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Current needs in catalysis and controlled release of
therapeutic agents have triggered an intensive quest in the
design of porous materials with mesoscale structure. Mono-
liths, fibers, nanotubes, or thin films showing mesoporosity
have been synthesized in the past few years. Spheres are
one of the most investigated morphologies due to their
suitability for a great number of applications.1 There are
several methods for obtaining mesoporous materials as
microspheres, among them, the so-called modified Stöber
method,2 based on the condensation of silica under a basic
medium in the presence of a cationic structure directing
agent, is a well-known synthetic process yielding monodis-
perse microspheres with diverse mesoporous arrangements.
On the other hand, aerosol-assisted method permits using
not only cationic but also anionic and nonionic surfactants
for achieving mesoporous microspheres,3 thus facilitating the
many different pore sizes and organizations. Many research
groups have considered using core-shell structures based
on mesoporous microspheres. Recently, materials with dif-
ferent hydrophilic profiles between core and shell compo-
nents but with a uniform pore size were synthesized by Yano
et al. Furthermore, mesoporous shells have been added to

hollow and solid silica core microspheres or to magnetic
nanoparticles covered by amorphous silica.4

To the best of our knowledge, this work describes for the
first time the synthesis of core-shell silica based micro-
spheres showing different ordered mesoporous arrangements
in core and shell. The combination of two versatile synthetic
routes gives rise to materials with a hierarchically organized
porous structure, in which a wide variety of core-shell
networks could be developed. Additionally, this system is
compatible with readily available functionalization pathways,
opening the possibility of producing a range of fine-tuned
devices.

Silica core-shell double mesoporous microspheres (DMM)
were synthesized following a two step procedure. First, core
mesoporous microspheres were made using an aerosol-
assisted process in the presence of nonionic surfactant,
Pluronic P123 [(ethylene oxide, EO)20(propylene oxide,
PO)70(EO)20], as the structure directing agent. Tetraethox-
ysilane ([Si(OCH2CH3)4], TEOS) was used as the SiO2

precursor. The precursor solution was prepared by solving
8.13 g of P123 in 900 mL of ethanol and 51.13 mL of water
(for DMM) or a ferrofluid (in the case of γ-DMM). This
solvent composition was chosen on the basis that alcohol-
rich solutions lead to better organized mesostructures com-
pared with water-rich ones during spray-drying processes.5

The pH of this solution was adjusted to 1.2 by the addition
of 6 M HNO3. Once P123 was completely solved, 43.44 mL
of TEOS was added and the whole system stirred overnight.
The aerosol was generated by a piezoelectric device placed
at the bottom of the vessel containing the precursor solution.
Near its own resonance frequency, the piezoelectric device
forms a geyser in the surface of the liquid and ultrafine
droplets are produced. This aerosol is conveyed by N2 to
the preheating zone (where self-assembly of silica and the
surfactant takes place) and afterward to the pyrolisis zone
(65 cm tubular furnace at 400 °C). Dried particles are
collected in an electrostatic filter. Powder obtained from this
aerosol-assisted process is calcined at 425 °C for 3 h in air
in order to remove the surfactant. In order to check the
suitability of this method for encapsulating nanoparticle-
loaded materials, core mesoporous microspheres containing
maghemite (γ-Fe2O3) nanoparticles were also covered fol-
lowing the same procedure3c and the resultant material was
denoted γ-DMM.

Second, mesoporous shells encapsulating the core micro-
spheres were added to the materials by means of a modified
Stöber process with CTAB as structure directing agent. The
mesoporous shell was formed by performing the modified
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Stöber process in the presence of the core microspheres. A
total of 500 mg of aerosol-synthesized material was added
to a solution of 298 mg of CTAB in ethanol/water (0.4:1,
molar). This solution was brought to pH ) 11.5 by the
addition of NH3 (25%) and stirred for 15 min. Under this
pH conditions, there is a risk of partial dissolution of the
silica core, which seems to be inhibited by the additon of
CTAB. Afterward, 613 µL of TEOS were added dropwise
under vigorous stirring while evaporation of ammonia from
the solution was prevented by sealing the beaker. The
resultant suspension was stirred for 2 h and subsequently
allowed to settle. The powder was recovered after centrifuga-
tion of the solution. The material was washed with water
several times, centrifuged, and then dried at 60 °C overnight.
The microspheres were finally calcined at 425 °C for 3 h in
air.

In the core microspheres, that is, those synthesized by
aerosol assisted method before coating, a two-dimensional
hexagonal arrangement is identified (Figure 1A). However,
DMMs exhibit a core-shell arrangement in which the inner
and outer mesoporous structures display different hexagonal
arrays (Figure 1B). Two phases can be clearly distinguished
in TEM images, which is consistent with XRD patterns
obtained from DMMs. These results evidence a hexagonal
phase corresponding to the core and an additional phase with
different cell parameters thus assignable to the shell com-
ponent (continuous line in Figure 2).

The coating through modified Stöber process does not
affect the integrity of those mesoporous cores containing
maghemite nanoparticles. These can be still observed inside
the spheres in the case of γ-DMM (with darker contrast in
the inset of Figure 1B). Further XRD studies and magnetic
properties analysis (saturation magnetization and coercive
force values) of the coated γ-DMM evidenced that the

crystallochemical features and superparamagnetism of
maghemite nanoparticles are preserved after the synthesis
(see Supporting Information).

Although some isolated MCM-41 type microspheres could
be observed after the shell formation by the Stöber method,
most of the material resulting from the synthetic procedure
detailed in this work presented a core-shell structure. At
this point, it must be highlighted that when we tried to coat
the cores without previous surface functionalization with
CTAB, the resulting product was a mixture of noncoated
aerosol-assisted microparticles together with smaller nano-
spheres formed through the common Stöber method (see
Figure S6 in Supporting Information). This fact indicates that
the core-shell formation mechanism competes with the
particle formation described by Stöber, and the previous core
functionalization with a surfactant is required for the
subsequent shell formation.

High resolution scanning electron microscopy (HRSEM)
images provide very clear information about the morphologi-
cal characteristics of this system. Some DMMs were softly
milled in order to partially crush the coatings (Figure 3A).
In this way we could carry out observations directly over
the core-shell interface. The core and shell mesoporous
components appear to be connected through a columnar
interface, which can be distinguished between the mesopo-
rous phases (Figure 3B). Also some accessible pores can be

Figure 1. TEM images of maghemite loaded core (A) and core-shell
microspheres γ-DMM (B). Arrows indicating shell mesoporous channels
orientation.

Figure 2. Small angle XRD patterns of core microspheres (dotted line)
and core shell microsphere (continuous line).

Figure 3. HRSEM micrographs of a crushed core-shell DMM microsphere
(A, B, and C) and of cross-section polished material (D).
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observed on the surface of the inner spheres (Figure 3C). In
order to more clearly observe the interconnection between
core and shell, cross-section polishing (CP) using an argon
ion beam6 was carried out on the materials. According to
TEM, HRSEM, and CP-HRSEM results core microspheres
are fully covered by the mesoporous layer which is from 40
to 100 nm wide. The HRSEM image, Figure 3D, shows that
the interface is a space of a few nanometers in size with
randomly distributed silica columns created during the
modified Stöber process.

The core-shell type microstructure, as well as the con-
nectivity between both components, can be explained in
terms of an electrostatic interactions mechanism, during the
microspheres coating. The surface of the silica core is
negatively charged during the shell synthesis. In these
conditions cationic surfactant molecules would create a layer
over the surface of the core microspheres (Scheme 1A). This
layer would be responsible for the eventual mesoscale
core-shell gaps, templating the silica columns among both
phases (Scheme 1B) through further condensation of the core
silica with the new silica species added during the Stöber
process. The condensation of the new silica network and the
assembly with the surfactant may take place around this

layer. The calcination process removes both the layer of
surfactant at the core-shell interface and the surfactant
within the coating pores, achieving the outer mesoporous
shell (Scheme 1C). This mechanism based on electrostatic
interactions is confirmed by the fact that no further assembly
is found when CTAB is not present during the synthesis,
therefore leading to independent dense silica spheres resulting
from Stöber condensation.

A careful micrograph observation allows the fact that the
gap seems to be larger than the 3 nm expected by the
surfactant bilayer considered in the Scheme 1 to be seen.
This additional enlargement could be due to the different
thermal contraction of the core and the shell. The core has
been previously treated at 425 °C before the gap formation,
whereas the shell undergoes a first thermal treatment during
the CTAB calcination. The higher silica condensation within
the shell during the gap formation would explain the larger
gap with respect to that expected from the surfactant bilayer.

TEM observations evidence that mesopores from the shell
component are oriented radially in relation to the inner
microspheres. Radially distributed outer mesopores would
permit the flow of external fluids toward the mesoporous
core. The radial distribution of the outer pores is in accord
with previous studies on modified Stöber syntheses.4,7 This
arrangement of the shell pores indicates that a seed growth
mechanism is occurring during the shell formation. In our
case, the core microspheres act as nucleation seeds of the
silica-micelle aggregates that eventually form the shell.
Further studies using cores with other mesopore structure
(lamellar, worm-like, etc.) would be very interesting to test
the influence on the gap and the shell. In addition, the use
of ionic surfactants with longer chains and different con-
centrations also opens new possibilities for this system. For
instance, longer chains would lead to larger gaps, whereas
higher CTAB concentrations would increase the shell surface
and porosity, although a gap enlargement would not occur,
taking into account the bilayer formation considered in our
model. In conclusion, the double ordering mesostructure of
the microspheres provides unique features and new perspec-
tives in the field of selective size sieves with application for
heterogeneous catalysis processes.
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Scheme 1. Formation Route of Core-Shell Microspheres
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