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A study of morphology of mesoporous silica SBA-15
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The mesoporous silica SBA-15 in various morphologies micrometer-sized fibers,
millimeter-scaled ropes and macrospheres have been conveniently prepared by controlling
the chemical composition. For reducing the size of particles of the SBA-15 materials, a
delayed agitation process was found to lead to nanometer-sized fibers. We propose that it
generates numerous nucleation seeds at the interface of TEOS and surfactant water
solution and leads to very small fibers. With a proper aging time of 20 minutes, silica
nanotubes-bundles with diameter of about 100 nm were obtained. In addition to the normal
mesopores, the SBA-15 silica nanotubes possess extra textural porosity.

1. INTRODUCTION

Micelle-templated mesoporous silica (MMS) [1,2] are of great interest to scientific
community because of their tunable mesopore structures which lead to many applications
such as catalyst supports,'adsorbent And solid templates. In applications of the mesoporous
silica such as catalysis, its morphology is an important controlling factor [3,4]. When a silica
source is combined with a surfactant, the self-assembly process is complicated involving
surfactant self-assembly in solution, mesophases transformation, and silica speciation
reactions. All the factors influence the morphology of the mesoporous materials obtained. This
has been amply demonstrated in MCM-41 materials [5]. Tuning the chemical composition,
using proper inorganic precursors or applying physical field have achieved morphology and
size controls on the mesoporous materials [6-8].

Recently the highly ordered SBA-15 [2], synthesized by using triblock copolymer
EO,,PO,,EO,,, was found to exhibit rich morphologies. [9,10] The acid-made SBA-15
particles appear to be softer(weaker surfactant/silicate interaction), sfickier(more surface
silanol), and resulting in richer morphologies. Furthermore, the interface between the
insoluble organic TEOS and aqueous copolymer solution appears to offer a new way of
morphological control through multiphase assembly [10].




Basically, the formation process of MMS materials follows the sequence: nucleation —»
assembling growth — aggregation. The particle size of MMS will be dependent on the number
of nucleation seeds during and the aggregation capability of the surfactant-silica clusters. The
more the nuclei, the smaller the particle sizes. On the other hand, a decrease of growth and
aggregation would also help the formation of smaller particles (or fibers). Recently, Mann and
coworkers devised a growth quenching procedure in the alkaline synthesis of MCM-41 to
obtain nanoparticles of mesoporous silicas [11].

In this report, we present several methods of morphological control of the SBA-15. We
tuned the TEOS/triblock copolymer ratios or added a proper amount of multivalent salts in the
EO,,PO,EO,-TEOS-HCI-H,0 reaction composites to increase the aggregating ability of the
triblock copolymer-silica species nanocomposites. Thus, the SBA-15 mesoporous silicas in
macro-scaled form (e.g. centimeter-sized sphere, millimeter-sized ropes and micrometer-sized
fibers) were facilely prepared. Moreover, a delayed-agitation procedure was conveniently used
to create rich silica nucleation seeds at the interface between the TEOS and surfactant aqueous

solution. These induced the formation of nanotubes and fine microparticles of the SBA-15
mesoporous silica.

2. MATERIALS AND METHODS

2.1. Materials

The tri-block copolymer is (ethylene oxide),,-(propylene oxide),,-(ethylene oxide),,,
(EO»PO;,EO,¢; P123) from Aldrich as the mesostructure-templating species. The silica source
is tetraethylorthosilicate (TEOS; 98% from Acrds), and hydrochloride (HCI, 37%) is from
Acrds. All chemical agents were used as received.

2.2. Synthesis

The micrometer-sized fibrous mesoporous SBA-15 silicas were prepared according to the
typical synthetic process reported by Stucky et al. [2]. 1.0 g triblock copolymers P123 and |
9.44 g of 37% aqueous hydrochloride acid were dissolved in 30.0 g water to form a clear
solution. Then 2.30 g TEOS was added to that solution under stirring condition then further
stirred for 5-24 hr at the 40 °C. The gel chemical compositions in molar ratio is 1.0 P123:(64-
160) TEOS: 555 HCIl: 11584 H,0. We differ from ref.[2] mainly in that higher acid
concentration is used here. .

The millimeter-sized silica ropes were prepared according to the above procedure and
same composition except for an extra addition of (2.0-4.0)g of Na,SO, or Na,PO,.

With the same synthetic procedure, the centimeter-sized mesoporous SBA-15 silica sphere
was obtained from a higher TEOS content system with TEOS/ EO,,PO,,EO,, weight ratio in
the range of 3.5 to 5.0 under a stirring rate of about 500 rpm.

For the preparation of SBA-15 silica nanotubes, a delayed-agitation procedure was
performed. In this process, the TEOS-was added into the surfactant-acid aqueous solution
without agitation, and that two-phase solution (TEOS is on the upper layer) then stood
statically for equal or longer than 20 minutes. After stirring the reaction mixture at high speed,
a white precipitate was suddenly formed. The gel solution was further stirred for 18-24 hr. The
chemical composition are the same as that for silica fiber (TEOS/ EO,,PO,,EO,, weight ratio =
2.30). While using the composition for macrosphere formation (TEOS/ EO,,PO,,EO,, weight



ratio = 4.0), microparticles were formed instead.

After filtration, washing with water and drying at room temperature, we recovered the

SBA-15 mesoporous silica products. The surfactant templates were completely removed after
calcination.

2.3. Measurements

X-ray powder diffraction (XRD) patterns were recorded on Wiggler-A beamline (A =
0.1326 nm) of the Taiwan Synchrotron radiation research center at Hsinchu, Taiwan. N,
adsorption-desorption isotherms were obtained at 77 K on a Micromeritics. ASAP 2010
apparatus. Before the analysis, the calcined samples were outgases at 250°C for about 6 h
under 10? torr condition. The pore size distribution was obtained from the analysis of the
adsorption branch by using the BJH (Barrett-Joyner-Halenda) method. The scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) were taken on the Hitachi
S-800 and H-7100 with the operating voltages of 20 and 100 keV, respectively.

3. RESULTS AND DISCUSSION

Figure 1 shows several representative SEM, TEM and optical microscope imagines for
SBA-15 mesoporous silicas synthesized from different reaction composites. Using the reaction
composites similar to that of typical one [2], the micrometer-sized silica fibers were obtained
and the length is in tens micrometers (Fig. 1A). Under higher magnification (Fig. 1B), one can
clearly find the fibers are nodular which seems to be formed from sticking linearly many sub-
micron particles. The nodular shape is different from the rope-like domain observed in ref. [2]
where [HCI] ~ 2.0 M. This could be ascribed to the higher acidity ([HCl] ~ 2.5 M) in our
synthesis composites. However, stirring is also an important factor.

With the addition of a proper amount of Na,SO, or Na,PO,, the fibrous mesoporous SBA-
15 products in millimeter size were obtained, and the longer one is about 0.5 mm (Fig. 1C).
Under a higher magnification (Fig. 1D), one can clearly see the morphology is rope-like and
the SBA-15 ropes consist of fibers of micron diameter. Using microtome TEM technique to
examine the nanostructures of the fibers (Fig. 1E), it is shown the SBA-15 nanochannels are
well ordered and aligned with the direction of fibers. Therefore, the millimeter-sized SBA-15
silica ropes is regarded as a hierarchical structure similar to the silica ropes synthesized by this
laboratory from C;;TMAB-TEOS-HNO;-H,0 composite [12,13]. Thus, we suggest that the
addition of the multivalent salts promoted the elongation of the EO,,PO,,EO,,-silica micelles.
The long micelles are then shear-aligned into the millimeter-sized SBA-15 silica ropes. In
contrast, the addition of univalent salts (NaCl, NaBr or NaNO,) did not help the formation of
millimeter-sized silica ropes. The above explanation is further corroborated by a recent study
of the effects of salts on the micellization of pluronic solution. [14] Pandit et al. [14] reported
that salt solutions help the elongation of the micelles of Pluronic copolymers by increasing the
hydrophobic domain. The power of the micelle formation is in the order: Na,PO>
Na,SO,>NaCl, with NaCl solution being the least almost as effective as pure water.



Figure 1. The SEM, TEM and optical microscope images of the SBA-15 mesoporous silicas,
synthesized from different reaction composition, in various morphologies: A. The SEM
micrograph of micrometer-sized fibers (TEOS/EQ,,PO,,EO,, weight ratio = 2.30); B. SEM
micrograph of sample A in higher magnification; C. The optical micrograph of millimeter-
sized silica ropes (TEOS/Na,SO,/EO,,PO,,EO,, weight ratios = 2.30/2.0/1.0).; D. SEM
micrograph of sample C in higher magnification; E. Microtome TEM micrograph of sample C.;
F. Photograph of the centimeter-sized sphere (TEOS/EO,,PO,EO,, weight ratio = 4.0).

To examine the effect of aggregation, one may use more TEOS at high acidity to promote
the cross condensation between surfaces of silica particles. When the TEOS/EO,,PO,,EO,,
weight ratio was adjusted into the higher range of 3.5-5.0, we saw the silica-EO,,PO,,EO,,
particles mutually aggregated together during the reaction process and then a centimeter-sized
sphere was formed (Fig. 1F). We found the sphere has interestingly high elastic property and
mechanical stability [15]. In strong acidic condition, the larger silica oligomers have greater
binding strength with EO,,PO,,EO,, micelles and stronger aggregation capability. However,
further increasing the TEOS/EQ,PO,,EO,, weight ratio higher than 7.0, most of TEOS were
hydrolyzed and formed the template-free amorphous silicas in acidic condltlon [16]. The
macro-sphere was no longer produced at such high TEOS content.

Besides the compositional adjustments on the cooperation assembly of the silica- ~
EO,,PO,,EO,, composites, controlling the number of the nucleating seeds in the gel solution is
also an essential determining factor on the morphology of the mesoporous materials.
According to previous reports [17,18], the silica nuclei can be progressively created at the




interface of the hydrophobic TEOS and aqueous surfactant solution via a surfactant-catalyzed
hydrolysis of TEOS. Based on this concept, we performed a delayed-agitation method to
induce more nucleation seeds in the synthesis of SBA-15 mesoporous silicas. It is hoped that
the growth and aggregation processes will be retarded relatively because of transport limitation.
In Fig. 2A, we see bundles of nanotubes of SBA-15 were obtained after the two-phase reaction
mixture stood statically for a 20-minute and then followed by a sudden stirring at high speed.

Figure 2. The SEM and TEM micrographs of the SBA-15 mesoporous silicas prepared by the
delayed-agitation process. A. The SEM micrograph of SBA-15 nanotubes
(TEOS/EQ,PO,,EOQ,, weight ratio = 2.3; aging time = 20 min); B. TEM micrograph of sample
A.; C. The SEM micrograph of microparticles (aging time = 1 hr); D. The SEM image of
microparticles (TEOS/EO,,PO,,EO,, weight ratio = 4.0; aging time = 20 min).

The TEM micrograph shows nanotubes consisting of about ten nanochannels with the
diameter at about 100 nm (Fig. 2B). To our knowledge, this may be the smallest dimension
SBA-15 silica ever made. Prolonging the aging time of the reaction mixture to about 1.0 hr, the
SBA-15 product is in inhomogeneous microparticles instead of the nanotubes (Fig. 2C).

To explain the above results, we propose that the nucleation seeds of the SBA-15 be
continuously generated at the interface of TEOS-EO,,PO,EO,, solution. In the early
nucleation stage, the number of nucleation seeds would increase with the aging time. However,




the nucleation seeds would also aggregate with each other or grow into larger ones. Thus
aging-time control crucially determines the homogeneity and the particle dimension of the
final SBA-15 products. From many tests on aging-time, we found 20-minute aging can
produce the smallest silica nanotube-bundle.

In order to show further the effect of increasing nucleation seeds on the SBA-15 particle
size, the delayed-agitation process was also applied to the composites for centimeter-sized
sphere as well. One could obviously find the SBA-15 morphology transformed into the
microparticles (Fig. 2D) instead of the macro-sphere (Fig. 1 F). The size reducmg also
occurred in the system for silica fibers or ropes.

Fig. 3A shows the XRD patterns of the as-synthesized mesoporous SBA-15
aforementioned in different morphologies and dimensions. All of the SBA-15 samples possess
distinct 2-3 peaks indexed to the well-ordered hexagonal structure. The almost identical d-
spacings of 8.8 nm for these samples reflect the same reaction temperature of 40 °C and similar
composition [2]. When examining their N, adsorption isotherms (Fig. 3B), it is clear that all
samples have a sharp capillary condensation at P/P, ~ 0.60-0.70 corresponding to pore sizes
around 6.0 nm. The BET surface areas of these samples are about of 450-550 m?/g.

However, the adsorption behavior of the SBA-15 silica nanotubes is worth mentioning. In
that sample, there exists further increase of N, condensation at P/P,>0.9 (indicated by an arrow
in Fig. 3B), which is attributed to the filling of textural pores [3]. The textural porosity results
from the aggregation of the small-sized bundles (sample IV). The samples with larger domain
(sample I, II, III) show little or no textural porosity.
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Figure 3. The XRD patterns and N,-adsoption isotherms of the SBA-15 mesoporous silicas in
- various morphologies and dimensions. A. XRD patterns; B. N,-adsoption isotherms. I.
Micrometer-sized fiber; II. Millimeter-sized rope; III. Centimeter-sized sphere; IV. Nanotubes.
i Besides of morphology control, we also used the post-synthesis hydrothermal treatment to
tune the pore size and porosity of these SBA-15 mesoporous silicas [19]. After 100°C
hydrothermal treatment for one day, pore size (~7.5 nm), surface area (~ 650 m%g) and
porosity (~ 0.9 cm®/g) increased in all of the SBA-15 samples but the morphologies were still




preserved. Combining with the hydrothermal treatment, the SBA-15 mesoporous materials

with desired morphologies, dimensions and porosity could be easily prepared for potential
applications.

4. CONCLSION

In conclusion, the controls of nucleation, growth and aggregation are shown to be
fundamental factors in tailoring the morphologies of the mesoporous materials. Adjusting the
chemical composition or performing the delayed-agitation process can help us conveniently
obtain the SBA-15 mesoporous silicas in different morphologies and dimensions. It should be
- a versatile mesoporous material with potential applications in catalyst, separations, sensors,
and nano-materials fabrications. Besides, the control of interfacial nucleation could help one to
understand other sol-gel processes such as biomineralization or in designing better methods for
creating new inorganic-organic nanocomposites.
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