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Hierarchically structured mesoporous silica, especially
hollow spherical particles with mesoporous shells (HMSs),
are of special interest, because they combine the charac-
teristics of both macroporous and mesoporous structures
in one single unit. The hollow cavity in these highly enginee-
red particles can act as a storage reservoir or a micro-
reactor, whereas the mesoporous shell provides controlled
release pathways for encapsulated substances or substan-
tial surface area for reactions. As a result, HMSs have
attracted intense interest in a wide variety of applications,
such as catalysis, separation, sensors, and drug delivery.' >

A number of approaches have been already developed
to synthesize HMSs. They can be generally divided into
two categories on the basis of the templates for the forma-
tion of hollow interiors. Soft templates such as micelles,
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vesicles, or block copolymer aggregates,® !> emulsions,'* !

and acoustic cavities or bubbles'®?* have been used to
produce HMSs. Unfortunately, strict control of reaction
conditions is generally required as soft templates are
sensitive to the reaction environment. The hollow parti-
cles synthesized via soft templates usually have nonuni-
form sizes and the morphology of mesoporous shells is
difficult to control.

Compared to soft templates, hard templates such as
polymer latices and metal oxides are more effective in
synthesizing mesoporous particles with defined particle
size and morphology.?' ?® A hollow interior forms after
removal of the hard template. The structured shell can be
tuned separately with the assistance of mesopore direct-
ing agents. Tan et al. reported the synthesis of HMSs in
concentrated ammonium solution using polystyrene lati-
ces as templates.”' Several different groups have synthe-
sized HMSs with mesoporous raspberry-like shells.?>?’
Zhao et al. also prepared hollow MCM-41 microspheres
from a poly(styrene-methyl mathacrylate) latex by add-
ing silica source in batches.** Zhao et al. fabricated HMSs
and ellipsoids of tunable size using hematite particles.?
Recently, Blas et al. successfully prepared HMSs with
radially oriented mesopores in the shell but at a relatively
low yield.?

For most practical applications, a facile and scalable
process that allows precise control of the particles is
required. The following three structural/morphological
characterstics are especially critical: (1) particle size and
polydispersity; (2) hollow core size and shape; and (3)
thickness and structure of mesoporous shell. These key
parameters are directly related to the perfomance of
HMSs, such as catalytic acitivity and drug delivery effi-
ciency. Although intense efforts, as mentioned above,
have been already devoted to the synthesis of hollow
mesoporous particles, a facile and scalable synthesis of
high-quality monodispersed HMSs has yet to be deve-
loped. The reported approaches to date fail to control
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well at least one of the sturcture/moprhology parameters
outlined above or are difficult to scale up in a robust
process. For example, aggregation or fusion of hollow
particles has often been observed and this may deteriorate
HMS’ advantages over conventional bulk mesoporous
materials. Additionally nonuniform particles with a rough
shell and/or a broad size distribution are usually obta-
ined, suggesting a poorly controlled process. Moreover,
in addition to HMSs, solid mesoporous nanoparticles are
frequently formed, either mixed or fused onto the shells,
which makes isolation of pure HMS particles extremely
difficult. Finally synthetic approaches based on micellar
templates may be applicable only to a limited particle size
range.®”? We report here a facile and scalable process to
synthesize monodispersed HMS capsules. The newly syn-
thesized HMSs possess smooth, uniform and ordered
mesoporous silica shells. Both the particle size and the
mesoporous shell thickness can be fine-tuned by adjusting
the amount of latex templates and silica source. These
specially designed particles have well-controlled sizes
ranging from 100 nm to micrometers, covering the dif-
ferent size requirements in numerous applications inclu-
ding catalysis, separations, sensors, and drug delivery.

Several HMSs with different sizes, denoted as HMS-x,
where x represents the outside diameter of the mesopor-
ous particles were syntesized. In contrast to previous
reports such as Tan et al. in which a concentrated aqueous
ammonium hydroxide solution was used,?’ HMSs here
were synthesized in weakly basic ethanol/water solution
using a relatively concentrated latex template. The weak
basicity and appropriate ratio of ethanol to water allow
precise control of the rate of hydrolysis tetraethyl ortho-
silicate (TEOS), which together with the high latex con-
centration reduces the possibility of forming solid meso-
porous particles as well as fusing them together. For
HMS-400, 25 g of polystyrene latex (~9 wt %) with a
size around 400 nm was added dropwise to a solution
containing 9.6 g of water, 0.80 g of hexadecyltrimethyl-
ammonium bromide (CTAB), 11.0 g of ethanol and 2.0 mL
of ammonium hydroxide under vigorous stirring at room
temperature. The mixture was first sonicated for 10 min
and then magnetically stirred for 30 min before adding
dropwise 1.5 g of TEOS. The molar ratio of TEOS/
CTAB/ethanol/H,O/NH; was 1:0.30:32:88:4.4, and the
TEOS/polystyrene weight ratio was 0.66. The mixture
was kept at room temperature for 48 h before the meso-
porous silica coated latex was collected by centrifugation
and washed with copious amounts of ethanol. The tem-
plates were removed by calcining in air at 600 °C for 8 h at
a heating rate of 3 °C/min. HMS-140 and HMS-1500
were prepared in a similar manner using appropriate size
polystyrene latex templates. HMSs with various shell
thickness can be prepared simply by adjusting the amount
(0.75 gor 3.0 g) of TEOS (see Figure S1 in the Supporting
Information). More experimental details are provided in
the Supporting Information.

Figure 1 shows TEM images of the different HMSs
synthesized. The low-magnification TEM image indicates
excellent particle uniformity. The electron contrast between

T 2000 nm

Figure 1. Representative TEM images of monodispersed hollow spheri-
cal particles. (A) HMS-140; inset scale bar, 200 nm; (B) HMS-400; inset
scale bar, 100 nm; (C) HMS-1500; inset scale bar, 200 nm.

the cores and the shells in the high-resolution insets con-
firms the formation of hollow particles. N, adsorption—
desorption isotherm measurements at 77 K (Figure 2,
Table 1) show a multifaceted behavior consistent with the
highly engineered nature of the particles. The BET sur-
face area, pore size, and pore volume of the mesoporous
shells range between 970 and 1440 m?/g, 3.0 and 3.6 nm,
and 0.19 and 1.37 cm’/g, respectively. As the overall size
of the capsules increases, the surface area increases, the
pore volume decreases, and the pore size remains similar.
All systems show a type IV isotherm. As the overall size
of the HMS particles increases the hysteresis becomes
less pronounced. HMS-140 shows a notable H1 type
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Figure 2. Adsorption desorption isotherms for different HMS capsules.

Table 1. Characteristics of Mesoporous Shell of HMS

BET surface pore size pore volume
sample area (m?/g) (nm) ¢ (em®/g) “
HMS-140 0.97 % 10° 3.61 1.37
HMS-400 1.30 x 10° 3.08 0.48
HMS-1500 1.44 x 10° 3.10 0.19

“Measured by N, adsorption at 77 K with the BJH method.

hysteresis loop starting from p/py at 0.4 due to the
presence of the mesoporous shell, whereas HMS-400
displays a small H4 type hysteresis loop at higher p/pg
around 0.85. No significant hysteresis is found for HMS-
1500. The XRD patterns of the different HMSs are shown
in Figure S2 in the Supporting Information. HMS-140
and HMS-1500 capsules have similar diffraction peaks
located around 260 =2.15, corresponding to a pore spa-
cing of 4.09 nm. HMS-400 has a slightly larger diffraction
peak at 20 = 2.55, corresponding to a lower spacing of
3.45 nm. Based on the pore size (Table 1) and pore
spacing, both HMS-140 and HMS-400 have a similar pore
wall thickness ~0.4—0.5 nm, wherecas HMS-1500 has a
much thicker pore wall thickness close to 1 nm.

The HMS-140 and HMS-400 capsules are fairly robust
during normal handling. As can be seen in Figure 1, the
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capsules remain mostly intact even after the sonication
step required for TEM specimen preparation. The me-
chanical robustness as well as their hierarcical mesopor-
ous sturcture makes HMSs promising candidates as
supports for various applications. Because of our interest
in developing CO, sorbents, HMS-400 was impregnated
with tetraethylenepentamine and the CO, capture capa-
city was evaluated. The amine-impregnated HMS-400
show extraordinary capture capacity up to 6.6 mmol of
CO,/gof sorbentat 75 °Cand 1 atm CO, (see Figure S3 in
the Supporting Information). The amine loading in
HMS-400 sorbent is as high as 83 wt % based on the
total weight of the sorbent, which is much higher than
that of sorbents using conventional mesoporous supports
(~ 50 wt %).?*% The amine efficiency for CO, capture of
HMS-400 is as high as 353 mg CO,/g of amine, which is
about 50% higher than sorbents prepared by impregnat-
ing amines in bulk MCM-41 supports.”® Clearly, the
structured HMSs help to enhance both the amine capa-
city and efficiency of the sorbent.

In summary, monodispersed HMSs with tunable par-
ticle size and shell thickness were successfully synthesized
using relatively concentrated polystyrene latex templates
and a silica precursor in a weakly basic ethanol/water
mixture. The particle size of the capsules can vary from
100 nm to micrometers. These highly engineered mono-
dispersed capsules synthesized by a facile and scalable
process may find applications in drug delivery, catalysis,
separationm or as biological and chemical microreactors.
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