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Abstract
The interest in core–shell materials with chemically tunable mesoporous surfaces has significantly grown in recent years.
The main limitation to obtain these systems through sequential precipitation is the tuning of the core and shell sol-gel
chemistry, which usually implies low concentrations and leads to high-quality colloids although in small quantities after a
lengthy and costly process. Aerosol approaches can lead to faster production and easier separation of functional materials
with well-defined architectures. We present a “green chemistry” general method to coat sub-micron colloidal particles with a
variety of mesoporous metal oxide nanofilms via an aerosol synthesis technique. Different types of particulate supports with
isotropic and anisotropic shapes were dispersed into the precursor solutions in order to synthesize a mesoporous shell
keeping the shape of the support. We chose the synthesis of TiO2 and TiSiO4 nanofilms on conventional Stöber SiO2

spherical particles, and on anisotropic micronized mica particles as a case study. We used the commercial surfactant
Pluronic® F127 as a porogen. The structure and composition of the obtained nanofilms were characterized by electron
microscopy, X-ray diffraction, focused ion beam coupled to SEM, and nitrogen adsorption/desorption isotherms. The TiO2

shells obtained (with an anatase-like structure) have pore diameters between 3.9–4.8 nm depending on the support with film
thicknesses of ~100 nm, while amorphous TiSiO4 shells have larger diameters (9.5–16 nm) with film thicknesses of between
50 and 200 nm depending on the support used. The method presented shows high reproducibility and, unlike batch methods,
allows the continuous production and straightforward recovery of the materials.
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Highlights
● An aerosol method for coating sub-micron particles with mesoporous metal oxide films is presented.
● Stöber SiO2 spherical particles or anisotropic micronized mica particles were used as substrates.
● The use of aqueous solutions represents an eco-friendly approach to the synthesis of nanomaterials.
● This method is straightforward and permits the easy production of core-mesoporous shell nanoparticles.

1 Introduction

The rational design of nanomaterials is currently one of the
main ways to prepare multifunctional core–shell nano-
composites, much needed for many emerging technological
fields [1, 2]. To this end, the development of methods that
allow surface modification of nanostructures in a simple,
reproducible, and industrially scalable manner is of enor-
mous interest [3].

The synthesis of core–shell materials having a meso-
porous shell has generated much interest during the last
years due to their potential uses [4–6] which derives from
both, the intrinsical properties and wide range of meso-
porous materials that can be synthesized [7]. Some of the
most sought applications for mesoporous coatings include
surface protection [8–10], molecular switching [11–13],
energy applications [14–17], theranostics [18], etc.

Mesoporous nanofilms (shell) on spherical particles (core)
have been presented in literature several times [19–22]. Sato
and coworkers [23] presented a two-pot approach to syn-
thesize double mesoporous core–shell silica spheres with a
uniform size of 245–790 nm, shell thickness of 41–80 nm,
and surface area and total pore volume of 141–618 m2 g−1

and 0.14–0.585 cm3 g−1, respectively. Solid silica spherical
particles, used as the core, were synthesized by the Stöber
method and a mesoporous shell could be formed around the
silica cores by using an anionic surfactant and a co-structure
directing agent. Liu et al. [24] synthesized core–shell
Fe3O4@SiO2 and core–shell–shell Fe3O4@nSiO2@mSiO2

with a mean diameter of around 300–400 nm and magnetic
mesoporous silica Fe3O4@nSiO2@mSiO2 microspheres that

can not only exhibit excellent adsorptive performance for
removal of DDT (1,1,1-trichloro-2,2-bis(4-chlorophenyl)
ethane) from aqueous media but also display high catalytic
activity. Wen and coworkers [6] synthesized MnO2@colloid
carbon spheres nano-composites with tunable interior archi-
tecture and a diameter of around 500 nm.

More recently, Zhao and co-workers [25] synthesized
mesoporous core–shell nanostructures using a confined
interfacial monomicelle assembly method for the controlled
coating of anatase TiO2 with single-layered ordered meso-
pores on diverse surfaces. This method relies on the solvent-
confinement effect of glycerol during the assembly process
and monomicelle hydrogel preformation by selective eva-
poration of double-solvent precursors. Thus, the assembly
process appears to be controllable for the synthesis of TiO2

layers with highly tunable thickness.
The methods mentioned above, although of interest, are

not general and can be used only to coat spherical supports
and, usually, are developed to be applied to a single type of
metal oxide. Furthermore, a much greater challenge is
presented when trying to synthesize mesoporous nanofilms
on anisotropic structures maintaining the original geometry
of the support. It is important to consider that in many cases
the correct integration between the core and the shell
depends strongly on the physical and chemical interactions
of the surface of the particle used as core, where the shell
nucleates and grows, which also depends on the medium in
which the supports are found and the synthesis conditions.
In this context, aerosol methods present an enormous
potential, due to the versatility of the processing and to the
independent control of the hydrolysis and condensation
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processes in the initial solutions, plus the high control of the
self-assembly processes along with droplet drying [26–28].
This synthetic method has been explored in the last decade,
either from molecular or from nanocrystalline pre-formed
building blocks [29]. Nowadays, the “aerosol-assisted sol-
gel” process allows, for example, the preparation of a large
variety of highly active heterogeneous catalysts. [30].
Among the huge possibilities, the inclusion of colloidal
objects in the starting sols permits the development of
core–shell systems that can also be turned into hier-
archically porous materials [29].

In a previous work [31], we presented a general method
for the synthesis of a variety of mesoporous MO2 spherical
particles (M= Ti, Zr, Ce, and their mixed oxides) that
allows the continuous production of these materials in large
quantities of submicron-scale mesoporous oxides with a
yield over 95%. Moreover, the use of aqueous solutions
allows working in an air atmosphere, where organic sol-
vents could ignite or explode, making this method much
safer, cheaper, and more environmentally friendly than
those based on the use of concentrated hydrochloric acid
and organic solvents.

In this work, we present a method for the synthesis of
core–shell structures by coating pre-formed cores with
mesoporous nanofilms. We show the versatility of the
method using two different types of supports (cores), and
two types of nanofilms (shells) synthesized on each support.
The selected supports vary in their morphology and chem-
istry, being either isotropic silica colloids as well as ani-
sotropic micronized mica platelets, proving that the method
is suitable for different support shapes. Mica particles are
inexpensive and widely used in industrial applications in
paints, plastics, adhesives, lubricants, rubbers modifications,
disinfectants, etc., and the possibility of tuning its surface
properties adds value to a commodity material.

Furthermore, the process used in this paper is based on a
general method that allows the synthesis of various meso-
porous metal oxide (and mixed metal oxides) nanomaterials
virtually without changing the formulation of the precursor
mixture. In this work, we adapted that method for the
synthesis of nanofilms on a variety of substrates with dif-
ferent geometries. This allows us to foresee the possibility
of synthesizing other mesoporous oxides using the same
method. Additionally, unlike controlled precipitation
methods, where the mass of synthesized materials is low
and normally requires a long synthesis time, this method is
suited for continuous production of the materials with
minimum requirements of reactivity control. This is a fun-
damental feature required for the industrial application of
core–shell materials. While in batch solution methods the
surface–sol interaction plays a central role since it deter-
mines whether a shell will be formed or the nucleation of
new particles will take place, in this method its role is not so

preponderant. Thanks to the fast sol evaporation during the
process, as long as the sol wets the support with a low
contact angle a shell will be formed. Therefore, we envisage
that it should be possible to apply this method for other
combinations of support and shell as long as the sol wets the
support surface. This method could be easily used to syn-
thesize a wide range of materials with optical, catalytic, and
photochemical properties, make ceramic coatings, give or
improve ion trapping properties, etc., depending on the type
of support and/or coating used.

2 Experimental

2.1 Materials

Triblock poly(ethylene oxide)-b–poly(propylene oxide)-
b–poly(ethylene oxide) copolymer EO106PO70EO106, deno-
ted Pluronic® F127 (Mw= 12.600, Aldrich), Titanium(IV)
isopropoxide 97% (Aldrich), Glacial acetic acid (Merck),
acetylacetonate (Merck) tetraethoxysilane (98%, TEOS,
Aldrich), Na2SiO3 (SiO2, 50–53%, Aldrich), absolute
ethanol (99.8%, Merck), ammonium hydroxide (Merck)
were used as received. Micronized mica was kindly pro-
vided by Lanxess Argentina. All aqueous solutions were
prepared with deionized water having resistivity ≈18.2 MΩ

cm−1, and degassed using high purity N2 (Indura S.A.).

2.2 Synthesis

Mesoporous metal oxide nanofilms precursors solutions
were prepared from stabilized metal precursor solutions
containing a suspension of the core particles. First, a com-
plexing mixture was prepared by mixing 2.775 g of glacial
acetic acid with an equivalent mass of acetylacetonate.
Then, 1.2 × 10−3 mol of the titanium (IV) isopropoxide was
added. This mixture was stirred for 15 min and subse-
quently, either 72.5 g of Milli Q water, for the TiO2 pre-
cursor solutions, or a mixture of 15 mL of 0.1 M Na2SiO3

solution and 57.5 mL of Milli Q water, for the TiSiO4

precursor solutions, were added dropwise. Then, 0.2 g of
Pluronic® F127 was added as template agent and the final
solution was kept under stirring until complete dissolution.
Finally, 10 mL of the dispersed supports (see concentrations
below) were added to the metal oxide precursor solutions.

Silica supports were synthesized employing the Stöber
method [32] using the appropriated amounts of absolute
ethanol, ammonium hydroxide, and Milli Q water to obtain
particles with ~500 nm in diameter [32].

The support suspensions (either silica colloids or
micronized mica) were prepared by dispersing 0.5 g of
the material in 40 mL of Milli Q water and sonicating
for 15 min.
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The synthesis dispersion was aerosolized using a Mini
Spray Dryer Büchi B-290 using as carrier gas N2, an inlet
temperature of 220 °C, and a flow rate of 44 m3 h−1 [31].
After obtaining the aerosol all samples were calcined at
350 °C for 2 h with a heating rate of 1 °C min−1. Figure 1
shows a schematic representation of the nanofilms synth-
esis. In a single run, we prepared up to 2 g of coated par-
ticles using this laboratory-sized equipment.

3 Structural characterization

Field Emission Scanning Electron images were obtained
using a Supra 40 (Zeiss Company) FESEM operating at a
voltage of 3 kV, equipped with an Oxford EDS and back-
scattering detector.

Nitrogen adsorption–desorption isotherms of samples
were measured at 77 K on a Micromeritics ASAP 2420 NSP
instrument after outgassing samples at 150 °C. The surface
area was calculated by using the Brunauer–Emmett–Teller
equation. Total pore volume was obtained at P/P0= 0.98.
Pore size was obtained from the desorption branch using the
BJH model [33].

In order to measure the thickness and analyze the inter-
phase of the different core–shell structures, a cross-section
analysis was performed using a Helios NanoLab 650 (FEI)
focused ion beam-scanning electron microscopy. A loca-
lized Pt thin film (150 nm) was deposited on the sample to
protect it, and a gallium ion column was used to prepare a
lamella of the portion of interest.

Transmission Electron Microscope (TEM) images were
acquired with a Philips EM 301.

X-ray diffractograms were obtained using the Cu Kα
radiation (λ= 1.5406 Å), using a PANalytical X’Pert
PRO diffractometer (40 kV, 40 mA), with the θ–2θ
Bragg–Brentano geometry. The 2θ range used was from 10°
to 70°, with steps of 0.02° and a counting time of 1 s per
step. The FULLPROF program [34] was employed to refine
the crystal structure by the Rietveld method. The data
refined were lattice parameters, peak shape, atomic posi-
tions, isotropic thermal parameters, and occupation factors.

4 Results and discussion

4.1 Electron microscopy analysis

Four different types of samples were prepared, combining
the two types of supports and two types of mesoporous
nanofilms. The supports consisted of colloidal silica spheres
with a diameter of ca. 500 nm, and highly anisotropic
micronized mica platelets. The mesoporous nanofilms
materials were either TiO2 or TiSiO4. In order to simplify
the notation, the samples are labeled indicating the shell
material followed by the support material, so TiO2 meso-
porous shells over SiO2 particles are denoted as Ti/Si, while
TiSiO4 shells over the same support are denoted as TiSi/Si.
In the same way, TiO2 nanofilms shells on mica supports
are denoted as Ti/Mi and mesoporous TiSiO4 nanofilms on
mica as TiSi/Mi.

Fig. 1 Aerosol nanofilm synthesis scheme
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Figure 2 shows SEM images of both supports used,
micronized mica (Fig. 2a) and silica colloids (Fig. 2b)
supports before the nanofilms synthesis. The micronized
mica presents an anisotropic laminar shape with an area of
some tens of square microns and a thickness of a few tens of
nanometers. Silica colloids, on the contrary, have an iso-
tropic shape and a highly monodisperse size distribution, as
is expected for particles obtained using the Stöber method.
In the next section, the results of the different films syn-
thesized on these supports are presented.

4.1.1 Mesoporous TiO2 nanoshell

Figure 3 shows SEM images with different magnifications
of the samples Ti/Mi (a and b) and Ti/Si (c and d). The
core–shell particles maintained the original morphology of
the supports, even when coated by the mesoporous TiO2

film. The pore diameter is about 8 nm, which is common for
materials obtained using Pluronic® F127 [35–38].

The images show the presence of agglomerates covered
by a nanofilm layer, which encloses usually one, but
sometimes two or more support particles (it is easier to see
in the Ti/Si sample). These are possible due to the pre-
sence of more than one support particle per aerosol drop
(Fig. 1). The balance between surface tension and hydro-
dynamic forces in the nozzle exit determines the initial
size of the aerosol droplet. Despite the presence of sur-
factant, the formation of smaller droplets is inhibited as
most of the liquid remains attached to the surface of the
particles by surface tension.

Big agglomerates of support nanoparticles are not
observed. This indicates that the support particles form a
stable dispersion in the precursor solution. The use of water
as a solvent is a key feature of this method since its high
dielectric constant together with the presence of a surfactant

agent stabilizes the colloidal particles, even in the presence
of metal precursors and acid conditions.

The particle size distribution of the Ti/Si sample and the
SiO2 support, which have spherical geometry, were
obtained from SEM images. At least 150 particles of each
sample were measured, excluding agglomerates from the
analysis (Fig. S1, see supporting information). An increase
in the average particle size of ~150 nm compared to
the original size is noted, which means that the particles are
coated by a nanofilm of about 75 nm.

The EDS analysis confirms the addition of Ti to the
matrix components of both supports and discards the pre-
sence of metallic impurities.

TEM images of the Ti/Mi and Ti/Si samples are shown
in Fig. 4a, b, respectively. Although TEM penetration is not
high enough to completely cross the central part of the
samples, the porosity is clearly observed in the edges of the
particles. The mesoporous layers present a different thick-
ness depending on the type of support used. The film
thickness in the Ti/Si sample is about 100 nm, while for the
Ti/Mi sample thickness is slightly higher.

Cross-section cuttings of the samples were performed
by focused ion beam (FIB), in order to better study the
thickness of the nanofilms over the different supports.
Figure 5 shows scanning electron images of cross-
sections obtained for both mesoporous TiO2 coated
samples: Ti/Si and Ti/Mi. Figure 5a shows the cross-
sectional profile obtained by scanning electron micro-
scopy of a coated micronized mica plaque. A uniform
layer of mesoporous TiO2 nanofilm of about 200 nm
thickness is visible on both sides. Figure 5b shows an
SEM image of the cross-section of the Ti/Si sample, in
which the silica colloid support is coated by a uniform
mesoporous nanofilm layer, about 80 nm in thickness.
This thickness is consistent with the average obtained

Fig. 2 SEM images of supports. a Micronized mica plates, b silica colloids
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through the analysis of the transmission electron micro-
scopy images.

4.1.2 Mesoporous TiSiO4 nanoshell

Figure 6 shows scanning electron micrographies with
different magnifications of the samples TiSi/Mi (a and b)
and TiSi/Si (c and d). As for TiO2 nanofilm coated sam-
ples, TiSiO4 samples maintain the original morphology of
the supports.

The presence of agglomerates is most noticeable in the
TiSi/Si sample than in the case of Ti/Si. Histograms of the
particle size distribution of the TiSi/Si sample (Fig. S1)
were compared with the histograms obtained for the silica
support before the nanofilm formation and the Ti/Si sam-
ple. An increase in the average particle size of ~250 nm in
comparison with the original size of the support is
observed, and about 100 nm greater than Ti/Si particles.
This increase in diameter would indicate the presence of a
~150 nm thick nanofilm. This larger thickness is due to the
amount of oxide precursor in the aerosol dispersion, which

contains not only the Ti precursor but also the sodium
silicate. Moreover, the higher concentration leads to
increased viscosity and changes the surface tension of the
suspension. This leads to differences in droplet formation
and evaporation dynamics. From the SEM images, it is
possible to determine the percentage of core-less particles
for the Ti/Si systems, being about 13.7% of the total
synthesized particles, 74% are core–shell particles with a
single core, 6.6% are agglomerates of two cores wrapped
in a single shell and 5.7% are particles with three or more
cores so that most of the synthesized particles have a
defined core–shell structure.

The EDS analysis confirms the addition of Ti and Si to
the matrix components of both supports and discards the
presence of metallic impurities.

In Fig. 4c, d, TEM images of the TiSi/Si and TiSi/Mi
samples are shown respectively. In these cases, the presence
of Si in the oxide matrix permits a higher penetration of the
electron beam in the sample. The mesoporous layers show a
homogeneous thickness that, as above, depends on the type
of support used.

Fig. 3 SEM images of a, b Ti/Mi and c, d Ti/Si nanofilms
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Cross-sectional analysis carried out in the TiSi/Si and
TiSi/Mi samples (Fig. 5c, d, respectively) shows that the
micronized mica plaque is coated on both sides by a uni-
form TiSiO4 mesoporous nanofilm of about 200 nm in
thickness while the Si spheres show a uniform film of about
50 nm. The differences found between the two supports are
probably due to the fact that although the mass used of both
supports was the same, their surface areas are very different,
and SiO2 particles are expected to have a higher surface area
per gram than micronized mica.

4.2 Nitrogen adsorption

All isotherms obtained are type IV, characteristics of
mesoporous materials [39]. In the case of samples Ti/Si and

Ti/Mi, Point B, which corresponds to the complete forma-
tion of monolayer and the beginning of multilayer adsorp-
tion, can be seen very well defined in Fig. 7a. In the cases of
TiSi/Si and TiSi/Mi, it is not shown so clearly because this
occurs with a low amount of N2 adsorbed. This corresponds
to the lower surface areas that both samples present
(Table 1). The hysteresis cycle is a clear H3 type [40], for
the TiSi/Si, TiSi/Mi, and Ti/Si samples. This type of hys-
teresis is characteristic of materials with a wide pore size
distribution, and the pores are slit type. For the Ti/Mi
sample, the hysteresis cycle is more similar to an H2 cycle,
which is a bit difficult to interpret. We propose that this
feature is due to “bottleneck” type pores or percolation
effects due to the interconnection in the pore network [41].
In these cases, the pore distribution is narrower.

Fig. 4 TEM images of a, b Ti/
Mi and c, d Ti/Si nanofilms
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For Ti/Si sample, pore size distribution has a max-
imum at 4.8 nm, but there are pores with diameters
between 2 and 14 nm with a major proportion of bigger
pores. When the support is micronized mica (Ti/Mi) pore
size distribution is narrower, with a maximum at 3.9 nm
(Fig. 7b). When the shell is TiSiO4, we observed wider
distribution of pores than when the shell is only formed
by TiO2.

A study of the profile plots took from the transmission
electron micrographies was carried out, where the porosity
is more evident (Fig. S2), which allowed estimating an
interpore distance of 9.0, 7.2, 18.6, and 19.0 nm for Ti/Si,
Ti/Mi, TiSi/Si, and TiSi/Mi, respectively. From these data
and the pore size obtained by N2 sorption, we can estimate
a wall thickness: Ti/Si 4.2 nm, Ti/Mi 3.3 nm, TiSi/Si
9.1 nm, and TiSi/Mi 3.0 nm. It can be inferred that the
system with a smaller pore size brings with it a lower wall
thickness of TiO2, with the exception of the TiSi/Mi
sample. In this case, in addition to the fact that the
micrograph is not very adequate to carry out this analysis,
the pore size distribution obtained by the N2 isotherm is

very wide, therefore, the wall thickness cannot be esti-
mated under these conditions.

4.3 X-ray diffraction analysis

X-ray diffractograms were measured for the two supports
used and the different materials synthesized on each sup-
port. Figure 8a, b shows the different diffractograms
obtained. It can be seen that the mica has a well-defined
crystalline structure, with characteristic peaks that are also
found in the TiO2 and TiO2-SiO2 coated samples. As
expected, the SiO2 particles are amorphous and do not show
any characteristic peaks in the diffractogram [42, 43].

Regardless of the support used, no peaks corresponding to
TiO2-SiO2 are observed, indicating that this compound has
an amorphous structure as expected [44–46]. On the con-
trary, TiO2 nanofilms in both supports present a peak at 25.4°
corresponding to TiO2 with an anatase-like structure [47]
with low amorphousness with a full width at half maximum
of ~1.6° indicating a crystallite size of ~5 nm regardless of
the support used. This crystallization is consistent with

Fig. 5 SEM images of the side view of a, c Ti/Mi and b, d Ti/Si nanofilms cut with Focussed Ion Beam
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previous work in both aerosols [48] and films on silicon or
silica-coated glass or ITO substrates [49, 50].

Figure 8b shows at 28.5° a peak corresponding to the
silicon support on which the Ti/Si and TiSi/Si core–shell
powder samples were deposited on measuring [51].

5 Conclusions

In this work, we present a simple method for the synth-
esis of mesoporous nanoshells in the aerosol phase over
substrates with different morphologies. The method used

Fig. 7 a Nitrogen adsorption (closed)–desorption (open) curves for Ti/Si ( ), Ti/Mi ( ), TiSi/Si ( ), and TiSi/Mi ( ). b Pore size distributions
obtained from the desorption branch of the nitrogen isotherms

Fig. 6 SEM images of a, b TiSi/Mi and c, d TiSi/Si nanofilms
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is water-based and allows the preparation of a variety of
mesoporous materials. The nanofilms synthesized com-
pletely cover the surface of the used substrate, even when
anisotropic structured support is employed; generating a
mesoporous layer that reproduces the structure of the
support.

The uniform covering of anisotropic structures, as is the
case of the micronized mica support, is obtained due to the
short retention time to which the samples are subjected
during the aerosol formation process, and is very difficult to
achieve by conventional chemical means, which usually
yield spherical core–shell particles. Moreover, we success-
fully prepared 2 g of Ti/Si particles in one run, using a
laboratory-sized mini spray dryer, using a fraction of sol-
vent volume and synthesis times much shorter compared to
batch methods.

A clear incidence of the substrate used to synthesize the
nanofilm was observed by N2 sorption, as well as the
composition of the oxide in the material type obtained.
When the film is made by a simple oxide, we obtained
greater surface areas and smaller pore diameters, although
accompanied with a narrow size distribution than in the case
of a mixed oxide. This distribution of sizes is narrower
when the substrates are micronized mica than when the
support is SiO2 nanoparticles.

The aerosol-assisted sol-gel method used in this work
for the synthesis of mesoporous shells allows to easily
generate mesoporous structures with a variety of che-
mical compositions. This method could be adapted for
the synthesis of mesoporous shells on the surface of
materials with well-defined morphology commonly used
on a laboratory scale (such as silica colloids), as well as
materials with ill-defined shapes usually encountered in
nature and used on an industrial scale (as micronized
mica). The surface customization and tuning of com-
monly used fillers and supports were carried out by a
simple and environmentally friendly method, adding
value and extending the range of applications of these
materials.
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Table 1 Surface and pores features of samples

Surface area
(m²/g)

Mesopore volume
cm³/g

Pore diameter
(nm)

Ti/Si 124 0.19 4.8

Ti/Mi 141 0.12 3.9

TiSi/Si 20 0.10 9.5

TiSi/Mi 12 0.07 16.0
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