic hydrogenation for the synthesis of 2-(4-aminophenyl)-
1H-benzimidazole. (b) TEM image of Pd/Au@[Na]-HMAS. (c)
Synthesis yield of 2-(4-aminophenyl)-1H-benzimidazole in
the five successive reactions with Pd/Au@[Na]-HMAS.
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final product 2-(4-aminophenyl)-1H-benzimidazole were
identified by mass spectrometry and mass spectro-
metry and 1HNMR, respectively (Figure S10). After both
acid catalysis and hydrogenation steps, nearly 100%
conversion of the reactant 4-nitrobenzaldehyde and
92% yield of the desired product 2-(4-aminophenyl)-
1H-benzimidazole were obtained. In the previous re-
port on the two-step synthesis of 2-(4-aminophenyl)-
1H-benzimidazole, the total yield was ∼80% using
nonrecyclable catalysts. Moreover, the relevant synthe-
sis procedure was somewhat time-consuming.57 In a
control experiment, no conversion of reactants was
detected in the absence of the catalysts. Although
ordered mesoporous aluminosilica shells could cata-
lyze the first step of the two-step reaction sequence,
neither [Na]-HMAS nor Au@[Na]-HMAS gave the con-
version of the reactants into the final product 2-(4-
aminophenyl)-1H-benzimidazole. In the absence of Pd
components in the catalysts, the intermediate 2-(4-
nitrophenyl)-1H-benzimidazole was obtained as the
main product. When using commercial Pd/C catalyst,
the reactants were completely converted into 4-amino-
benzaldehyde. These results confirm that the designed
localization of Pd functionalities in HMAS indeed leads to
an effective catalyst for multistep reaction sequences.

Pd/Au@[Na]-HMAS are hypothesized to have high
catalytic activity and chemically stable structures after
catalysis cycles as Au@[Na]-HMAS. After the synthesis
of 2-(4-aminophenyl)-1H-benzimidazole, Pd/Au@[Na]-
HMAS were separated by centrifugation, washed with
methanol, and redispersed into methanol for the next
catalysis cycle. The catalyst Pd/Au@[Na]-HMAS showed
high activity in the five successive cycles under the
same reaction conditions (Figure 7c). The yield of the
products in the fifth cycle was 86%, confirming that the

catalytic sites of Pd andmesoporous aluminosilica shell
were stable and recyclable.

CONCLUSIONS

In summary, we have developed a facile route to
fabricate hollow mesoporous aluminosilica spheres
with pore channels perpendicular to surfaces by com-
bining alkaline etching of solid silica spheres and co-
assembly of cationic surfactants, silicate, and alumi-
nate species on surfaces of solid silica spheres. Such a
synthetic strategy is remarkably effective and repro-
ducible, providing a facile route to tailor the size of
hollow mesoporous aluminosilica spheres. As-synthe-
sized hollowmesoporous aluminosilica spheres can be
used as an acid catalyst, and their acidity can be further
improved by the ion-exchange strategy. Furthermore,
the proposed strategy can be extended as a general
strategy to transform silica-coated nanocomposites
into ordered mesoporous yolk-shell structures with
diverse functionalities, morphologies, and sizes. The
excellent catalytic performance and stability of the
reduction of 4-nitrophenol with yolk-shell Au@[Na]-
HMAS demonstrate that pore channels perpendicular
to surfaces are permeable and yolk-shell structures
with orderedmesoporous aluminosilica shells are ideal
candidates for nanoreactors. More importantly, on the
basis of the available acidity and adjustable yolk, Pd/
Au@[Na]-HMAS show high catalytic performances and
recyclability in two-step reaction sequences of synthe-
sizing benzimidazole derivatives. The hollowmesopor-
ous aluminosilica structures reported in this work are
powerful platforms for nanoreactors, and we believe
that the synthesis strategy can be extended to produce
new composite materials with enhanced properties for
advanced applications.

EXPERIMENTAL METHODS
Chemicals. TEOS, benzaldehyde dimethyl acetal, benzalde-

hyde, 4-nitrobenzaldehyde, 1,2-phenylenediamine, and benzi-
midazole were purchased from Alfa Aesar. Ammonia solution
(25�28%), CTAB, ethanol, L-ascorbic acid, NaAlO2, Na2CO3, and
4-nitrophenol,werepurchased fromSinopharmChemical Reagent
Co. (Shanghai, China). All reagents were used without further
purification. Deionized water was used in all experiments.

Synthesis of sSiO2. sSiO2 were carried out following a slightly
modified Stöber process. In a typical synthesis, 6mL of TEOSwas
rapidly added into a mixture of 75 mL of ethanol, 10 mL of
deionized water, and 3.15 mL of ammonium aqueous solution
and then stirred at room temperature for 1 h, resulting in the
formation of a white silica colloidal suspension. The silica par-
ticles were centrifugally separated from the suspension and
washed with deionized water and ethanol.

Synthesis of [Na]-HMAS/CTAB. The as-synthesized sSiO2 were
homogeneously dispersed in deionized water by ultrasonica-
tion, followed by the addition of CTAB, and then stirred at room
temperature. The mixed solution was homogenized for 30 min
to form a uniform dispersion. NaAlO2 and Na2CO3 were added
to the dispersion with continuous stirring. In the final mix-
ture, the weight ratio of sSiO2/CTAB/NaAlO2/Na2CO3/H2O
was 1:0.25:0.53:0.41:200. The mixture was heated at 95 �C with

continuous stirring for a certain time, and the products (i.e.,
[Na]-HMAS/CTAB) were collected by centrifugation. The reac-
tion time was dependent on the dosage of the reactants. For
example, when sSiO2 were employed with three different
contents of 50 mg/1 g/2.5 g, the corresponding heating times
were 3, 16, and 24 h, respectively.

Hydrothermal Treatment for [Na]-HMAS/CTAB. After washing two
times with deionized water, 1 g of [Na]-HMAS/CTAB was
homogeneously dispersed in 16 mL of deionized water. Then
the suspension was transferred into a 20 mL Teflon-lined
stainless steel autoclave. After sealing, the autoclave was main-
tained at 150 �C for 2 days and then cooled to room tempera-
ture. The [Na]-HMAS/CTABwere collected by centrifugation and
then washed with deionized water and ethanol several times.

CTAB Removal from the Na-HMAS/CTAB. To obtain the pure
mesoporous products (i.e., [Na]-HMAS), the as-synthesized
[Na]-HMAS/CTAB after the hydrothermal treatment were
warmed up at a rate of 1.5 �C min�1 and maintained at 550 �C
for 6 h in air.

Synthesis of [H]-HMAS. [H]-HMAS were prepared through a
two-step method reported previously.7,8 First, the ammonia
form of HMAS was obtained by ion exchanging [Na]-HMAS with
NH4NO3 aqueous solutions (1 M) at 80 �C for 8 h. The [H]-HMAS
were then obtained by deammoniation at 550 �C for 6 h in air.
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Synthesis of Ordered Mesoporous Aluminosilicate Yolk-Shell Structures.
Yolk-shell Au@[Na]-HMAS, yolk-shell Fe3O4@[Na]-HMAS, and
yolk-shell Fe2O3@[Na]-HMAS were synthesized under similar
reaction conditions for HMAS except replacing sSiO2 with Au@
SiO2, Fe3O4@SiO2, and Fe2O3@SiO2. The detailed synthesis proce-
dures of Au@[Na]-HMAS, Fe3O4@[Na]-HMAS, Fe2O3@[Na]-HMAS,
and Au@carbon are provided in the Supporting Information.

Synthesis of Pd/Au@[Na]-HMAS Yolk-Shell Structures. Forty milli-
grams of Au@[Na]-HMAS and 140 mg of L-ascorbic acid were
mixed in 9 mL of deionized water. One milliliter (5 mmol L�1) of
K2PdCl4 aqueous solution was then added to themixed suspen-
sion and stirred at room temperature for 8 h. The resulting solid
Pd/Au@[Na]-HMAS were collected by centrifugation and washed
with deionized water and then dried at room temperature under
vacuum overnight.

Reduction of 4-Nitrophenol with Yolk-Shell Au@[Na]-HMAS. Tenmilli-
grams of yolk-shell Au@[Na]-HAMS was homogeneously dis-
persed in 5 mL of deionized water by ultrasonication, followed
by the addition of 0.5mL of NaBH4 aqueous solution (0.5M), and
the mixture was stirred for 10 min at room temperature. Then,
0.25 mL of 4-nitrophenol (0.12 M) was added to the mixture,
which was stirred until the deep yellow solution became color-
less. During the course of reaction, the reaction progress was
monitored by measuring UV�vis absorption spectra of the
mixture.

Acid-Catalyzed Deprotection of Benzaldehyde Dimethyl Acetal. Ben-
zaldehyde dimethyl acetal (1 mmol) and water (2.3 mmol) were
mixed in 5 mL of toluene at room temperature, followed by the
addition of 20 mg of the catalyst ([Na]-HMAS or [H]-HMAS). The
resulting mixture was then stirred at reflux temperature for
appropriate time. After reaction, the catalyst was separated by
centrifugation. The product was analyzed by a GC (FULI 9790II)
with capillary column (KB-5, 30 m � 0.32 mm � 0.33 mm).

Synthesis of the 2-(4-Amidophenyl)-1H-benzimidazole Using Pd/
Au@HMAS Catalyst. Sixty milligrams of Pd/Au@HMAS was dis-
persed in 5 mL of methanol, followed by the addition of 0.5
mmol of 4-nitrobenzaldehyde and 0.6 mmol of 1,2-phenylene-
diamine. The resultingmixture was stirred at reflux temperature
under air atmosphere for 5 h and then transferred into a glass
pressure vessel without any separation or extraction. The vessel
was then charged with H2 to 2 bar reacting for 8 h. After
reaction, the reaction mixture was diluted with methanol and
the catalyst was separated by centrifugation. The yield of the
product was analyzed by HPLC with an internal standard
substance (benzimidazole). The product and the internal stan-
dard substance were detected by UV spectrum equipped on
HPLC. Separation occurred on a Alltima C18 reversed-phase
column (150 mm � 4.6 mm internal diameter) using a mobile
phase of 35% methanol and 65% distilled water delivered at a
rate of 1 mL min�1 at 50 �C.

Characterization. SEM and TEM images were taken on a
Hitachi S-4800 microscope with a field-emission electron gun
and a TECNAI F-30 high-resolution transmission electron micro-
scope operating at 300 kV, respectively. The Al content in the
HMAS was quantitatively analyzed by inductively coupled
plasma mass spectrometry (ICP). The surface area of the final
products was measured by the Brunauer�Emmett�Teller (BET)
method using nitrogen adsorption and desorption isotherms
on aMicrometrics ASAP 2020 system. Pore size distribution plot
was obtained by the Barrett�Joyner�Halenda (BJH) method.
The adsorption of ammonia over the products was character-
ized by temperature-programmed desorption (NH3-TPD, Micro-
meritics AUTOCHEM II 2920). Themass spectra were recorded in
positive-ion mode on a Bruker-Esquire HCT instrument inter-
faced by an electrospray ionization source.

Solid-state 1D 29Si{1H} CPMAS NMR experiments were
conducted on a Bruker AVANCE NMR spectrometer with a
7.0 T wide-bore superconducting magnet, with operating fre-
quencies of 99.38 MHz for 29Si resonances. One-dimensional
single-pulse 27Al NMR spectra were collected on a Bruker
AVANCE NMR spectrometers with a 18.8 T wide-bore super-
conducting magnet, with operating at frequencies of 208.53
MHz for 27Al resonances.
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